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® Intake Air Filters : Prevent dust and atmospheric impurities from entering
compretssor. Dust causes sticking valves, scored cylinders, excessive
wear etc.

® Compressor : Pressurizes the air

® Inter-stage Coolers : Reduce the temperature of the air (gas) before it
enters the next stage to reduce the work of compression and increase
efficiency. They can be water-or air-cooled.

® After Coolers : Reduce the temperature of the discharge air, and thereby
reduce the moisture carrying capacity of air.

® Air-dryers : Air dryers are used to remove moisture, as air for instrument
and pneumatic equipment needs to be relatively free of any moisture. The
moisture is removed by suing adsorbents or réfrigerant dryers, or state of
the art heatless dryers.

® Moisture Traps :@ Air traps are_used for removal of moisture in the
compressed air distribution lines. Th(ejy resemble steam traps wherein the
air is trapped and moisture is removed.

® Receivers : Depending on the system requirements, one or more air
recel}/,ers are generally provided to reduce output pulsations and pressure
variations.



Parts of reciprocating Compressor

[nduction box and silencer
[nduction filter.

Low pressure stage.
[ntercooler,

High pressure stage.
Stlencer.
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Drain trap.

After cooler
Pressure gauge.
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Alr recerver,
Safety pressure relief valve
Stop valve
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COMPRESSOR

What is Compressor?

A compressor is a device that pressurize a
working fluid, one of the basic aim of compressor is

to compress the fluid and deliver it to a pressure
which is higher than its original pressure.
PURPOSE

To provide air for combustion
To transport process fluid through pipeline

To provide compressed air for diving pneumatic
tools

To circulate process fluid through certain process



Types of compressor
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Remprocatmg} [ Rotary Centrifugal } [ Axial }




Pressure Ratio

10—

Compressor selection

MTRIFUGAL COMPRESZ0OR

AXIAL FLOW COMPRESSOR

FPOSITIVE
DISPLACEMEMT
CE
: t }
10° jo? fof
Flow

(CEM)

ja?

g



Capacity of compressor

® Capacity of Compressor basically
indicated by following two parameter

|.Pressure
2.FAD



What is FAD- Capacity of a Compressor?

® The FAD is the volume of air drawn into a
compressor from the atmosphere. After
compression and cooling the air is returned to
the original temperature but it is at high
pressure

® Suppose atmospheric condition are Pa Ta and
Va(the FAD) and the compressed condition are

p,Vand T
bV _paVa
T Tt
pVTa
Vo=t

paT



Some definations

® Bore = Cylinder diameter.
® Stroke = Distance through which the piston moves.

® The two extreme positions of the piston are known as head-end
and crank-end dead centers.

® Clearance Volume (Cl) : Volume occupied by the fluid when the
piston is

® at head-end dead centre.
® Piston Displacement (PD) : Volume, a piston sweeps through.

® Compression Ratio (rv) : Ratio of cylinder volume with the piston
at crank-end dead centre to the cylinder volume with the piston at

head-end dead centre.
® Mechanical Efficiency : Biake work

Indicated work

+ which gives an indication of the

losses occurring between the piston and driving shaft.



Compressor Efficiency Definitions

Isothermal Efficiency

IsothermalPower

Isothermal Efficiency = :
Actual measured input power

[sothermal power(kW) = Py x Q; x log.1/36.7

P, = Absolute intake pressure kg/ cm?
Q = Free air delivered m’/hr.
r = Pressure ratio P,/P;



Compressor Efficiency Definitions

Volumetric Efficiency

Free air delivered m’/min

Volumetric efficiency =
Compressor displacement

Compressor Displacement = N x D°x LxSx| xn
4
D = Cylinder bore, metre
L = Cylinder stroke, metre
S = Compressor speed rpm
\ = 1 for single acting and

2 for double acting cylinders
n = No. of cylinders



Reciprocating Compressors

® Types
|. Single acting

The working fluid compressed at only
one side of the piston

2. Double acting

The working fluid compressed
alternately on both sides of the piston.
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| Frame
Assly.

2Inner Head
Assly. (LP)
3Cylinder
Assly. (LP)
4Quter Head
Assly. (LP)
S5Inner Head
Assly. (HP)
6Cylinder
Assly. (HP)
/Outer Head
Assly. (HP)
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Breather: A vent or valve to release pressug
or to allow air to move freely around
something.

Crosshead: Is a mechanism used in large
and reciprocating compressorsto eliminate
sideways pressure on the piston.
Connecting Rod: connects the pistor
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4). Belt wheel
| 3.0il Seal Ring
Crank Case | 8. Gasket for Cover

Flywheel end
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Oil Seal Ring :lt prevent the oil the
oil to flow further

Gasket: is a mechanical seal which fills the space between
two or more mating surfaces, generally to prevent
leakage from or into the joined objects while under
compression.

Circlip: It is a type of fastener or retaining ring

consisting of a semiflexible metal ring with open ends @G {”*\ %
which can be snapped into place, into a machined groove on a

dowel pin or other part to permit rotation but to

prevent lateral movement. There are two basic types: |

nternal and external, referring to whether they

are fitted into a bore or over a shaft.




Cross Head Pin : It connects the piston to the
connecting rod and provides a bearing for
the connecting rod to pivot upon as the

piston moves.

Thrust washer: Thrust washers are long-wearing flat
bearings in the shape of a washer that
transmit and resolve axial forces in rotating
mechanisms to keep components aligned

along a shaft.

Crank Pin/Gudgeon Pin: Connects the piston to the
connecting rod and provides a bearing for
the connecting rod to pivot upon as the
piston moves



Piston Parts

| .Piston
Assembly

2.Rider
Ring

3.Piston
Ring

4 Sleeve for
piston



Piston Ring: Piston rings, mounted on
the pistons of lubricated or non-lube
(oil free) compressors, are designed to
ensure that the gas is compressed and
to provide a seal between the piston
and the cylinder.

Rider Ring:The function of
rider rings, used mainly in
oil free or mini-lube
compressors, is to support
or guide the piston and
rod assembly and prevent
contact between the
piston and the cylinder
(risk of seizure).
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Working:

® Reciprocating compressors generally,
employ piston-cylinder arrangement
where displacement of piston in cylinder
causes rise in pressure.



Sequence of operation

Intake

Between d and a gas flows into the cylinder at a pressure lower than p, by the
amount of pressure loss through the valve.

Compression
Starting at maximum cylinder volume, point a, slightly below the inlet pressure p,
as the volume decreases the pressure rises until it reaches p, at b: the discharge
valve does not open until the pressure in the cylinder exceeds p; by enough to
overcome the valve spring force.

Discharge

Between b and ¢ gas lows out a pressure higher than p, by the amount of the
pressure loss through the valves: at C, the point of minimum volume, the discharge
valve is closed by its spring.

Expansion

From ¢ to d, as the volume increases, the gas remaining in the clearance volume
expands and its pressure falls: the suction valve does not open until the pressure
falls sutficiently below p, to overcome the sprig force.
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The total work interaction per cycle
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Chicago Pneumatic: For over a century Chicago
Pneumatic has represented tough tools designed
to make tough jobs easier.

Way back in 1889 John W. Duntley realized that construction workers in
particular had a need for many tools that weren’t yet available. He
founded Chicago Pneumatic Tool Company and set out on a lifelong
mission to provide all types of industries and companies the tools
necessary for their success.

Over the years Duntley grew the company through product innovation,
always insisting on product quality and reliability.

Manufactures of air & gas compressors & pneumatic portable tools like
grinders demolition tools, pumps vibrators, rammers hammers, etc.

Decades of innovation

1901 Chicago Pneumatic Tool Company is incorporated, after Duntley

persuades young steel magnate Charles M. Schwabto invest in the
company



1925 CP seals an agreement to manufacture the Benz diesel engine ,
used in various racing cars in Europe at the time.

1930s Chicago Pneumatic construction and mining equipment is used in
the building of the

Lincoln Tunnel, New York

Triborough Bridge, New York

Chicago subway system

Boulder Dam, Arizona

Grand Coulee Dam, Washington

Eight dams comprising the Tennessee Valley Authority flood control and
power generation project

Golden Gate suspension bridge, San Francisco

1940s In response to war effort demands, CP develops the “hot
dimpling machine,” a device that heats rivets to 1,000 degrees

Fahrenheit
1960s Chicago Pneumatic customizes tools for the production of new

aircraft designs: the Boeing 737 and 747,

1987 Atlas Copco acquires Chicago Pneumatic Tool Company



Chicago Pneumatic Competition

® Elgi Equipment
® Ingersoll rand
® Revathi Cp
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Reciprocating and Rotary
Compressor

16.1 INTRODUCTION

Compressors are work absorbing devices which are used for increasing pressure of fluid at the expense
of work done on fluid.

The compressors used for compressing air are called air compressors. Compressors are invariably
used for all applications requiring high pressure air. Some of popular applications of compressor are, for
driving pneumatic toolsand air operated equi pments, spray painting, compressed air engine, supercharging
ininternal combustion engines, material handling (for transfer of material), surface cleaning, refrigeration
and air conditioning, chemical industry etc. Compressors are supplied with low pressure air (or any
fluid) at inlet which comes out as high pressure air (or any fluid) at outlet, Fig. 16.1. Work required for
increasing pressure of air is available from the prime mover driving the compressor. Generally, electric
motor, internal combustion engine or steam engine, turbine etc. are used as prime movers. Compressors
are similar to fans and blowers but differ in terms of pressure ratios. Fan is said to have pressure ratio
up to 1.1 and blowers have pressure ratio between 1.1 and 4 while compressors have pressure ratios
more than 4.

AirIn Q

p1, V4, 1D

Compressor
P2, Vo, T2

Exit(2) Compressed air

Fig. 16.1 Compressor

Compressors can be classified in the following different ways.
(a) Based on principle of operation: Based on the principle of operation compressors can be
classified as,
(i) Positive displacement compressors
(i) Non-positive displacement compressors
In positive displacement compressorsthe compressionisrealized by displacement of solid boundary

and preventing fluid by solid boundary from flowing back in the direction of pressure gradient. Due to
solid wall displacement these are capable of providing quite large pressure ratios. Positive displacement
compressors can be further classified based on the type of mechanism used for compression. These
can be



Reciprocating and Rotary Compressor 707

(i) Reciprocating type positive displacement compressors

(i) Rotary type positive displacement compressors

Reciprocating compressors generally, employ piston-cylinder arrangement where displacement
of piston in cylinder causes rise in pressure. Reciprocating compressors are capable of giving large
pressure ratios but the mass handling capacity is limited or small. Reciprocating compressors may also
be single acting compressor or double acting compressor. Single acting compressor has one délivery
stroke per revolution while in double acting there are two delivery strokes per revolution of crank shaft.
Rotary compressors employing positive displacement have a rotary part whose boundary causes posi-
tive displacement of fluid and thereby compression. Rotary compressors of thistype are available in the
names as given below;

(i) Roots blower

(i) Vaned type compressors

Rotary compressors of above type are capable of running at higher speed and can handle large
mass flow rate than reciprocating compressors of positive displacement type.

Non-positive displacement compressors, also called as steady flow compressors use dynamic
action of solid boundary for realizing pressure rise. Here fluid is not contained in definite volume and
subsequent volume reduction does not occur as in case of positive displacement compressors. Non-
positive displacement compressor may be of ‘axia flow type’ or ‘ centrifugal type’ depending upon type
of flow in compressor.

(b) Based on number of stages: Compressors may aso be classified on the basis of number
of stages. Generally, the number of stages depend upon the maximum delivery pressure.
Compressors can be single stage or multistage. Normally maximum compression ratio of 5
is redlized in single stage compressors. For compression ratio more than 5 the multi-stage
compressors are used.

Typical values of maximum delivery pressures generally available from different types of com-
pressor are,
(i) Single stage compressor, for delivery pressure up to 5 bar
(i) Two stage compressor, for delivery pressure between 5 and 35 bar
(iii) Three stage compressor, for delivery pressure between 35 and 85 bar
(iv) Four stage compressor, for delivery pressure more than 85 bar

(c) Based on capacity of compressors. Compressors can aso be classified depending upon the
capacity of compressor or air delivered per unit time. Typical values of capacity for different
COmpressors are given &as,

(i) Low capacity compressors, having air delivery capacity of 0.15 m%s or less
(i) Medium capacity compressors, having air delivery capacity between 0.15 and 5 m?/s.
(i) High capacity compressors, having air delivery capacity more than 5 m%s.

(d) Based on highest pressure developed: Depending upon the maximum pressure available from
compressor they can be classified as low pressure, medium pressure, high pressure and
super high pressure compressors. Typical values of maximum pressure developed for
different compressors are as under;

(i) Low pressure compressor, having maximum pressure up to 1 bar

(i) Medium pressure compressor, having maximum pressure from 1 to 8 bar

(iii) High pressure compressor, having maximum pressure from 8 to 10 bar

(iv) Super high pressure compressor, having maximum pressure more than 10 bar.
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16.2 RECIPROCATING COMPRESSORS

Reciprocating compressor has piston cylinder arrangement as shown in Fig. 16.2.
Cylinder headI

Cooling jacket

Compressed <= Inlet valve
F;),ﬂr Atmospheric
air entering
. N
Exit valve N Piston
Cooling jacket Piston pin
N
Ne— Cylinder
& BDC .

el
Crank shaft |
1

Fig. 16.2 Line diagram of reciprocating compressor

Reciprocating compressor has piston, cylinder, inlet valve, exit valve, connecting rod, crank,
piston pin, crank pin and crank shaft. Inlet valve and exit valves may be of spring loaded type which get
opened and closed due to pressure differential across them. Let us consider piston to be at top dead
centre (TDC) and move towards bottom dead centre (BDC). Due to this piston movement from TDC to
BDC suction pressure is created causing opening of inlet valve. With this opening of inlet valve and
suction pressure the atmospheric air enters the cylinder.

Air getsinto cylinder during this stroke and is subsequently compressed in next stroke with both
inlet valve and exit valve closed. Both inlet valve and exit valves are of plate type and spring loaded so as
to operate automatically as and when sufficient pressure difference is available to cause deflection in
spring of valve plates to open them. After piston reaching BDC it reverses its motion and compresses the
air inducted in previous stroke. Compression is continued till the pressure of air inside becomes suffi-
cient to cause deflection in exit valve. At the moment when exit vave plate gets lifted the exhaust of
compressed air takes place. This piston again reaches TDC from where downward piston movement is
again accompanied by suction. This is how reciprocating compressor keeps on working as flow device.
In order to counter for the heating of piston-cylinder arrangement during compression the provision of
cooling the cylinder is there in the form of cooling jackets in the body. Reciprocating compressor
described above has suction, compression and discharge as three prominent processes getting com-
pleted in two strokes of piston or one revolution of crank shaft.
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16.3 THERMODYNAMIC ANALYSIS

Compression of air in compressor may be carried out following number of thermodynamic processes
such as isotherma compression, polytropic compression or adiabatic compression. Figure 16.3 shows
the thermodynamic cycle involved in compression. Theoretical cycle is shown neglecting clearance
volume but in actual cycle clearance volume can not be negligible. Clearance volume is necessary
in order to prevent collision of piston with cylinder head, accommodating valve mechanism etc.
Compression processis shown by process 1-2, 1-2', 1-2” following adiabatic, polytropic and isothermal
processes.

On p-V diagram process 4-1 shows the suction process followed by compression during 1-2
and discharge through compressor is shown by process 2-3.

Air enters compressor at pressure p, and is compressed up to p,. Compression work requirement
can be estimated from the area below the each compression process. Area on p—V diagram shows that
work reguirement shall be minimum with isothermal process 1-2”. Work requirement is maximum with
process 1-2 i.e. adiabatic process. Asadesigner one shall be interested in acompressor having minimum
compression work requirement. Therefore, ideally compression should occur isothermally for minimum
work input. In practiceit isnot possibleto haveisothermal compression because constancy of temperature

1—2 = Adiabatic process
1 -2’ = Polytropic process, PV" = Constant
1 —2” = Isothermal process
CV = Clearance volume Discharge

272" 2
pP2— 3 Y

Compression

: V—>
V—> i4Volume sucked

:¢——— Stroke volume——p

<+
cv

(a) Compression cycle without clearance (b) Compression cycle with clearance
Fig. 16.3 Compression cycle on p-V diagram

during compression can not be realized. Generally, compressors run at substantialy high speed while
isothermal compression requires compressor to run at very slow speed so that heat evolved during
compression is dissipated out and temperature remains constant. Actually due to high speed running of
compressor the compression process may be assumed to be near adiabatic or polytropic processfollowing
law of compression as pV" = C with value of ‘n’ varying between 1.25 and 1.35 for air. Compression
process following three processes is aso shown on T-s diagram in Fig. 16.4. It is thus obvious that
actual compression process should be compared with isothermal compression process. A mathematical
parameter called isothermal efficiency is defined for quantifying the degree of deviation of actual
compression process from ideal compression process. Isothermal efficiency is defined by the ratio of
isothermal work and actual indicated work in reciprocating compressor.
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s —>

Fig. 16.4 Compression process on T-s diagram

| sothermal work
Actua indicated work
Practically, compression process is attempted to be closed to isothermal process by air/water
cooling, spraying cold water during compression process. In case of multi-stage compression process
the compression in different stages is accompanied by intercooling in between the stages.
Mathematically, for the compression work following polytropic process, pv" = C. Assuming
negligible clearance volume the cycle work done,

W._ = Areaon p-V diagram

vV, — pV,
oo 2504y,

Isothermal efficiency =

= (_1) [PV, — P,V

_pzvz
(SA'A) ——1}
LY Tav

B (n-1)
_ n P, n
w2 e | () ‘1}
n (n-1)
N . L P n
w5 ey {(i) 1}
or, W, = (n%) mR (T, - T)

In case of compressor having isothermal compression process, n = 1, i.e. p,V, = p,V,
W, 0= PVo + PV InT —pV,
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WC’ iso= prl In r, wherer = i

2
In case of compressor having adiabatic compression process, n = ¥

| 7
W, aicbatic = ( 7/_1) MR (T, -T)

or,
We agicatic = MC, (T, = Ty)

W

s, adiabatic = M (N, — hy)

pV;Inr

Hence, isothermal efficiency, | 7., = D

ol ()7

The isothermal efficiency of a compressor should be close to 100% which means that actual
compression should occur following a process close to isotherma process. For this the mechanism be
derived to maintain constant temperature during compression process. Different arrangements which
can be used are:

(i) Faster heat dissipation from inside of compressor to outside by use of fins over cylinder.
Fins facilitate quick heat transfer from air being compressed to atmosphere so that
temperature rise during compression can be minimized.

(i) Water jacket may be provided around compressor cylinder so that heat can be picked by
cooling water circulating through water jacket. Cooling water circulation around compressor
regulates rise in temperature to great extent.

(i) The water may also be injected at the end of compression process in order to cool the air
being compressed. This water injection near the end of compression process requires special
arrangement in compressor and also the air gets mixed with water and needs to be separated
out before being used. Water injection also contaminates the lubricant film on inner surface
of cylinder and may initiate corrosion etc. The water injection is not popularly used.

(iv) In case of multistage compression in different compressors operating serially, the air leaving
one compressor may be cooled up to ambient state or somewhat high temperature before
being injected into subsequent compressor. This cooling of fluid being compressed between
two consecutive compressors is caled intercooling and is frequently used in case of
multistage compressors.

Considering clearance volume: With clearance volume the cycle is represented on Fig. 16.3 (b).
The work done for compression of air polytropically can be given by the area enclosed in cycle 1-2—3—
4. Clearance volume in compressors varies from 1.5% to 35% depending upon type of compressor.

WC’ with cv = Areal234

(rE)om|(3) 7o () ow [2)7

Here Py =Py P, = Ps
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—[_n p
We with ov = (H) (p,Vy) {(?ﬁj

Jon|ia™
(n-1)

SN ‘1} V-V

In the cylinder of reciprocating compressor (V, —V,) shall be the actual volume of air delivered
per cycle. V, =V, —V,. This (V, = V,) is actually the volume of air inhaled in the cycle and delivered

subsequently.
n-t
(3"
Py

If air is considered to behave as perfect gas then pressure, temperature, volume and mass can be
inter related using perfect gas equation. The mass at state 1 may be given as m;, mass at state 2 shall be
m,, but at state 3 after delivery mass reduces to m, and at state 4 it shall be m,.

So, a state 1, p,V, = mRT,
a state 2, p,V, = mRT,
at state 3, p,V; = mRT; or, p,V, = mRT,
a state 4, p,vV, = mRT,, or p,V, = mRT,

_( n
W with ov = ( n—l) Py

_( n
We with ov = ( n—l) P1Vy

Ideally there shall be no change in temperature during suction and delivery i.e, T, =T, and
T, = T,. From earlier equation,
(n-1)
&)
Py

n
We with ov = (ﬁ) py (Vi —Vy)

Temperature and pressure can be related as,

(n-1)
[&j n_ T
Py T
(n-1) (n-1)
and &jnziz(&n=3
Q% -B p2 Té
Substituting,

[T
W, with ov = (ﬁ) (mRT; — mRT)) ?i _1}

Substituting for constancy of temperature during suction and delivery.

[T,-T,
W, with ov = (ﬁ) (mRT; — mRT)) %}

or,

n

W with ov = (ﬁ) (m —-my) R(T,-T)
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Thus, (m, — m,) denotes the mass of air sucked or delivered. For unit mass of air delivered the
work done per kg of air can be given as,

n .
WE with ov = (m) R(T, —T,), per kg of air

Thus from above expressions it is obvious that the clearance volume reduces the effective swept
volumei.e. the mass of air handled but the work done per kg of air delivered remains unaffected.

From the cycle work estimated as above the theoretical power required for running compressor
shall be as given ahead.

For single acting compressor running with N rpm, power input required, assuming clearance

volume.
[e)pi-wl[5) 7 o

(n-1
for double acting compressor, power = {(%j p(V,-V,) {(%j "o 1H x 2N

Power required =

\oblumetric efficiency: Volumetric efficiency of compressor is the measure of the deviation from
volume handling capacity of compressor. Mathematically, the volumetric efficiency is given by theratio
of actual volume of air sucked and swept volume of cylinder. Ideally the volume of air sucked should be
equal to the swept volume of cylinder, but it isnot so in actual case. Practically the volumetric efficiency
lies between 60 and 90%.

Volumetric efficiency can be overall volumetric efficiency and absolute volumetric efficiency
as given below:
Volumeof freeair suckedinto cylinder

Overdl volumetric efficiency = Sweptvolumeof LP cylinder

or

(Volumetric efficiency

referred to free air conditions) = (Massof air delivered per unittime)

Massof air corresponding toswept
volume of LPcylinder per unittime
for free ar conditions

Here free air condition refers to the standard conditions. Free air condition may be taken as 1 atm
or 1.01325 bar and 15°C or 288 K. Consideration for free air is necessary as otherwise the different
compressors can not be compared using volumetric efficiency because specific volume or density of air
varies with atitude. It may be seen that a compressor at datum level (sealevel) shall ddliver large mass
than the same compressor at high atitude.

This concept is used for giving the capacity of compressor in terms of ‘free air delivery’ (FAD).
“Free air delivery is the volume of air delivered being reduced to free air conditions.” In case of air the
free air delivery can be obtained using perfect gas equation as,



714 Applied Thermodynamics
Pa-Va _ PM-Va) _ B (Vo — V)

Ta Tl T2
where subscript a or p,, V,, T, denote properties at free air conditions
or, Va= M = FAD per cycle.

Pa 'Tl

This volume V, gives ‘free air delivered’ per cycle by the compressor.

Absolute volumetric efficiency can be defined, using NTP conditions in place of free air condi-
tions.
Volumeof air suckedintocylinderat NTP

Swept volumeof LP cylinder

(Massof air delivered per unit time)

Massof air corresponding to swept volume
(of LPcylinder per unittimeestimated at NTP)

Thus, volumetric efficiency referred to free air conditions.

_ Volumeof air suckedreferredtofreeair conditions(FAD)
vol. —

Absolute volumetric efficiency =

Swept volume
—_ Va
(- V)
_ PV V)
P T, (V, —V3)
_ (Vs +Vo) -V,
= (B3 ){ =l
Here, V, is swept volume, V, = V, —
and V., is clearance volume, V= V,
= (B (-2
Here,
Moo Vo M
S - C S

V,
Let the ratio of clearance volume to swept volume be given by C.i.e 7 =C.

nVOII - ( ElTl) {1+C © (\\;3 )}

1/n

_ plTaj (pzj }
or, ol = *1+C-C.| —=
o (paTl { Py
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Volumetric efficiency depends on ambient pressure and temperature, suction pressure and tem-
perature, ratio of clearance to swept volume, and pressure limits. Volumetric efficiency increases with
decrease in pressure ratio in compressor.

16.4 ACTUAL INDICATOR DIAGRAM

Theoretical indicator diagram of reciprocating compressor as shown in earlier discussion refers to the
ideal state of operation of compressor. The practical limitations, when considered in the indicator dia-
gram yield actual indicator diagram as shown in Fig. 16.5.

Additional work don

2 m——————- Delivery pressure

1234 : Theoretical diagram
12’3 4’: Actual diagram

pt

Intake depression
4 . 1 )
Patm 4 w I Atmospheric pressure
4/ \
——  Additional work done

—pri— V, ——p V—p
Ve

Fig. 16.5 Actual indicator diagram

Actua p-V diagram varies from theoretical p-V diagram due to following: Compressor has
mechanical types of valves so the instantaneous opening and closing of valves can never be achieved.
Also during suction and discharge there occurs throttling due to reduction in area of flow across inlet
and exit valve. 1234 shows theoretical indicator diagram and actual indicator diagram is shown by
12’34’ on p-V diagram. Compression process 1-2 ends at state 2. At state 2 exit valve should open
instantaneously which does not occur and also due to restricted opening there shall be throttling causing
drop in pressure. Due to time lag in opening of exit valve compression process is continued up to 2.
Thus, additiona work is done during delivery from compressor as shown by hatched area 22’ 3.

After delivery stroke the inlet valve should theoretically open at 4 but does not open at this point
instead is opened fully at 4’. Shift from state 4 to 4’ is there due to inertiain opening of valve throttling,
gradual opening, and friction losses etc. Thusiit is seen that during suction there occurs intake depres-
sion as shown in actual indicator diagram. Work required as shown in actual indicator diagram is
more than theoretical diagram. In order to have compressor close to ideal compressor with minimum
losses it shall be desired to have actual indicator diagram close to theoretical diagram, which requires
less inertia and efficient operation of valves. Friction losses in pipings and across valves should be
minimized.
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16.5 MULTISTAGE COMPRESSION

Multistage compression refers to the compression process completed in more than one stage i.e. a part
of compression occurs in one cylinder and subsequently compressed air is sent to subsequent cylinders
for further compression. In case it is desired to increase the compression ratio of compressor then
multi-stage compression becomes inevitable. If we look at the expression for volumetric efficiency then
it shows that the volumetric efficiency decreases with increase in pressure ratio. This aspect can aso be
explained using p-V representation shown in Fig. 16.6.

Saving of work input

. > | 4 3 14 3733, Adiabatic

P2 P2 y
\ i4— process
p2 |8 p2f8

\ \ Polytropic
b2 > 5 2 5 272\
P4 p A
4 4 1
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[

Isothermal

X o Process, pv'=C
process
P1

7 1 7 1
vV —/» vV —/»
(a) Effect of increase (b) Multistage compression
in pressure ration without intercooling

Fig. 16.6 Multistage compression

Figure 16.6 a, showsthat by increasing pressureratio i.e. increasing delivery pressure the volume
of air being sucked goes on reducing as evident from cycles 1234 and 12’ 3'4’. Let us increase pressure
from p, to p,, and this shall cause the suction process to get modified from 4-1 to 4-1. Thus volume

sucked reduces from (V, - V,) to (V, — V,) with increased pressure ratio from (%) to (%)
1
thereby reducing the free air delivery while swept volume remains same.

Therefore, the volumetric efficiency reduces with increasing pressure ratio in compressor with
single stage compression. Also for getting the same amount of free air delivery the size of cylinder isto
be increased with increasing pressure ratio. The increase in pressure ratio a so requires sturdy structure
from mechanical strength point of view for withstanding large pressure difference.

The solution to number of difficulties discussed above lies in using the multistage compression
where compression occurs in parts in different cylinders one after the other. Figure 16.6 b, shows the
multistage compression occurring in two stages. Here first stage of compression occursin cycle 12671
and after first stage compression partly compressed air enters second stage of compression and occurs
incycle 2345. In case of multistage compression the compressionin first stage occurs at low temperature
and subsequent compression in following stages occurs at higher temperature. The compression work
requirement depends largely upon the average temperature during compression. Higher average tem-
perature during compression has larger work requirement compared to low temperature so it is always
desired to keep the low average temperature during compression.

Apart from the cooling during compression the temperature of air at inlet to compressor can be
reduced so as to reduce compression work. In multistage compression the partly compressed air leav-
ing first stage is cooled up to ambient air temperature in intercooler and then sent to subsequent cylinder
(stage) for compression. Thus, intercoolers when put between the stages reduce the compression work
and compression is called intercooled compression. Intercooling is called perfect when temperature at
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inlet to subsequent stages of compression is reduced to ambient temperature. Figure 16.6 ¢, shows
multistage (two stage) intercooled compression. Intercooling between two stages causes temperature
drop from 2 to 2’ i.e. discharge from first stage (at 2) is cooled up to the ambient temperature state (at
2’) which lies on isothermal compression process 1-2-3”. In the absence of intercooling the discharge
from first stage shall enter at 2. Final discharge from second stage occurs at 3’ in case of intercooled
compression compared to discharge at 3 in case of non-intercooled compression. Thus, intercooling
offers reduced work requirement by the amount shown by area 22’3’3 on p-V diagram. If the inter-
cooling is not perfect then the inlet state to second/subsequent stage shall not lie on the isothermal
compression process line and this state shall lie between actual discharge state from first stage and
isothermal compression line.

Cooling | Inlet
water l

Intercooler

Air being
sucked

cylinder

Discharge
at high pressure

Fig. 16.7 Schematic for two-stage compression (Multistage compressor)

Figure 16.7 shows the schematic of multi stage compressor (double stage) with intercooler
between stages. T-s representation is shown in Fig. 16.8. The total work requirement for running this
shall be algebraic summation of work required for low pressure (LP) and high pressure (HP) stages.
The size of HP cylinder is smaller than LP cylinder as HP cylinder handles high pressure air having
smaller specific volume.

P2

P2

3 ) 2" Adiabatic process
T ¢ Compression without inter cooling, 1-2-3
71 1-2-2’-3’, Compression with intercooling

Isothermal process

s —»
Fig. 16.8 T-s representation of multistage compression

Mathematical analysis of multistage compressor is done with following assumptions:
(i) Compression in al the stages is done following same index of compression and there is no
pressure drop in suction and delivery pressures in each stage. Suction and delivery pressure
remains constant in the stages.
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(i) There is perfect intercooling between compression stages.
(iii) Mass handled in different stages is same i.e. mass of air in LP and HP stages are same.
(iv) Air behaves as perfect gas during compression.

From combined p-V diagram the compressor work requirement can be given as,

(n-1)
Work requirement in LP cylinder, W , = (ﬁ) bV, {(%j n _1}
- 1

(n-1)
Work requirement in HP cylinder, W, , = (ﬁ)Psz {(p_zj n _1}

For perfect intercooling, p,V, = p,V,.and

(n-1)
_ n P, n
W= ( n—l) P2Vzr {(p_zz) _1}

Therefore, total work requirement, W, = W, , + W, for perfect intercooling

n-1 n-1

we(mg)|me(B) " e (5]

n-1 n-1

_( n p, ) n Py )} 0
- vy P2 | " Cqlipvd P2 " g
(n—ljp“(plj +p“(p2j

n-1 n-1
_[_n P ) n Ppr | "
we ) (27 () -
¢ (n_l) Y P2
Power required can be given in HP as below, considering speed to be N rpm.

Power = Y6 XN p
75% 60

If we look at compressor work then it shows that with the initial and final pressures p, and p,
remaining same the intermediate pressure p, may have value floating between p, and p,, and change the
work requirement W,_. Thus, the compressor work can be optimized with respect to intermediate pres-
sure p,. Mathematically, it can be differentiated with respect to p,,

e
dp, dp, [\n-1 Py )

e el L 0 R G
dp, n-1 dp, ] )
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dwW, 0 (n—l) i-n -1 (n—l) n-1 1-2n
= | —— \V/ i n . n |2 —=1. N n
dp, (n—l)pl 1{ = Py P2 = P P2
Equating, (;—\:)VC = Qyidds.
7)
1-n -1 n-1  1-2n
Pt =" py !
—2+2n h-1 n-1
or p, " = p" oop "
") = ) —
or Pt "= (P py)l o, Py = Py Py Pr= PPy
12
or P Py g p(p_)
Py P, Py Py

Pressure ratio in Ist stage = Pressure ratio in IInd stage

Thus, it is established that the compressor work regquirement shall be minimum when the pressure
ratio in each stage is equal.

In case of multiple stages, say i number of stages, for the delivery and suction pressures of p. _,
and p, the optimum stage pressure ratio shall be,

1i
Optimum stage pressure ratio = (%) for pressures at stages being p,, p,, P3, Py Ps, -

Pi—1 Py By
Minimum work required in two stage compressor can be given by

_ n P n
Wc, min (m) prl' 2 (?i) -1

For i number of stages, minimum work,

O
W o).y BB .BRECLERET . gRE" O
emn™| 727 ) PVa SIp0 OpO 0RO 0RO g
n-1
n n
Wc min = | (j) Pivi (E_i) -1
or,
n-1

_ n Pii1 i
Wc, min — I(m) plvl (T) -1

It also shows that for optimum pressure ratio the work required in different stages remains same
for the assumptions made for present analysis. Due to pressure ratio being equal in all stages the
temperature ratios and maximum temperature in each stage remains same for perfect intercooling.
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Cylinder dimensions: In case of multistage compressor the dimension of cylinders can be esti-
mated basing upon the fact that the mass flow rate of air across the stages remains same. For perfect
intercooling the temperature of air at suction of each stage shall be same.

If the actual volume sucked during suction stroke is V,, V,, V; ..., for different stages then by
perfect gas law, p,V, = RT,, p,V, = RT,, p,V; = RT,
For perfect intercooling (T, =T, =T;=...) S0
p.Vy = RTy, p,V, = RTy, pV3 = RT,
or pV: = PV, =PV =

If the volumetric efficiency of respective stagesin 7, , 7, , 7y, ---

. . V,
Then theoretical volume of cylinder 1, V, ,, = _ﬂ\i VL=V
1
linder 2 Vo= ~2iVy= iy V
cylinder 2, 2 th ' V2= T2 Vo in
Th,
linder 3 Vi 4= 2y = gV
cylinder o, 3, th » V3 = T 3, th
A

Substituting,

PrvaVe h = Po Vo = P g Vst = -
Theoretical volumes of cylinder can be given using geometrical dimensions of cylinder as diam-
eters D, D, D, ... and stroke lengths L, L,, L, ....

_=z
or Vig = 2 D2L,
Vv, . =% D2L
2th = 4 P22
_=z
V3, th™ 4 D32'L3
or,
T _ T _ T —
Prihy DS L, = P2 The DS L, = Py sy DiLy= ...
Py MyDf Ly = Py DFL, = Pty DILy = .o
If the volumetric efficiency is same for all cylinders, i.e. 1, = 7, = 7,3 = ... and stroke for all
cylinderissameie L, =L,=L;=...
Then, D2p,=D#p,=D2p,=...

These generic relations may be used for getting the ratio of diameters of cylinders of multistage
compression.

Energy balance: Energy balance may be applied on the different components constituting
multistage compression.
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For LP stage the steady flow energy equation can be written as below:
mh; + W= mh, + Qp
Q= Wep—m(h,—h)
Qp=Wp-mC (T,-T)

N
©) S

m > LP Compressor [
p1, Tq If,)Tz
Fig. 16.9
For intercooling (Fig. 16.10) between LP and HP stage steady flow energy equation shall be;
mh, = mh,, + Qy

or,
Qe = m(hy,—hy)
ant = ITCp (TZ - TZ’)

Cooling water, in

Intercooler
AN
@ ~ ®)

+ \‘ Qint

Cooling water, out

Fig. 16.10
For HP stage (Fig. 16.11) the steady flow energy equation yields.
mh, + Wp= mhy + Qo
Qup = Wiyp+ M (hy —hy)
Qup= Wyp+ MC, (T = Ty) = Wyp—mC, (T3 - T))

Whp /VQHP

Pz, Ty
jéi— HP compressor @
Fig. 16.11

In case of perfect intercooling and optimum pressure ratio, T, = T, and T, = T,
Hence for these conditions,

Qp=W,p—-mC, (T,-T)
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ant = ITCp (TZ - Tl)
Qup = Wip—mC, (T, - T))
Total heat rejected during compression shall be the sum of heat rejected during compression and
heat extracted in intercooler for perfect intercooling.

Heat rejected during compression for polytropic process = ( Y- 2) x Work

16.6 CONTROL OF RECIPROCATING COMPRESSORS

Output from the compressors can be controlled by different measures which regulate the compressor
output. In practical applications the compressors are fitted with air receiver to store the high pressure air
and supply as and when required. Therefore, the compressors are run only for the duration required to
maintain the limiting pressure inside receiver. When the pressure inside receiver starts dropping down
then the compressor again starts supplying compressed air till the level is restored. Different ways for
this control are based on throttle, clearance, blow off control and speed control.

(i) Throttle control has the regulation of opening/closing of inlet valve so that the quantity of
air entering can be varied. With partial opening of inlet valve throttling occurs at valve and
quantity of air entering is reduced while the pressure ratio gets increased.

(i) Clearance control is the arrangement in which the clearance volume is increased when
pressure ratio exceeds the limit. For this cylinder has clearance openings which are closed
by spring loaded valves. Whenever pressure exceeds, then the clearance openings get opened
and the increased clearance volume reduces maximum pressure.

(i) Blow-off control has spring loaded safety valve or by pass valve for blowing out excess air
in receiver. After release of excess air automatically the valve gets closed on its own.

(iv) Speed of compressor can also be controlled by regulating the prime mover, thereby
regulating compressor output. Thus, compressor is run on variable speed for its control.

16.7 RECIPROCATING AIR MOTOR

Air motors are actually prime movers run using the compressed air. It is used extensively in the applica-
tions where electric motor/IC engine/Gas turbine etc. can not be used due to fire hazard, specially in
coal/oil mining applications. Apart from use of air motors in coal/oil mines these are also used

for running pneumatic tools in workshops and manufacturing/assembly lines. Air motors have a recip-
rocating piston-cylinder arrangement where compressed air is admitted in cylinder with inlet valve open
for limited period in suction stroke and this causes piston movement to yield shaft work. Thus air
motors are reverse of air compressors. Schematic for air motor and p—V diagram for cycle used is
shown in Fig. 16.12.

Compressed air enters the cylinder up to state 1 and expands up to state 2. Expansion process is
generaly polytropic and yields expansion work. Expansion is terminated even before the atmospheric
pressure is reached because in later part of expansion the positive work is less than negative work. The
exhaust valve opens causing drop in pressure from 2 to 3. Exhaust pressure is dightly more or nearly
equal to atmospheric pressure. The exhaust of air occurs at constant pressure up to state 4 where the
closing of exhaust valve occurs. Theinlet valveis opened at state 5 causing sudden rise in pressure upto
state 6 after which piston displacement begins and is continued with compressed air inlet up to state 1
after which expansion occurs with inlet valve closed. Here point of cut-off is at state 1 which can be
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Fuels and Combustion

10.1 INTRODUCTION

Every read life system requires energy input for its performance. Energy input may be in the form of
heat. Now question arises from where shall we get heat? Traditionally heat for energy input can be had
from the heat released by fuel during combustion process. Fuels have been provided by nature and the
combustion process provides a fluid medium at elevated temperature. During combustion the energy is
released by oxidation of fuel elements such as carbon C, hydrogen H,, and sulphur S, i.e. high tempera-
ture chemical reaction of these elements with oxygen O, (generally from air) releases energy to produce
high temperature gases. These high temperature gases act as heat source.
In this chapter the detailed study of fuels and their combustion is being made.

Air fuel ratio: It refers to the ratio of amount of air in combustion reaction with the amount of

fuel. Mathematically, it can be given by the ratio of mass of air and mass of fuel.

Massof eir _( Molecular wt. of air x no. of moles of air
Massof fuel ~ | Molecular wt. of fuel x no. of moles of fuel

Fuel-air ratio isinverse of Air-fuel ratio. Theoretical air-fuel ratio can be estimated from stoichio-
metric combustion analysis for just complete combustion.

Equivalenceratio: It istheratio of actual fuel-air ratio to the theoretical fuel-air ratio for complete
combustion. Fuel-air mixture will be called lean mixture when equivalenceratio is less than unity while
for equivalence ratio value being greater than unity the mixture will be rich mixture.

Theoretical air: Theoretical amount of air refers to the minimum amount of air that is required for
providing sufficient oxygen for complete combustion of fuel. Complete combustion means complete
reaction of oxygen present in air with C, H,,, S etc. resulting into carbon dioxide, water, sulphur dioxide,
nitrogen with air as combustion products. At the end of complete reaction there will be no free oxygen
in the products. This theoretical air is also called “stoichiometric air”.

Excessair: Any air supplied in excess of “theoretica air” iscalled excess air. Generally excess air
is 25 to 100% to ensure better and complete combustion.

Flash point and Fire point: Flash point refers to that temperature at which vapour is given off
from liquid fuel at a sufficient rate to form an inflammable mixture but not at a sufficient rate to support
continuous combustion.

Fire point refers to that temperature at which vaporization of liquid fuel is sufficient enough to
provide for continuous combustion.

These temperatures depend not only on the fuel characteristics but also on the rate of heating, air
movement over fuel surface and means of ignition. These temperatures are specified in reference to
certain standard conditions. Although flash point and fire point temperatures are defined in relation with
ignition but these temperatures are not measure of ignitability of fuel but of theinitial volatility of fuel.
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Adiabatic flame temperature: Adiabatic flame temperature refers to the temperature that could be
attained by the products of combustion when the combustion reaction is carried out in limit of adiabatic
operation of combustion chamber. Limit of adiabatic operation of combustion chamber means that in
the absence of work, kinetic and potential energies the energy released during combustion shall be
carried by the combustion products with minimum or no heat transfer to surroundings. This is the
maximum temperature which can be attained in a combustion chamber and is very useful parameter for
designers. Actual temperature shall be less than adiabatic flame temperature due to heat transfer to
surroundings, incomplete combustion and dissociation etc.

Wet and dry analysis of combustion: Combustion analysis when carried out considering water
vapour into account is called “wet analysis’ while the analysis made on the assumption that vapour is
removed after condensing it, is called “dry analysis’.

\Volumetric and gravimetric analysis: Combustion analysis when carried out based upon percent-
age by volume of constituent reactants and products is called volumetric analysis.

Combustion analysis carried out based upon percentage by mass of reactants and products is
called gravimetric analysis.

Pour point: It refers to the lowest temperature at which liquid fuel flows under specified condi-
tions.

Cloud point: When some petroleum fuels are cooled, the oil assumes cloudy appearance. Thisis
due to paraffin wax or other solid substances separating from solution. The temperature at which
cloudy appearance is first evident is called cloud point.

Composition of air: Atmospheric air is considered to be comprising of nitrogen, oxygen and other
inert gases. For combustion calculations the air is considered to be comprising of nitrogen and oxygen
in following proportions. Molecular weight of air is taken as 29.

Composition of air by mass = Oxygen (23.3%) + Nitrogen (76.7%)
Composition of air by volume = Oxygen (21%) + Nitrogen (79%)

Enthal py of combustion: Enthalpy of combustion of fuel is defined as the difference between the
enthalpy of the products and enthalpy of reactants when complete combustion occurs at given tempera-
ture and pressure. It may be given as higher heating value or lower heating value. Higher heating value
(HHV) of fuel is the enthalpy of combustion when all the water (H,0O) formed during combustion isin
liquid phase. Lower heating value (LHV) of fuel refers to the enthal py of combustion when all the water
(H,0) formed during combustion is in vapour form. The lower heating value will be less than higher
heating value by the amount of heat required for evaporation of water.

HHV = LHV + (Heat required for evaporation of water)

Itisalso called calorific value of fuel and is defined as the number of heat units liberated when unit
mass of fuel is burnt completely in a calorimeter under given conditions.

Enthalpy of formation: Enthalpy of formation of a compound is the energy released or absorbed
when compound is formed from its elements at standard reference state. Thus enthalpy of formation
shall equal heat transfer in areaction during which compound is formed from its' elements at standard
reference state. Enthalpy of formation will have positive (+ ve) vaue if formation is by an endothermic
reaction and negative (— ve) value if formation is by an exothermic reaction.

Sandard reference state: It refers to thermodynamic state at which the enthal py datum can be set
for study of reacting systems. At standard reference state, zero value is assigned arbitrarily to the
enthalpy of stable elements. Generally, standard reference state is taken as 25°C and 1 atm,

i.e T&=25°C=298.15K, p4 =1 am

Dissociation: It refers to the combustion products getting dissociated and thus absorbing some of
energy. Such as, the case of carbon dioxide getting formed during combustion and subsequently getting
dissociated can be explained as below,

Combustion: C + O, — CO, + Heat
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Dissociation: Heat + CO, - C+ O,
Thus generdlly, dissociation has inherent requirement of high temperature and heat.

10.2 TYPES OF FUELS

‘Fuel’ refersto a combustible substance capable of releasing heat during its combustion. In general fuels
have carbon, hydrogen and sul phur as the major combustible chemical elements. Sulphur isfound to be
relatively less contributor to the total heat rel eased during combustion. Fuels may be classified as solid,
liquid and gaseous fuel depending upon their state.

Solid fuel: Coa is the most common solid fuel. Coal is a dark brown/black sedimentary rock
derived primarily from the unoxidized remains of carbon-bearing plant tissues. It can befurther classified
into different types based upon the composition. Composition can be estimated using either “ proximate
analysis’ or by “ultimate analysis’. Proximate analysis is the one in which the individual constituent
element such as C, H,, S, N, etc. are not determined rather only fraction of moisture, volatile matter,
ash, carbon etc. are determined. Thus proximate analysisis not exact and gives only some idea about the
fuel composition. Proximate analysis of coal gives, various constituents in following range, Moisture
3-30%, Volatile matter 3-50%, Ash 2—30% and Fixed carbon 16-92%.

In “ultimate analysis’ the individual elements such as C, H,, N,, Sand ash etc. present in the fuel
are determined on mass basis. Thus, it gives relative amounts of chemical elements constituting fuel. In
genera the percentage by mass of different elementsin coal liesin the following range:

Carbon : 50 to 95%
Hydrogen : 2 to 50%
Oxygen : 2 to 40%
Nitrogen : 0.5 to 3%
Sulphur : 0.5to 7%
Ash : 2 to 30%

Different types of coa available are listed in the table hereunder. These are typical values for
particular types of coal samples and may change for different types of coal.

Table 10.1 Different types of coal

9. | Type % by mass Ultimate analysis, % by mass Lower
No. Moisture | Volatile C H, 0, N,+S, | Ash | calorific
matter in value,
dry coal kcal/kg
1. | Peat 2 65 43.70 6.42 44.36 152 4.00 3200
2. | Lignite 15 50 56.52 5.72 3189 162 4.25 2450
3. | Bituminous
coal 2 i) 74.00 5.98 1301 2.26 4.75 7300
4. | Anthracite
coal 1 4 90.27 3.30 232 144 297 7950

Liquid fuels: Fuelsin liquid form are called liquid fuels. Liquid fuels are generally obtained from
petroleum and its by-products. These liquid fuels are complex mixture of different hydrocarbons, and
obtained by refining the crude petroleum oil. Commonly used liquid fuels are petrol, kerosene diesel,
aviation fuel, light fud ail, heavy fuel oil etc.

Various liquid fuels of hydrocarbon family lie in Paraffin (C H,, , ,— chain structure), Olefins
(CH,, — chain structure), Napthalene (C H,,, — ring structure), Benzene (C H,,, _ ¢ — ring structure),
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Nepthalene (C_H,,, _,, —ring structure) category. Percentage by volume composition of some of liquid
fuelsis given below.

Table 10.2 Composition of liquid fuels

S.No. Fuel % by volume
Carbon Hydrogen Sulphur
1 Petrol 85.5 144 01
2 Kerosene 86.3 136 01
3. Diesel 86.3 128 0.9
4 Benzole 917 80 0.3
5. Light fud oil 86.2 124 14
6. Heavy fuel oil 86.1 118 21

Liquid fuels offer following advantages over solid fuel.
(i) Better mixing of fuel and air is possible with liquid fuel.
(i) Liquid fuels have no problem of ash formation.
(i) Storage and handling of liquid fuels is easy compared to solid fuels.
(iv) Processing such as refining of liquid fuels is more convenient.

Gaseous fuels: These are the fuelsin gaseous phase. Gaseous fuels are also generally hydrocarbon
fuels derived from petroleum reserves available in nature. Most common gaseous fuel is natural gas.
Gaseous fuels may also be produced artificially from burning solid fuel (coal) and water. Some of
gaseous fuels produced artificially are coa gas, producer gas etc. Volumetric analysis of gaseous fuels
is presented in Table 10.3. Gaseous fuels offer al advantages as there in liquid fuels except ease of
storage.

Table 10.3 Composition of gaseous fuels

S.No.| Fuel % by volume
H, 0, N, CO CH, C,H, C,H; C,Hg Co,
Natural gas — — 3 1 e¢] — 3 — —
Coa gas 536 | 04 6 9 yis) — — 3 3
Producer gas 12 — 52 2 26 04 — —

10.3 CALORIFIC VALUE OF FUEL

During combustion, the chemical energy of fuel gets transformed into molecular kinetic or molecular
potential energy of products. This energy associated with combustion also called calorific value of fuel
is very important to be known for thermodynamic design and calculations of combustion systems.
“Bomb calorimeter” is one of the ways to get the heating value of solid and liquid fuels when burnt at
constant volume. Different types of bomb calorimeters as given by At water, Davis, Emerson, Mahler,
Parr, Peters and Williams are available. Bomb calorimeter as given by Emerson is discussed here. For
getting the heating value of gaseous fuel the gas calorimeter is also discussed here.

10.4 BOMB CALORIMETER

Emerson’s bomb calorimeter is shown in Fig. 10.1 here. Its major components are bomb, bucket,
tirrer, crucible or fuel pan, jacket, thermometer etc. A known quantity of fuel under investigation is kept
in the crucible. Crucible has a éectric coil with d.c. supply in it. Bomb is charged with oxygen under
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pressure. Bomb is surrounded by a bucket containing water to absorb the heat released as fud burns.
Bomb aso has an outer jacket with dead air space surrounding the bucket to minimise heat loss to
surroundings. When electricity is flown into coil the fuel gets ignited. Bomb is actually a strong shell
capable of withstanding about 100 atmosphere pressure. Inner bomb wall surface is lined with enamel
and external wall surface is plated so as to prevent corrosion due to high temperature combustion
products. Different operations while using it for calorific value measurement are as given ahead. First
weigh the empty calorimeter bucket and fill it with a definite quantity of water at temperature about
2-3°C less than jacket water temperature. Charge bomb with oxygen at high pressure without disturb-
ing the fuel kept in crucible. Ensure that there are no leaks in bomb and after ensuring it as leak proof
place it in bomb jacket. Install thermometer and stirrer. Start stirrer for 3 to 4 minutes for temperature
uniformity in bucket. Take temperature readings at definite interval, say after every five minutes.

e

Thermometer

Telescope
i..—.. - D
d.c. supply ———1_ (C)
— %1k S
1 =
- - Stirrer
Fuel pan —_| A . ;—Bucket
with coil .
Jacket - E-—Bomb

Fig. 10.1 Bomb calorimeter

Active the coil so asto fire fuel. Record temperature every 30 seconds until maximum tempera-
ture is reached and after attaining maximum temperature read temperature after every 5 minutes. These
temperatures are required to account for the heat exchange with jacket water.

Later on remove bomb from calorimeter, release the gases and dismantle the bomb. Collect and
weigh the iron fuse wire which remains. For getting accurate result the bomb should be washed with
distilled water and washings titrated to obtain the amount of nitric acid and sulphuric acid formed.
Corrections are made for small amount of heat transfer which occurs.

For making the calculations a curve of temperature is plotted with time. Determine the rate of
temperature rise before firing.

Also, determine the rate of temperature drop after the maximum temperature is reached. Cooling
correction may be added to the measured temperature rise. Heat balance may be applied as,



404 Applied Thermodynamics

Heat released by fuel during combustion + Heat released by combustion of fuse wire
= Heat absorbed by water and calorimeter

For getting heat absorbed by cal orimeter the water equivalent of calorimeter is used which can be
determined by burning a fuel of known calorific value. Generally benzoic acid and napthalene having
calorific value of 6325 kcal/kg and 9688 kcal/kg are being used for finding water equivalent of cal orimeter.

Mathematically,

Mg X CVyg + My, X CVy, = (m, + m) - R
E(m +m)[lR—m cv, U

c fw fwi
CVie = O z m E
g g
0 uel 0

where m, , and m, are mass of fuel and mass of fuse wire, m  and m, are mass of water in calorimeter
and water equivalent of calorimeter, Ris correct temperaturerise, CV;  is higher calorific value of fuel,
CV,, iscaoarific value of fusewire. Caorific value of fuel estimated is higher calorific value asthe water
formed during combustion is condensed.

10.5 GAS CALORIMETER

Schematic of gas calorimeter is shown in Fig.10.2 It is used for estimating the heating value of gaseous
fuels. It has burner with arrangement to regulate and measure flow rate and pressure of gaseous fuel.
Combustion products pass through tubes which are surrounded by flowing water. Here the volume
flow rate of gas flowing through calorimeter is measured. Water conditions are adjusted so as to cool
the products of combustion to ambient air temperature. Rate of water flow through the calorimeter is
measured and its' temperature rise is determined. If the heat exchange between the calorimeter and its
surroundings is neglected then the heat received by water shall be equal to the heating value of fuel. For
precise estimation of heating value of gaseous fuels the procedure as specified by ASTM is to be
followed.

10.6 COMBUSTION OF FUEL

Combustion of fuel refers to the chemical reaction that occurs between fuel and air to form combustion
products with energy release i.e. oxidation of combustible fuel results into energy and products of
combustion.

In other words, during chemical reaction the bonds within fuel molecules get broken and atoms
and electrons rearrange themselves to yield products. During complete combustion carbon present in
fud transformsinto carbon dioxide, hydrogen into water, sulphur into sulphur dioxide and nitrogen into
nitrogen oxides. Thusit is obvious that the total mass before combustion and after combustion remains
constant although the elements exist in form of different chemical compounds in reactants and prod-
ucts. Generic form of combustion equations shall be as follows;

0] C+ 0, > CO,
On mass basis, (12) + (32) — (44)

1 kg (C) + % kg(0,) — 1—31 kg(CO)
1 mol (C) + 1 mol (O,) — 1 moal (CO,)
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Fig. 10.2 Gas calorimeter
(ii) 2C + 0, - 2CO
On mass basis, (24) + (32) — (56)

1 kg (C) + % kg (O,) — % kg (CO)

On mole basis, 2 mol (C) + 1 mal (O,) — 2 mol (CO)
(iii) 2CO + O, — 2CO,
On mass basis, 56 + 32 — 88

1 kg (CO) + ; kg (O,) — % kg (CO,)

On mole basis, 2 mol (CO) + 1 mol (O,) — 2 mol (CO,)
(iv) 2H, + O, » 2H,0

On mass basis, 4 + 32 — 36

1 kg (Hy + 8 kg (O) — 9 kg (H,0)

On mole basis, 2 mol (H,) + 1 mol (O,) — 2 mol (H,0)
(v) S+ 0, » SO,

On mass basis, 32 + 32 — 64
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1kg (S + 1kg (O) — 2 kg (SOy)

On mole basis, 1 mol (S) + 1 mal (O,) — 1 mal (SO,)
(vi) CH, + 20, —» CO, + 2H,0

On mass basis, 16 + 64 — 44 + 36

1 kg (CHy) + 4 kg (O) — % kg (CO,) + % kg (H,0)

On mole basis,
1 mol (CHy + 2 mol (O,) —» 1 mal (CO,) + 2 mol (H,O)
(vii) 2C,Hgz + 70, — 4CO, + 6H,0
On mass basis, 60 + 224 — 176 + 108
Lkg (CH) + 22 kg (0) — 22 kg (COy) + 2L kg (H,0)
On mole basis,
2 mol (C,Hg) + 7 mol (O,) — 4 mal (CO,) + 6 mol (H,0)
(viii) In general, for any hydrocarbon’s complete combustion,
a-CHg+b-0,—-d-CO,+e-HO
Equating C, H and O on both sides of above equation,
ax8=d o, d=8a
axl8=ex2 o, e=9a
bx2=(dx2)+e o, 2b=2d+e or2b=16a+ 9a
Aboveyield, b = 12.5a, d = 8a, e = 9a
In order to avoid fraction let us round it off by multiplying by 2,
2aCH, g+ 25a- O, — 16a- CO,+ 18a- H,O
Combustion equation shall now be,
2CgH, 4 + 250, — 16CO, + 18H,0
On mass basis, 228 + 800 — 704 + 324

200 176 81
1kg (CgHyp) + 2 kg (O,) — = kg (CO,) + = kg (H,0)

On mole basis,
2 mol (CgH,g) + 25 mol (O,) — 16 mol (CO,) + 18 mol (H,0)
Theoretically, the caorific value of fuel can be determined based upon the fuel constituents and
the heat evolved upon their oxidation.
Heat evolved during oxidation of some of the fuel constituents are as under,

Table 10.4

Fuel constituent Higher calorific Lower calorific Products of

value, kcal/kg value, kcal/kg oxidation
C 8100 — CO,
C 2420 — CcO
CO 2430 — CO,
H, 34400 29000 H,O
S 2200 — SO,
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Inany fuel containing carbon (C), hydrogen (H,), oxygen (O) and sulphur (S) the higher calorific
value of fuel can be estimated using respective calorific values for constituents. In the fuel oxygen isnot
present in free form but is associated with hydrogen.

H,+O0—H0
(2 @18 (@18
On mass basis, 1kg (H,) +8kg (O) — 9 kg (H,0)

1 9
8 kg (H,) + 1 kg (O) — 8 kg (H,0)

Above chemical equation indicates that with every unit mass of oxygen, % of oxygen mass shall be
the mass of hydrogen associated with it. Thus, the free hydrogen available for oxidation (combustion)

shall be only (H - %) where H refers to hydrogen mass and O refers to oxygen mass.

The higher calorific value of fue can thus be given as under using the mass fractions of constitu-
ent elements known. If percentage mass fractions of fuel congtituents are given by C, H, O and S then.

_ 1 o)
H.CV. of fudl = 7 [8100-C + 34,400 (H- E) + 2220-S] keal/kg

Lower calorific value of fuel can be given by,
L.C.V. of fuel = (H.C.V. of fuel) — (Heat carried by water vapour formed per kg of fuel burnt)

The amount of latent heat carried depends upon the pressure at which evaporation takes place
and quantity of water vapour formed. Generally, the evaporation is considered to take place at saturation
temperature of 15°C and the latent heat of water vapour at this saturation temperature is 588.76 kcal/kg.
During combustion of fuel the water shall be formed due to hydrogen present in fuel, therefore mass of
water vapour can be given by the mass fraction of hydrogen. Thus,

9 x H x 588.76
100

L.CV. of fud = {(H.C.V. of fue) —(

)} keallkg

10.7 COMBUSTION ANALYSIS

From earlier discussionsit is seen how the combustion of afuel can be written in the form of chemical
reactions for the oxidation of different elements constituting fuel. Based on chemical reactions the mass
of oxygen required per kg of element can be estimated. From these the oxygen requirement per kg of
fuel constituents and subsequently mass of air required for the estimated oxygen requirement can be
known. Let us see how air required for complete burning of a fuel having 85.5% carbon, 12.3%
hydrogen and 2.2% ash is calculated;

Mass of oxygen required for constituents,

1 kg of carbon shall require % kg of oxygen

1 kg of hydrogen shall require 8 kg of oxygen
Ash shall not undergo oxidation.
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Table 10.5 Air requirement for fuel (on mass basis)

Mass of constituents | Oxygen required Oxygen required Mass of air required,
per kg of fuel per kg of per kg of fuel (theoretical, for air
(A) constituent (B) € = (A x (B) having 23% oxygen,

77% nitrogen)

D= 2(C)x 100

23
C=0.855 8/3 2.28
H, = 0.123 8 0.984 - w = 14.19
Ash = 0.022 — —
¥(C) = 3.264

Above calculations show that for the given fuel composition 14.19 kg of minimum air shall be
theoretically required for complete combustion of one kg of fuel. Combustion analysis can be carried
out either on mass basis or volume basis. Similar kind of analysis can be made on volume basis. Let us
take heptane (C,H,;) as the fuel and consider its' complete combustion.

Table 10.6 Air required for fuel (on volume basis)

Consti-| Propor- Propor- Per- 0, O, required Air required
tuent | tional tional centage | required | per 100 m® for 100 nt
mass, A volume, volume, per e of element, of fuel
A g | oD E=DxC (theoretical
B= ol C~ w5 | ¥ 100 element for air having
21% O, and
79% N,), F
_ 3E
= x 100
C 12x7=84 7 46.67 1 46.67 = 73'2:135 x 100
H, 2x8=16 8 5333 05 26.665 =349.21
B =15 YE = 73.335

Hence volume of air required is 349.21 m? for 100 m? of fuel.

Volumetric analysis of combustion can be transformed into gravimetric analysis and vice versa.
Such conversion is required because the volumetric analysis is available experimentally. Let us take an
exhaust gas sample containing CO, CO,, N, and O,. Let their volume fractions be X;, X,, X; and X,

respectively.
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Table 10.7 Conversion from volume based analysis to mass based analysis

Constituent| Volume of Mol ecular Proportional | Mass of constituent
Constituent weight, M masses, per kg of
per n, V X = MV dry exhaust gases,
_ M.V
X
28- X
CO X 28 28.X L
1 1 ( T X )
44X,
co, X, 44 44.X, [ % j
28-X
N X 28 28.X 3
2 3 3 [ X j
32-X
o X K7 32.X 4
2 4 4 [ =X j

Total of proportional masses ZX = 28X, + 44X, + 28X, + 32X,

10.8 DETERMINATION OF AIR REQUIREMENT

(a) From combustion equations of fuel constituents (percentage basis) such as C, H, O and S as
described earlier the total oxygen required per kg of fuel for complete combustion can be given as;

- 178 _o
—100[3C+8(H 8)+s]
Asair istaken to have 23% of oxygen by mass, therefore total air requirement per kg of fuel shall

=i[§C+8(H—2)+s}x@
10013 8 23

be;

Minimum air required per kg of fuel for complete combustion

=%[%C+8(H—%)+S]

(b) Air requirement per kg of fuel can also be determined if the volumetric analysis of dry flue
gases and mass fraction of carbon per kg of fue is known. Let us take the dry flue gases having mass
fractions as defined earlier as,

28X,
X

Now the total mass of carbon present in CO and CO, present in 1 kg of flue gas can be estimated
and equated with mass of carbon present per kg of fuel.

Mass of carbon per kg of flue gas = Mass of carbon in CO per kg flue gas

+ Mass of carbon in CO, per kg flue gas

28X, o 12 (12X
X 28 | =X

44X,
j kg of COand( X

1 kg of flue gas has( j kg of CO,,.

Mass of carbon in CO per kg flue gas = (
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: _ (44X, 12 (12X,
Mass of carbon in CO, per kgfluegas—( X )x 44_( X% )

_ (12X, 12X,
Total carbon per kg of flue gas —{ =X + % }
12

= X (X, + X,)kg per kg of flue gas.

Now if we look at the fact that from where carbon is coming in flue gases then it is obvious that
carbon is available only in fuel. Let us assume that carbon present in fuel completely goes into flue
gases. Let us aso assume that fuel does not contain nitrogen so what ever nitrogen is there in flue gas
it will be because of nitrogen present in air. Let the mass of flue gases formed per kg of fuel after
combustion be ‘m '. The mass of carbon in per kg fuel say C can be equated to total mass of carbon
calculated above.

Mass fraction of carbon in fuel = Total mass of carbon in m, mass of flue gases.

c={21—§<(x1+x2)}xmg

C-xX
12(X; + X,)
Mass of air supplied per kg of fuel can be known from the nitrogen fraction present in flue gases

Mass of flue gases, m, = {

asonly sourceof nitrogenisair. 0.77 kg of N, isavailablein 1 kg of air. From flue gas analysis ( 28%, j

X
isthe mass of nitrogen available in per kg of flue gas so total mass of nitrogen present in flue gases (mg)
O
due to combustion of unit mass of fuel shall be %ﬁmﬁmg% :
B2X 0 @

From air composition 0.77 kg N, is present per kg of air so the mass of air supplied per kg of flue
gas formed,

= (28X3jxi kg air per kg of flue gas

>X 0.77’

. . 28X, ) my
Mass of air supplied per kg of fuel = | —2 |x ——
PP P 9 ( >X ) 0.77

(P8xs0, 1 H C3X %
0zxX g 077 512(x1+x2)g

Substituting for m,

28X,-C

Mass of air supplied per kg of fuel = m

where X;, X,, X, are volume fractions of CO, CO, and N,, present in unit volume of flue gas and
C is mass fraction of carbon present in unit mass of fuel.
For complete combustion of fuel there shall be no CO and only CO, shall contain carbon i.e.
X, = 0.
1
(c) Generally for ensuring complete combustion of fuel, excess air is supplied. In case of com-
bustion if there is incomplete combustion of carbon resulting into formation of carbon monoxide, then
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additional oxygen shall be required for converting carbon monoxide (CO) into carbon dioxide (CO,).

From earlier discussions let us consider unit mass of flue gas containing (228? j kg of CO and

( 32X,

% j kg of O,. The oxygen present in fuel remains in association with hydrogen. For combustion of

COinto CO, the mass of oxygen required is % kg per kg of CO. Thus oxygen required for CO present

_ ( 28X, j 4
X 7
_ (16X1
L zX
Therefore, excess oxygen available per kg of flue gas formed,
_ (32X4 j_(lGle
=X =X
_ 16
X

in 1 kg flue gas

) kg of oxygen

(2X, = X))

Excess oxygen supplied per kg of fuel burnt {216)3( (2X, - Xl)mg}

16 CxX
= (@X = X) Voo
X 12(X, + X,)
_ 4 (2%, -X)C
3 (X +X)

Hence excess air supplied per kg of fuel

_ AC(2X=%) 1
3(X, +X,)  0.23

Excess air supplied per kg of fuel burnt = AC(2X, = X))
0.69(X; + X,)

10.9 FLUE GAS ANALYSIS

Flue gas analysis refers to the determination of composition of exhaust gases. Flue gas analysis can be
done theoretically and experimentally. Here experimental method of flue gas analysisis described. Vari-
ous devices available for measuring the composition of products of combustion (flue gas) are Orsat
Analyzer, Gas chromatograph. Infrared analyzer and Flame ionisation detector etc. Data from these
devices can be used to determine the mole fraction of flue gases. Generaly this analysisis done on dry
basis which may aso be termed as “dry product analysis’ and it refers to describing mole fractions for
all gaseous products except water vapour.
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Orsat analyzer: Itisalso caled as Orsat apparatus and is used for carrying out volumetric analysis
of dry products of combustion. Schematic of apparatus is shown in Fig.10.3 It has three flasks contain-
ing different chemicals for absorption of CO,, O, and CO respectively and a graduated eudiometer tube
connected to an aspirator bottle filled with water.

Caustic soda flask
for abso/rbing CO,

7]

Flue gas
sample

—p =

\ U

Water jacket

To atmosphere

. ‘//Eudiometer
r _ ‘/

Water seal ——H .
/Asplrator

bottle

Flask filled with H
solution of  —_| HH b
cuprous chloride | T3z
to absorb CO

Flask filled with

(Pyrogalloic acid + A

Caustic soda) -
for absorbing O,

Rubber
connection

C1,C,,C3 - Stop cocks
C :- Three way cocks

Fig. 10.3 Orsat analyzer

Flask | is filled with NaOH or KOH solution (about one part of KOH and 2 parts of water by
mass). This 33% KOH solution shall be capable of absorbing about fifteen to twenty times its own
volume of CO,. Flask I1 isfilled with alkaline solution of pyrogallic acid and above KOH solution. Here
5 gm of pyrogallic acid powder is dissolved in 100 cc of KOH solution as in Flask 1. It is capable of
absorbing twice its own volume of O,. Flask |11 is filled with a solution of cuprous chloride which can
absorb CO equdl to its' volume. Cuprous chloride solution is obtained by mixing 5 mg of copper oxide
in 100 cc of commercial HCI till it becomes colourless. Each flask has a valve over it and C,, C,, C,
valves are put over flasks |, Il and I11. All the air or any other residual gas is removed from eudiometer
by lifting the aspirator bottle and opening main value. The flue gas for analysis is taken by opening the
main valve (three way valve) whilevalves C,, C, and C; are closed. 100 cc of flue gas may be taken into
eudiometer tube by lowering aspirator bottle until the level is zero and subsequently forced into flasks
for absorbing different constituents. Aspirator bottleislifted so asto inject flue gasinto flask | with only
valve C, in open state where CO, present shall be absorbed. Aspirator bottle is again lowered and reading
of eudiometer tube taken. Difference in readings of eudiometer tube initialy and after CO, absorption
shall give percentage of CO, by volume. Similar steps may be repeated for getting O, and CO percent-
age by volume for which respective flask valve shall be opened and gas passed into flask. Thus Orsat
analyzer directly gives percentage by volume of constituents. In case of other constituents to be esti-
mated the additional flasks with suitable chemical may be used. The remaining volume in eudiometer
after absorption of all constituents except N, shall give percentage volume of N, in flue gas.

As in combustion of hydrocarbon fuel the H,O is present in flue gases but in orsat analysis dry
flue gases are taken which means H,O will be condensed and separated out. Therefore the percentage
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by volume of congtituents estimated shall be on higher side asin actual product H,O is there but in dry
flue gasit is absent. Orsat analyzer does not give exact analysis.

10.10 FUEL CELLS

Fuel cell refersto adevice having fuel and oxidizer in it which undergoes controlled chemical reaction to
produce combustion products and provide electric current directly. In fuel cells the fuel and oxidizer
react in stages on two separate electrodes i.e. anode (+ ive electrode) and cathode (- ive electrode). Two
electrodes are separated by electrolyte in between. The chemical reaction is carried out to produce
electric power without moving parts or the use of intermediate heat transfers as in power cycles. Thus
fuel cell does not work on any cycle. Fuel cells based on hydrogen-oxygen fuel cells have been used to
provide power to the spacecrafts. Fuel cells based on natural gas are also under process of develop-
ment. Fuel cellsare also being devel oped to power automobiles. Let uslook at hydrogen-oxygen fuel cell
indetail.

Figure 10.4 shows the schematic of hydrogen-oxygen fuel cell. Here H,, supplied diffuses through
the porous anode and reacts on anode surface with OH-ions resulting into H,O and free electrons, the
reaction for it isgiven in figure.

External circuit

_>
2e~
Fuel, H, —» B < Oxidizer,1 o
— 20H — 22
I'e
200 | § |10,
1 3 _
Hy 2H26\ = |10+ H,0 + 2e~ = 20H
H,0 + 20H=p 2H, + 2| ) ~a
2e™ ZHZO/Ze_
4 H20
L Product of combustion
H,O

/ / N\
Anode Electrolyte ~ Cathode
Cellreaction:  H,+ 1502 —- H0
Fig. 10.4 Hydrogen-Oxygen fuel cell

Free electrons liberated enter the circuit while water goesinto electrolyte. Oxygen supplied com-
bines with water in electrolyte and €lectrons coming from electric circuit to produce OH~ ions and H,O
as per chemica reaction given in figure. OH~ ions are transported through the electrolyte. Overall fuel
cell has chemical reaction as
H, + 50, H,0

Thus in hydrogen-oxygen fuel cell electricity and water are produced.

/ EXAMPLES /

1. Coal having following composition by mass is burnt with theoretically correct amount of air.
86% C, 6% H, 5% O, 2% N, 1% S
Determine the air-fuel ratio.
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Solution:
Combustion equation for the coa (100 kg of coal) can be given as under;

(@-C+§-H+i-0+i-m+i- ) +1(0, + 376 N,) -
R BT R VRRE?

a-Co,+b-S0,+d-N,+e-H,0
From above equation C, H, O, S, N can be equated on both the sides as under,
C:716= a
H: 6= 2e
O; (03125 +2n)= 2a+2b+e
N; (0.1429 + 3.76 x 2n) = 2d

S, 003125= b
Solvingwegeta= 7.16
b = 0.03125
d= 32.163
e=3
n= 8535

Amount of air required shall be [8.535 x (4.76)] kg mol per 100 kg of coal.
8.535x 4.76 x 28.97
100
=11.77 kg air per kg of fuel
Air-fuel ratio = 11.77| Ans.

2. One kg CH,, fuel is supplied to an engine with 13 kg of air. Determine the percentage by
volume of CO, in dry exhaust gas considering exhaust gas to consist of CO,, CO and N,

Solution:

Combustion equation in mol. basis for one kg of fuel supplied shall be as under.

Air-fud ratio=

1
T4 (CH) +n(0.2010,+0.79N,) - a-CO,+b-CO+d-N,+e-H0
Equating the coefficients on both sides,
C; -8 =00702=a+b
114

0,02ln=a+ 2+E

2
H; 18 =01579 = 2e
114
N,, 0.79 n=d. Also it is given that 13 kg of air per kg of fuel is supplied, therefore

n=_13_ 04487
28.97
Solving abovefollowing are available,

a = 0.0393
b =0.0309
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d = 0.3545
e=0.07895
n = 0.4487

Constituents of dry exhaust gas shall be CO,, CO and N, as indicated,
(@a+b+d)
(0.0393 + 0.0309 + 0.3545) = 0.4247

415

Therefore dry exhaust gas

__a
(a+b+d)

Percentage by volume of CO, in dry exhaust gas x 100

_ 0.0393x100
0.4247

9.25%

% by volume of CO, = 9.25% | Ans.

3. Inaboiler the coal having 88% C, 3.8% H,, 2.2% O, and remaining ash is burnt in the furnace.
Itis found that CO, going with flue gases constitute to be 12% and temperature of flue gasesis 260 C.
The flue gas sample is analyzed using Orsat apparatus at room temperature. Determine the percentage
of CO, that would be there for complete combustion of fuel.

Solution:

Actual percentage of CO, in flue gases = 12%

Constituent Combustion  product Molecular weight Volume fraction
mass per kg (x) ) z = (XIY)
of fuel CO, H,O CO, H,O CO, H,O
C=088 (0.88><i—4g) 44 00733

_ 18
H, = 0.038 (0.038><7) 18 0.019

Exhaust gases shall comprise of CO,, H,0, O, and N,
CO, x100
(CO, +H,0+0, +N,)
5= 0.0733x 100
(0.0733+0.019+ (0O, + N,))
(O, + N,) =0.5185
Orsat apparatus analyzes only dry flue gas so the percentage of CO, can be obtained as,

CO,x100 _  0.0733x100
(CO, +0,+N,) ~ (0.0733+0.5185)

Actual percentage of CO, =

% CO, = = 12.38%

Ans.

% CO, = 12.38%
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4. Determine the percentage analysis of combustion products by mass and by volume when
gravimetric analysis of a hydrocarbon fuel indicates 86% C and 14% H,,. Excess air supplied is 50% for
combustion. Consider air to have 23.2% of oxygen by mass and remaining as nitrogen, molecular
weights of carbon, oxygen, nitrogen and hydrogen are 12, 16, 14 and 1 respectively. Also estimate the
change in internal energy of per kg of products when cooled from 2100 < to 900 T when the internal
energies of combustion products are as under,

TC Internal energy, kJ/kg
2100 2040 3929 1823 1693
900 677 1354 694 635
Solution:
Theoretical mass of oxygen required per kg of fuel depending upon its' constituents
C+0,— CO,
12 kg + 32 kg —» 44 kg
8 11
or, l1kg+ = kg— — k
g 3 g 3 g
or, 0.86 kg + 2.29 kg — 3.15 kg

For hydrogen,
2H,+0,— 2H,0
4kg+32kg — 36 kg
1kg+8kg— 9kg
0.14 kg + 1.12 kg — 1.26 kg

Hence, minimum mass of oxygen required kg per kg of fuel = (0.86 X % +0.14 % 8) =341kg

Asit is given that 50% excess air is supplied so the excess oxygen = 3.41 x 0.5 = 1.705 kg
Total oxygen supplied = 3.41 + 1.705 = 5.115 kg

Congtituents of exhaust gases per kg of fuel, CO, = 1—31 x 0.86 = 3.15 kg

H,0=9x 0.14 = 1.26 kg

_ ( 5115x 76.8
2 23.2
Excess O, = 1.705 kg

For one kg of fuel the composition of combustion products is as under,

) = 16.932 kg

Exaust gas Gravimetric Mol ecular Proportional Volumetric
constituents analysis % weight, y volume, analysis %,
x) _ (xx100) ;= '} v = (zx100)
Z(X) y 2(2)
CO, = 3.15 kg 1367 v\ 0311 8.963
H,O = 1.26 kg 547 18 0.304 8.761
N, = 16.932 kg 7347 2 2,624 75.619
0O, = 1.705 kg 7.39 R 0.231 6.657
Total = 23.047 100% 347 100%
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Change in internal energy for given temperature variation

gravimetric basis

Mass fraction

of constituents of
exhaust gases (Q)

Change in
internal energy per kg

Change in
internal energy

of constituents, (b) kJ/kg (©) = (g x b), kJ
CO, = 0.1367 2040 — 677 = 1363 186.32
H,O = 0.0547 3929 — 1354 = 2575 140.85
N, = 0.7347 1823 — 694 = 1129 829.48
0O, = 0.0739 1693 — 635 = 1058 78.19

shall be estimated as under, on

Total change in interna energy = 1234.84 kJ/kg of exhaust gases

Changeininternal energy = 1234.84 kJkg of exhaust gases | Ans.

5. Determine the percentage excess air supplied to boiler for burning the coal having following
composition on mass basis,

C 0.82
H,: 0.05
O, 0.08
N,: 0.03
S 0.005
moisture; 0.015
Volumetric analysis of dry flue gases shows the following composition,
CO, = 10%
CO=1%
N, = 82%
0,=7%
Solution:
For constituent components combustion reactions are as under. Out of given constituents only C,
H,, and S shall require oxygen for burning reaction.
C+0,—-CO,
12 kg + 32 kg — 44 kg
8 11
1kg+ 3 kg — 3 kg
2H,+0,— 2H,0
4 kg + 32 kg — 36 kg
1kg+8kg— 9kg
S+0,— S0,
32 kg + 32 kg — 64 kg
1kg+1kg— 2kg
Net mass of oxygen required per kg of coal

={(0.82 x %) + (0.05 x 8) + (0.005 x 1) — (0.08)}
=2.512 kg
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Mass of air required per kg of coal, considering oxygen to be 23% in the air by mass,

Applied Thermodynamics

=100, 2512
23
=10.92 kg air per kg of coal
Volume of Molecular | Proportional | Mass per kg of | Mass of carbon per
constituent per wt. mass of flue gas kg of dry flue gas
mol. of dry (b) constituents =
2(C)
flue gas % (a) c=(axh)
CO, =10 44 440 0.147 % = 0.04009
co=1 28 28 0.0094 % = 0.00403
N, = 82 28 2296 0.768
0,=7 X 224 0.075 Total carbon per kg of
dry flue gas = 0.04412
¥(c) = 2988

Carbon is given to be 0.82 kg in per unit mass of coal and the mass of carbon per unit mass of dry
flue gas is 0.04412 kg so the mass of dry flue gases per kg of coa shall be

_ Carbon mass per kg ofdry fluegases
Carbon mass per kg of coal

_ 082

0.04412

=18.59 kg
Therefore, the mass of CO per kg of coa = 18.59 x 0.0094

= 0.1747 kg
The mass of excess O, per kg of coal (i.e. unutilized O,) = 18.59 x 0.075
= 1.394 kg
The CO produced in combustion products per kg of coal shall further require O, for its' complete
burning to CO,,
2CO+ 0, — 2CO,
56 kg + 32 kg — 88 kg

4 11
1kg+ — k == k
g 79—>7 g

The mass of O, required for complete burning of 0.1747 kg CO per kg of coa shal be = 0.1747
x % = 0.998 kg.
Out of excess O, coming out with dry flue gases 0.0998 kg of O, shall be utilized for complete

burning of CO. Thus, the net excess O, per kg of coal = 1.394 — 0.0998 = 1.2942 kg O,

Hence, excess air required for 1.2942 kg O, = w = 5.627 kg air
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5'62; » 100 = 51.53%

% excess air =

% excess air = 51.53% | Ans.

6. C,H burns completely with air when the air-fuel ratio is 18 on mass basis. Determine the
percent excess or percent deficiency of air as appropriate and the dew point temperature of combustion
products when cooled at 1 atm.

Solution:
Given air-fud ratio on mass basis is first transformed into the air-fudl ratio on molar basis.
( Massof air )
AJE ratio on molar basis = No.of molesof air _ Mol .wt.of air
No. of molesof fuel M assof fuel
Mol .wt . of fuel

Massof air N Mol.wt.of fuel
Massof fuel Mol.wt.of air

= (A/F ratio on mass basis) x Mol.wt.of Cz_He
Mol.wt.of air
=18 x 30
29

A/F ratio on molar basis = 18.62
Chemical reaction for complete combustion may be given as,
C,H; + n(O, + 3.76 N,) — aCO, + bN, + dO, + eH,0

18'662 ) moles of air for each mole of fuel,

Also, for complete combustion there will be (

So, n = 3.912
Equating coefficient
C.2=a Solving we get, a=2
H:6=2e b =1471
O:2n=2a+2d+e d =0412
N: (3.76 x 2n) =2b e =3

Complete combustion reaction may be given as,

C,Hg +3.912 (O, + 3.76 N,) — 2CO, + 14.7IN, + 0.4120, + 3H,0
or, CHg +35(0,+3.76 N,) — 2CO, + 13.16 N, + 3H,0
Hence air-fud ratio (theoretical) on mol. basis

(A/F) = &14-76 = 16.66

Since theoretical air-fud ratio is less than actua so it means excess air is supplied.
(A/ F)auual _(A/ F)theoretical
(A/ F)theoreticd

- ( 18.62 - 16.66
16.66

Percentage of excess air = x 100

)xlOO
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= 11.76%

Percentage of excess air = 11.76% | Ans.

Total amount of mixture=(a+b +d +¢€)
=(2+14.71+0412 + 3)
= 20.122 kg/mol. of fuel

Partial pressure of water vapour P = ( x 1.013

ariare)
a+b+d+e
= 0.151 bar

From steam table saturation temperature corresponding to 0.151 bar is seen to be 54°C.
| Dew point temperature = 54°C | Ans.

7. Obtain the volumetric composition of combustion products obtained after combustion of C_H
(heptane) being burnt with 50% excess air. Also obtain the average molecular weight and specific

volume of combustion products at ST.P. Consider the volume per kg mol. at ST.P. to be 22.4 m3 and air
to have 21% O, and 79% N, by volume.

Solution:
Here excess air supplied shall result in unutilized O, with combustion products.

“Excess O, supplied = 0.5 x 73.33 = 36.665 m?
Total O, supplied = 73.33 + 36.665 = 109.995m*

“Total N,, supplied = (109.995) x % = 413.79m3

Total volume of combustion products = {46.67 + 53.33 + 36.665 + 413.79}
= 550.455 m3

Average molecular weight of combustion products can be estimated by summation of mass of
congtituents per mol. of combustion products.

Constituents Fraction of Molecular Mass of constituents Average molecular
of combustion condgtituents weight per mol. weight of
products per unit (© of combustion combustion
products (d=bxc products ¢ = {d)
a
b= >(a)
46.67
CO,(= 46.67) 550.455 - 0.0848 44 3.7312
53.33
H,O(= 53.33) 550.455 - 0.0969 18 1.7442 28.65
36.665
O,(= 36.665) 550.455 0.0666 32 21312
413.79
Ny(= 413.79) | o iper = 0.7517 28 21.0476




Constituents|Proportional |Proportional | % Volume O, required O, required for % Combustion product
of C,Hyg mass volume per m* of fuel 100 m® of fuel per100 m® of fuel

(@ |(b)=—F— ()= b;(i?o (d) @=cxd [CO, |HO | O, | N,
C 12x7=284 7 46.67 1 46.67 46.67
(mol. wt. (C+ 0, » COy
=12) (2 mol 1 mol — 1 mol.)
H, 2x8=16 8 53.33 05 26.66 53.33
(mol. wt. (2H, + O, — 2H,0)
=2) 2 mol 1 mol 2 maol

¥(b) = 15 73.33 4667 | 5333 [36.665 |413.79

UoISNAWIOD pue spn4
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ifi I _ 224 = 0.7818 m3k
Specific volume = 2865 - O m2/kg

Average mol. wt. = 28.65 Ans.
Specific volume = 0.7818 m3/kg

0.864 _ 0.864

Mass of fuel having 0.864 kg of carbon = = = 1.02kg
Massof carbon 0.847
( per kgof fud )
It shows that one mol of dry flue gases shall require burning of 1.02 kg of fuel and 29.89 kg of air.
. . _ 29.89 -
So the air-fuel ratio = Top 29.3
% Excess air = W = 95.33%

Air fuel ratio= 29.3 Ans.
% excess air = 95.33%
Here the calculations above have been based on balancing the carbon present. These can aso be
done based on oxygen-hydrogen balance as under;
Alternate approach (Not very accurate)
Mass of oxygen present in one mol of dry flue gas = Mass of oxygen in CO,
+ Mass of O, appearing with dry flue gas

- (M) +(0.108 x 32)
44
= 5.76 kg
Mass of oxygen present with nitrogen in air = (%) =6.94 kg

Here, the mass of oxygen supplied in air (6.94 kg) is more than oxygen present in dry flue gases
(5.76 kg) which indicates that some oxygen gets consumed in formation of water. Orsat analysis
analyzes dry flue gas.

Mass of oxygen forming water (H,0) = 6.94 —5.76 = 1.18 kg

2H,+0,—2H,0
4 kg + 32 kg — 36 kg
1kg+8kg— 9kg

Mass of hydrogen in fuel = (1—5138) =0.1475 kg

0.1475
0.153
Thus one mol of dry flue gases are generated when 0.964 kg of fuel is burnt with 29.89 kg of air.

8. During Orsat analysis of the combustion products of an engine running on diesel (C,,H,,) the
CO, and O, are found to be 7.2% and 10.8% respectively and rest is N, by volume. Determine the air-
fuel ratio and percentage excess air considering air to have O, and N, in proportion of 23.2% and
76.8% respectively by mass.

Mass of fuel =

= 0.964 kg
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Solution:

There are two approaches for getting the air-fuel ratio and subsequently excess air. One is by

carbon-balancing and other by balancing of oxygen-hydrogen.

Minimum air required for complete combustion of 1 kg of fuel can be obtained considering the

composition of fuel i.e. C,H,..

Mass of Oxygen required | Oxygen required Minimum air
constituent per kg per kg of fuel required
per kg of fuel, of constituents per kg of fuel for
CioHog complete combustion
(&) (b) (g=axb
= 12x12 8 8 x 0847 = 2.250 100, 3483
(12x12+26x1) 3 3 23.2
= 0.847
,= —2ox1 8 8 x 0.153 = 1.224 = 15 kg
(12x12+26x%x1)
= 0.153
Total = 3.483

Dry flue gases contain 7.2% of CO,, 10.8% O, and 82% N,, by volume. This volumetric compo-
sition isto be converted to gravimetric (mass basis) i.e. mol fractions may be estimated as mol is unit of
volume.

Mass of constituent in one mol of dry flue gases = Volume fraction x Moal. wt. of constituent

Mass of CO, in one mol of dry flue gases = 0.072 x 44 = 3.168 kg
Mass of N, in one mol of dry flue gases = 0.82 x 28 = 22.96 kg
Corresponding to N, the mass of air per mol of dry flue gases can be obtained as,

_ 22.96x100

= 29.89 kg
76.8

Carbon present in one mol of dry flue gases = (3.168>< %) =0.864 kg

Therefore, from the carbon present in one mol of dry flue gases the amount of fuel containing
this much of carbon can be calculated.

So, air fuel ratio = 2289 —310
0.964

%excessair:w

x 100 = 106.67%
Air-fuel ratio and % excess air calculated differ from those estimated using balancing of carbon.
Generaly, carbon balancing is used for getting accurate results.

9. Fuel having 88% C and 12% H, is burnt using 98% of air compared to theoretical air require-
ment for combustion. Determine the following considering that H,, is completely burnt and carbon burns
to CO and CO, leaving no free carbon.

(a) % analysis of dry flue gases by volume
(b) % heat loss due to incomplete combustion. Consider gross calorific values in kJ/kg as,
C to CO, = 34694 kJ/kg, C to CO = 10324 kJ/kg, H, = 143792 kJ/kg



424

Applied Thermodynamics

Solution:
Mass of constituent | Oxygen required Oxygen Minimum air required
per kg of fuel per kg required per kg per kg of
of constituent of fuel fuel for complete
combustion
100
a b c=(axb x 2c
(a) (b) ( ) 232 2c)
C=088 8 235 3:30x100 _ 1497 kg
3 23.2
H, = 0.12 8 0.95
Total 3.30

Actua air supplied for burning = 0.98 x 14.27 = 13.98 kg

Less amount of air supplied = 14.27 — 13.98 = 0.29 kg. Due to this amount of air complete
carbon could not get burnt into CO, and CO is there.
Let us write burning of carbon to yield CO and CO,

2C+0,— 2CO
24 kg + 32 kg — 56 kg

C+0,- CO,

12 kg + 32 kg — 44 kg
1kg + 2.67 kg — 3.67 kg

1kg + 1.33 kg — 2.33 kg

Thus the amount of air saved by burning C to CO instead of CO,, per kg of carbon

100

= (2.67 — 1.33) x —=

232

=5.78 kg

Thus the amount of carbon burnt to CO per kg of fuel shall be

_ 0.29%0.88
5.78

= 0.044 kg

Out of 0.88 kg C per kg of fuel only 0.044 kg C gives CO while remaining (0.88 — 0.044 = 0.836)
0.836 kg C shdl yield CO,,

Volumetric analysis of combustion products is present as under.

Constituents of Mass of Proportional Percentage volume
dry flue gas constituent Volume (o) = Z?b) x 100
per kg of fuel in mol
a
a b) = ( )
@) (®) Mol .wt
co, 0836 x 4 =306 | 3% - o0 15.11%
12 44
28
co 0044 x = =0103 | 9103 = o037 0.81%
12 28
N, 0.768 x 13.98 = 10.74 % = 0384 84.08%
X(b) = 0.4567 100%
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Volumetric analysis of dry flue gas
= 15.11% CO,, 0.81% CO, 84.08 % N, Ans.

Cdlorific value of fuel in actual case due to incomplete burning of carbon.
= (0.836 x 34694) + (0.044 x 10324)
= 29458.44 kJ

Theoretical calorific value of fuel with complete burning of carbon
= (0.88 x 34694) = 30530.7 kJ

Theoretical caorific value of fuel ={(0.88 x 34694) + (0.12 x 143792)}

= 47785.76 kJ
Percentage heat loss due to incomplete combustion

_(30530.72 — 29458.44)
47785.76

=2.24%

x 100

% Heat loss = 2.24% | Ans.

10. During production of gas the air and steam are passed through an incandescent coal bed. The
coal is seen to have 95% of carbon and remaining as incombustible. The gas produced has hydrogen,
nitrogen and carbon monoxide. Determine, the steam required per kg of coal and total air required per
kg of coal when the heat of formation for steam is 147972 kJ/kg of hydrogen and for carbon monoxide
it is 10324 kJ/kg of carbon. Also obtain volumetric analysis of gas. Take temperature of water as 20 C
at 1 atm pressure. Take air to have 23.2% O, and 76.8% N, by mass.

Solution:

Combustion equation can be written, separately for reaction with air and with steam as both are
passed through.
Reaction with air

2C+ 0, — 2CO
24 kg + 32 kg — 56 kg

1 kg of C+% kg of oz—>% kg of CO + 10324 kJ (i)
Reaction with steam
C+H,0— CO+H,
12 kg + 18 kg — 28 kg + 2 kg
1kgC+§kgH20—>% kgCO+% kgH2+{10324—%

x 147972 — é ((100—-20) x 418+ 2253)}
Sensible heat + Latent heat

1kgc+§kg HZO—>% kgCO+%kg H, — 182191 kJ (i)
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Two equations for burning with air and reaction with steam can be balanced in terms of heat

. L - 10324
released provided equation (ii) ismultiplied by ( 180191
0.057 kg C + 0.085 kg H,O (steam) — 0.1322 kg CO + 0.0094 kg H, — 10324 kJ mn
Thus, total carbon used from reaction (i) and (iii) with no heat release can be given as,
= (1 + 0.057) kg C = 1.057 kg carbon.
0.085x% 0.95

Steam required per kg of coal = ————== = 0.0764 k
& perg 1057 g

0.95
1.057

) throughout, so equation (ii) gets modified into,

Total air required per kg of coal = (% X )x 100 _ 5.16 kg

232

Steam required per kg of coa = 0.0764 kg

Air required per kg of coa = 5.16 kg Ans.
Total carbon monoxide = (2.333 + 0.132)
= 2.465 kg
Total hydrogen = 0.0094 kg
Total nitrogen = 4 X 168 _ 4.414 kg
3 232
Volumetric analysis
Constituents Mol. wt. Proportional % volume of gas
volume in mol.
a c
b = — d) = 100
(a) (b) © = (d) 0 >
CO = 2.465 kg 28 0.088 35.16%, CO
H, = 0.0094 kg 2 0.0047 1.88%, H,
N, = 4.414 kg 28 0.1576 62.96%, N,
¥(c) = 0.2503 100%

% by volume = 35.16% CO, 1.88% H,, 62.96% N,, Ans,

11. Determine the higher and lower calorific values of coal for which following observations are
made in bomb calorimeter.

Mass of coal sample = 1 gm
Mass of water in bomb calorimeter = 2.5 kg
Initial temperature of water = 20°C
Maximum recorded temperature of water = 22.6C
Water equivalent of apparatus = 750 gm

Cooaling correction = + 0.018<C
Consider coal to have 5% H, init.
Solution:
Using the cooling correction the corrected rise in temperature of water can be obtained as,
=(22.6 — 20) + 0.018 = 2.618°C
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(2500 + 750) x 2.618
8508.5 Cal/gm
Higher caorific value of coal = 8508.5 Cal/gm
In order to get lower calorific value the heat carried by the steam formation isto be excluded from
higher calorific value.

Heat supplied to calorimeter and water

2H,+0,—2H,0
1kgH,+8kgO, - 9kgH,O
(Mass of steam formed per kg of coal) = 0.05 x 9

0.45 gm steam per gm of coal.

From steam table hfg at 20°C = 586 kcal/kg

586 x10% 0
108

O
Lower heating value of coal = 8508.5 — ﬁms x

8244.8 cal/gm

Higher heating value = 8508.5 kcal/kg
Lower heating value = 8244.8 kcal/kg | Ans.

12. Composition of a fuel by volume is as follows:
H, — 52%
CH, — 20%
CO - 16%
CO,- 3%
O,- 2%
N,— 7%

Higher calorific value of fuel constituents H,, CO and CH, may be taken as 28424 kJ/ms,
27463 kJ/m3, 87780 kJ/m? at 1 bar and 0 <C respectively. The latent heat of one kg of water for
transformation to steam at 1 bar, 0 <C may be taken as 2445 kJ. Air may be considered to have 21%
O, by volume. Determine

(@) the volume of air required for complete combustion of 1 m® of fuel.
(b) the volumetric analysis of dry flue gases considering 20% excess air.
(c) the lower calorific value of fuel.

Solution:

Combustion reactions for constituents are,

2H,+0, — 2H,0,

1mol 0.5 mol 1 mol

CH,+20, — 2H,0+ CO,,

1mol 2mol 2 mol 1 mol

2CO0+0, — 2CO,,

1mol 0.5mol 1 mol

Minimum air required = 0.72 x %‘f =343 md

Volume of air required for complete combustion = 3.43m3 | Ans.




Volumetric analysis

Consgituents (?)’2 required per 0O, ré-:quired Combustion products per m° of fuel
per m( a;)f fuel | m g}t f(;?st(lgjents pg) rz ;f )jut;al Co, H,O o, N,
H, = 0.52 05 0.26 — 0.52 — —
CH, =020 2 040 0.20 040 — —
CO =0.16 05 0.08 0.16 — — —
CO, = 0.03 — — 0.03 — — —
0, = 0.02 — (- 0.02 — — 0.144 —
N, = 0.07 — — — — — 3322
>C0,=039 | *H,0=092 | 20, =0.144 | 2N, = 3.322

Total combustion product per m® of fuel = 4.776 m®

Total dry flue gases per m3 of fuel = 3.856 m3

Excess air supplied is 20% so total volume of air supplied = Minimum air required + excess air supplied.

8¢y

soureuApow ey L patiddy
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Excess air supplied = 0.2 x 3.43 = 0.686 m®
Total air supplied = 3.43 + 0.686 = 4.116 m3 air per m3 of fuel
**Oxygen present in excess air = 0.72 x 0.2 = 0.144 m3, This will be with combustion products

Nitrogen present in total air = A116XTO _ 5950 3

**Since 0.07 m® N, per md of fuel is already present in fuel so total nitrogen available in combus-
tion products = 3.252 + 0.07 = 3.322 m3 per md of fuel.

% by volume of CO, = (%20% 0'1582303) 100 _ 10.10%

% by volume of O, = % = 3.73%

% by volume of N, = %

Volumetric composition of dry flue gases = 10.12% CO,,

= 86.15%

3.73% O,, 86.15% N, | Ans.

Higher calorific value may be obtained from the values given for contituents H,, CH, and CO.
= {(0.52 x 28424) + (0.20 x 27463) + (0.16 x 87780)}

= 34317.88 kIm3

Steam produced during combustion of 1 mS of fuel.

_ 092
eam - 224
Lower caorific value =

=0.0411 kg

Higher calorific value — (m, X latent heat)
{34317.88 — (0.0411 x 2445)}
= 34217.39 kIJm?3

Lower calorific value = 34217.39 kI¥m3 Ans.

13. Determine the volume of air supplied for complete combustion of one n? of fuel gas. If 40%
excessair is supplied then find the percentage contraction in volume after the products of combustion have

been cooled. The composition of fuel gas by volume is, H, = 20%, CH, = 3%, CO = 22%, CO, = 8%,
N, = 47%.Consider air to have 21% O, and 79% N, by volume.
Solution:

Combustion reactions for constituents are
2H,+0,—2H,0
1mol 0.5mol 1mol
CH, +20, — 2H,0 + CO,
1mol 2mol  2mol
2CO+ 0, - 2CO,
1mol 0.5mol 1moal

1 mol
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Volumetric analysis (without excess air)

Constituents per O, required O, required Combustion products per m®
m’ per m° per m° of fuel
of fuel gas of fuel of fuel
constituents

(a) (b) (co=axb Co, H,O 0, N,
H, = 0.20 05 01 — 0.2 — —
CH, =0.03 2 0.06 0.03 0.06 — —
CO =022 05 011 0.22 — — —
CO, = 0.08 — — 0.08 — —

N, = 0.47 — — — — — 047

¥0, =027 | £CO,=0.33| XH,0 =026 — | =N, =047
Minimum volume of air required = % = 1.286 m® air per m® of fuel.

| Minimum air required =1.286 m¥m? of fuel | Ans.

With excess air there shall be additional amount of O, and N,, present in combustion products.
With 40% excess air the dry flue gas shall comprise of following:

(i) CO, = 0.33 m® per m® of fuel.

(i) N, = 0.47 + nitrogen from total air (minimum air + excess air)

= 047 + (1.286 x14x ﬁ)
100

=1.89 m3 per m3 of fuel
(iii) O, = oxygen from excess air
_(1286x0.4x21
- ( 100 )
=0.108 m3 per m? of fuel
Total volume of dry flue gas formed = (0.33 + 1.89 + 0.108) m® per m? of fuel
= 2.328 m? per m3 of fudl.

\Volume before combustion = Volume of fuel gas + Volume of air supplied
=(1+ 1286  15m®=2929 nm?

2.929 — 2.328
2.929
| % contraction in volume = 20.52% | Ans.

14. A hydrocarbon fuel when burned with air gave the following Orsat analysis, CO,: 11.94%,
O, 2.26%, CO: 0.41%, N,: 83.39%
Determine,
(i) the air-fuel ratio on mass basis
(ii) the percent of carbon and hydrogen in the fuel on mass basis, and
(iii) percentage of theoretical air supplied.
Assume air to have 21% oxygen.

% Contraction in volume = ( ) x 100= 20.52%
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Solution:
Orsat analysis gives, CO, = 11.94%, O, = 2.26%, CO = 0.41%, N, = 83.39%
H,O= 100 — (11.94 + 2.26 + 0.41 + 83.39)
H,O= 2%
Let hydrogen fuel be‘C H, .

79 b
CH,+d0,+ (Z-d) N, = &0 +1C0, + 2 H,0+g:0,+h-N,

On mass basis,
— 28e + 44f + 9b + 32g + 28h
Mass of congtituents of exhaust gas, CO, = 44f, CO = 28e, H,0O = 9b, O, = 32g, N, = 28h
Exhaust gas mass = (28e + 44f + 9b + 32g + 28h)
As per analysis,
44f = 0.1194 (28e + 44f + 9b + 32g + 28h)
28e = 0.0041 (28e + 44f + 9b + 32g + 28h)
9b = 0.02 (28e + 44f + 9b + 32g + 28h)
32g = 0.0226 (28e + 44f + 9b + 32g + 28h)
28b = 0.8339 (28e + 44f + 9b + 32g + 28h)
Also,
12.-a=12e+ 12f,or,a=e+f

79 . 4.28=28h
21

h = 3.76d
Solving above we get
a=19.53e
b =15.18e
d = 54.09e
f = 18.53e
g= 4.82e
h = 203.37e
(32><d+7—9><d><28)
Air-fuel ratio = 21 = 29.77
(12xa+b)
Air-fudl ratio= 29.77 | Ans.
Carbon fraction = & =0.9392
(12a+b)
Hydrogen fraction = b 0.0608
(12a+b)

% Carbon = 93.92% | Ans.
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% Hydrogen = 6.08%

(32d+7—9>< d ><28)><100
Percentage theoretical air supplied = 21

(32d +;—id  28+12a+ b)
= 96.75

% Theoretical air supplied = 96.75% | Ans.

15. Obtain the stoichiometric reaction equation for CH, being burnt with
(i) 100% theoretical air
(ii) 200% excess air
(iii) 20% less than theoretical air requirement
Consider air to have 21% oxygen and 79% nitrogen by mass.
Solution:
Let number of air molecules required for one molecule of CH, be ‘n’. Combustion equation for
CH,,
CH4+n(OZ+;—i-N2)—> a-CO,+b-N,+d H,0

From above equation the C, H, and O, can be equated as under,
Cl=a0ra=1

Oz,n=a+%,or2n=2a+d

H,2=dord=2

N, n><7—9 =b,orb=376n
21
It gives
n=2a=1
b=752d=2

Stoichiometric combustion equation shall be,

For 100% theoretical air
CH, +2(0, +3.76 N,) — CO, + 7.52N,, + 2H,0 Ans.

When 200% of excess air is added then total air supplied will be 300% i.e. (200% excess + 100%
theoretical). Due to this excess O, shall be there in combustion products.
Thus modified form of combustion equation shall be,
CH,+3x2(0,+376N,) »a-CO,+b-N,+d-HO+e- 0O,
Equating C, H,, O, and N,, we get
C.a=1

d

O,a+_-+e=6
2

H,d=2
N,, b=6x 3.76
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It yields,

a=1
b =2256
d=2
e=4
Now the combustion eguation with 200% excess air shall be;

With 200% excess air; Ans,

CH, + 6(O, + 3.76N,) — CO, + 22.56N, + 2H,0 + 40,

When thereis 20% less air then actual air supplied will be 20% less than 100% theoretical air. Due
to less than theoretical air supplied there will be incomplete combustion and CO will be present with
combustion products.

CH, +0.8x 2 (0O, + 3.76N,) — aCO, + bCO + dN,, + eH,O

Equating C, H,, O, and N,, we get
C,a+b=1

b

O,; a+—+3=1.6
2 2

H,,e=2
N, d=12x3.76 = 4512
Ityields,

a=0.2
b=0.8
d=4.512
e=2
Hence for 20% less air the combustion equation shall be as under

For 20% less air.
CH, + 1.6 (O, + 3.76N,) — 0.2CO, + 0.8CO + 4.512N, + 2H,0 Ans.

16. Determine the adiabatic flame temperature for the combustion of carbon monoxide (CO) with
150 percent theoretical amount of oxygen to form CO,,. The reactants enter the steady flow reactor at
25, 1 atm and the products are CO, and excess O,. Enthalpy of O,, CO and CO, are 0 kJ/kg mole,
— 110418 kJ/kg and — 393,137 kJ/kg mole respectively. The constant pressure specific heats of CO, and O,
at 1 atm, may be assumed to be 56.43 and 36.5 kJ/kg mole K, respectively.[U.P.S.C. 1993]

Solution:
Combustion equation of carbon monoxide yields,

2c0 + 20,200, + L0,
2 2

Since the process is adiabatic so the total enthalpy of reactants and products shall remain same,

Enthalpy of reactants = 2 (— 110,418) + %(0)
= — 220,836 kJkg - mole



STEAM AND I'TS PROPERTIES

Steam Is the gaseous phase of water. It utilizes heat during the
process and carries large quantities of heat later. Hence, it could
be used as a working substance for heat engines.

Steam Is generated in boilers at constant pressure. Generally,
steam may be obtained starting from ice or straight away from
the water by adding heat to it.



FORMATION OF STEAM

temperature-Enthalpy Diagram t-h diagram)

The graphical representation of transformation of 1 kg of ice into
1 kg of superheated steam at constant pressure (temperature vs.
enthalpy) is known as t-h diagram. shows the various stages of
formation of steam starting from ice shows the corresponding t-h
diagram.



FORMAILTION O STEAM

Consider 1 kg of ice in a pistion -cylinder arrangement as shown.
It is under an Absolute Pressure say P bar and at temperature —t O
C ( below the freezing point). Keeping the pressure constant, the
gradual heating of the ice leads to note the following changes in
It, These are represented on a t-h diagram on heating, the
temperature of the ice will gradually rises from p to Q i.e. from —
t C till reaches the freezing temperature O.






FORMATION OF STEAM

Adding more heat, the ice starts melting without changing
In the temperature till the entire ice is converted into water
from Q to R. The amount of heat during this period from
Q to R is called Latent heat of fusion of ice or smply
L atent heat of ice.

Continuous heating raises the temperature to its boiling
point t C known as Saturation Temperature. The
corresponding pressure is called saturation pressure. it Is
the stage of vaporization at 1.01325 bar atmospheric
pressure (/60mm . As pressure increases, the value of
saturation temperature also increases. The amount of heat
added during R to Sis called Sensible Heat or Enthalpy of
Saturated Water or Total Heat of Water (h, or n"").



FORMATION OF STEAM
During the process, a dight increase in volume of water
(saturated water) may be noted. The resulting volume is known as
Specific volume of Saturated Water (Vf or vW).

(d) On further heating beyond S, the water will gradually starts
evaporate and starts convert it to steam, but the temperature
remains constant. Aslong as the steam is in contact with water, it
Is called Wet Steam or saturated steam



FORMAILTION O STEAM

On further heating the temperature remains constant, but the entire
water convertsto steam. But still it will be wet steam. The total heat
supplied from OOC is called Enthalpy of Wet Steam (h wet). The
resulting volume is known as Specific Volume of Wet Steam (v wet)

On further heating the wet steam, the water particles, which are in
suspension, will start evaporating gradually and at a particular moment
the final particlesjust evaporates. The steam at that moment
corresponding to point T is called Dry Steam or Dry Saturated Steam.
The resulting volume is known as Specific Volume of Dry Steam (vQ).
This steam not obeysthe gas laws. The amount of heat added during S
to T iscalled Latent Heat of Vaporization of Steam or Latent Heat of
Steam (hfg). During the process, the saturation temperature remains
constant. The total heat supplied from O'C is called Enthalpy of Dry
Steam (hg).



FORMATION OF STEAM

On further heating beyond point T to U the temperature starts
from tsto tu, the point of interest. This

process is called Super heating. The steam so obtained is called
Super Heated Steam. It obeys gas laws.



LTYFPES DIEAM

The steam during the steam generation process can exist in three
types:.
Wet steam (saturated steam)
Dry steam (dry saturated steam)

Superheated steam



1. WEI1T STEAM ¢

Both the water molecul es and steam coexist to form a two phase
mixture, called wet steam.

Which will be in thermal equilibrium because both of them will
be at the same saturation temperature.



2. DRY SATURATED STEAM:;

A steam at the saturation temperature corresponding to a given
pressure and having no water molecules in it is known as dry
saturated steam or dry steam.

Since the dry saturated steam does not contain any water
moleculesin it, its dryness fraction will be unity.



3, SUPERHEATED STEAM;

When a dry saturated steam is heated further at the given constant
pressure, its temperature rise beyond its saturation temperature.
The steam in this state is said to be superheated.



ENTHALPY OF STEAM

Enthalpy Of liquid:

hf=Cpw(tf-0)
Enthalpy of Dry saturated steam:

hg=hf + hfg
Enthalpy of Wet steam:

h=hf + xhfg
Enthalpy of Superheted steam:

hsup= hg + Cps(Tsup —Tsat )



SPECIFIC VOLUME OF STEAM

Specific volume of saturated water: vf
Specific volume of dry saturated steam: vg
Specific volume of wet steam:

Vv =xvg +(1-x)vf
Specific volume of superheated steam:
Vo/Ts = Vsup/Tsup



INTERNAL ENERGY OF STEAM

It is defined as the difference between the enthalpy of steam and
external work of evaporation.

Internal energy of dry steam : ug = hg — pvg kJKkg
Internal energy of wet steam : u = hf + xhfg — pxvg kJkg
Internal energy of superheated steam : usup = hsup — pvsup kJ/kg

Internal Latent heat:

It is algebraic difference between the enthalpy of evaporation at
given pressure and work of evaporation.

Internal Latent heat : hfg - pv



THROTTLING PROCESS

The temperature change of agas or liquid when it isforced
through a valve or porous plug while kept insulated so that no
heat is exchanged with the environment. This procedureis called
a Throttling process.



MEASUREMENT OF DRYNESS FRACTION

The dryness fraction of steam can be measured experimentally.

Calorimeters are used for measurement of dryness fraction of
steam.

There are for methods of determining the dryness fraction of
steam.

Bucket or barrel calorimeter
Throttling calorimeter
Separating calorimeter
Combined separating & throttling calorimeter



BUCKET OR BARREL CALORIMETER

use
§— s @ Trenmamotr
k ;ﬁﬁ “ |
e "
=
\ Foan Py Sucket

Tl ng

Mol

Bucket or Barrel Calorimeter

» |nthis calorimeter aknown
mass of water and then heat |oss
by steam Is equated to heat
gained by water. The steam is
passed through a sample tube
Into bucket calorimeter contains
known weight of water.

» Theweight of calorimeter with
water before mixing steam &
after mixing the steam is
measured by thermometer.



SEPARATING CALORIMETER

Samping e Control Valve

E/ | hermormeter
ool

g IEI Weichirg
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i
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Saparating Calorimeter Play

This calorimeter is used to
measure dryness fraction of very
wet steam. The steam is passed
through sampling tube. The
moisture is separated
mechanically from steam passing
through the separator .

The water partials are separated
due to inertia of water partials as
steam is passed through the
perforated trays.

The out going steams is then
condensed in the bucket
calorimeter.



THROTITLING CALORIMETER

Thermometer

Pressure
_Gauge

Samphing

Outer
Chqmber
-

'
Steam o Exhaust

Throttling Calorimeter "™

» Thistypesof calorimeter isused to

measure dryness fraction of steam
whose dryness fraction is
considerably high.

The steam sample is passed through a
throttle valve & is allowed to throttle
down to pressure unit until it comes
out in dry saturated or super heated
condition.

The pressure & temperature of steam
coming out of throttling calorimeter
IS measured with water manometer &
thermometer respectively.



COMBINER SEFABATING &
HBRYHANG SORRBIMEHEB

Drain Steam to Exhaust
Combined (Separating & Throttling)
Calorimeter -




COMBINED SEPARATING &

THROITTLING ¢ ALORIMETER

The combined separating & throttling calorimeter gives the
dryness fraction of wide quality steam very accurately.

In this calorimeter, the stream from sampling tube isfirst
passed through the separating calorimeter where most of the
moisture is removed & steam partly dried.

This steam is further passed to throttling calorimeter where it
comes out as dry saturated or in superheated form.

The steam coming out from throttling calorimeter is condensed
INn condenser coming out of condenser is recorded.

The weight of water separated |n separating calorimeter & the
pressure & temperature of steam coming out from throttling
valve are also recorded.
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9186 | Thermodynamics : Appendix 1 I 917
“TABLE A4 o
p— |
Saturated water—Temperature table | Saturated water—Temperature tabie {Continued)
S"’e’:’”‘; volurme, Irternal energy, En_tha!py, Entropy, Specific volume, Infernal energy, Enthalpy, Entropy,
ke klikg kifkg Kl/kg - K ilke Klkg kiike klike - K
e Ef:;s ﬁ;’f”d st L o s - Sat.  Sat. Sat. sat.  Sa.  Sat. Sat, Sat.  Sat. sat.  Sat. Sat.
T°C P kPa u. por. :uid,  Evap., vapor,  liquid,  Evap., vapor,  liquic, Evap., vapor, Temp., press.,  liquid,  vapor, liquid, Evap., vapor,  liquid, Evap., vapor, liquid, Evap. vapor,
st f Ve Y Ure Ye A A hg EX Sy S T°C Py kPa v Vg U U B P by S Sy 5
2 O oeoioee oo 0000 23749 23749 0001 25009 25009 0.0000 91556 S.issg 205 17243 0001164 0.11508 87286 17235 25964 87487 19200 27948 23776 40154 6.3930
10 12981 0.001000 106:32 42-020 2346.6 2388'7 42.0i2 24?3.1 26I0.1  0.0763 8.8487 49.024g 210 1907.7  0.001173  0.10423 89538 1702.9 ©2598.3  897.61 1899.7 2797.3 24245 3.9318 £.3563
15 17057 0001001 77 885 62‘980 2332-5 2395-5 6’?.922 246r.i 2?19.2 0.151]: 8.74{58 2.8992 215 21059 0.001181 0.094680 y18.02 16819 2BD9.9 92050, 1878.8 27993 2.4712 3.848% 63200
o0 | 23398 0001008 by 76s c298h ;s T8 2. 65.4 25283 02245 B.0559 87803 220 2319.6 0001190 0.086084 94079 18605 26013 , 943.55 18674 28010 25176 3.7664 6.2840
s ; . . . 3 83.915 2483.5 25374 02965 B8306% 86661 : 225 25487 Q001199 0.078400 O53.70 16386 2602.3 % 06676 18354 28022 2.5639 3.6844 6.2483
P9 4:;222 g:ggiggi gg-gig %gg-?g gggg-g Sj?gé ig-ﬁ}g; 3351.7 25465 03672 81895 85567 | 230 5797.1 0001208 0071505 98676 16161 26029 - 990.14 18128 28028 26100 3.6028 62128
35 55561 0001006 25:205 146I63 22?6.0 2422-? 142.64 24;?.8 25B5.6 0.4368 8.01%2 84520 f 235 3p62.6 0001218 0.065300 1010.0 1593.2 26032 10137 1789.5 2803.2 265860 3.5215 6.177% _
20 73351 0.001008 16,515 16?.53 2261.9 2429-4 167.5'4 24068 25646 05051 78466 83817 : 240 33470 C.001229  0Q.0B2707 1033.4 1569.8 208031 1057.56 17655 2803.0 27018 34400 &1424 P
25 95953 0.001010 15251 188‘43 2247-7 2436. oras 0 25735 05724 76832 872554 245 3851.2 (001240 0.004656 10669 13457 2602.7 10615 17408 28022 27476 3.3596 €.1072
o . : . - . 1 18844 -23%4.0 25824 06386 7.5247 3B.1533 250 3976.2 Q001252  0.050085 108C.7 1521.1 2601.8 10857 17153 28010 27933 32788 £.0721 "
o : 5‘-722 g:ggigg 15-2229 ggggi ggfgi giig.; ggg.gg ggsz.o 25013 07038 7.3710 80748 55 43229 0001263 0.045941 11047 14958 26005 11101 1689.0 27991 28390 3.1979 6.0369 !
50 19.947 0.001017 ?:66?0 251.16 2204-7 2455-9 251.18 232?.? 2800.1 07680 7.2218 79398 20 46923 0001276 0.042175 1128.8 14699 25987 11348 1661.8 27966 2.8847 3.1169 6.0017 :i i
65 25042 0.001020 61035 272-09 2190-3 2462.4 2??-1n ?335. 2608.8 08313 7.076% 7.9082 265 ROBS.2  0.001289 0.038748 1153.3 14432 25965 11628 18337 27935 29304 3.0358 59662 '
20 31202 3.001023 5@396 293-04 2175.8 2468.9 <17 2345.4  2617.5 0.8?3? £6.9380 7.829% 270 BAC3.0  0.001303 (.03%622 1177.9 1415.7 25937 11861 16046 27897 2.9762 29542 5.3305 i
e o . . . . 293.07 2333.0 2626.1 (09351 6.7989 7.7540 275 58464  0.001317  0,032767 1202.8 1387.4 25902 12107 15745 27852 3.0221 28723 5.8944 :
0 47:4?; ggg%g;g giggé g;zg? giiég gjé?g géggg 23526 26346 1.0158 6.6655 7.6312 280 6416.6 0.001333 0Q.030153 1228.2 1358.2 25864 12367 15432 2779.9 3.0681  2./898 5.8579
a5 <7 o68 5001095 S 355.95 2131.9 2437.8 355-02 2205.(3) 2643.0 10756 .6.5355 7.6111 285 £914.6 - 0001348 0.027756 1253.7 12781 2581.8 12631 15107 27737 3.1144 27066 58210 P
a0 20182 0.001036 5 3503 376.97 2117,0 2494-0 377-04 22&2‘5 26514  1.1346 6.4089 7.5435 290 74418  (0.001366 0.025504 1279.7 1296.9 2576.5 _1289.8 14769 27667 31608 26225 57834 i
a5 34505 0.001040 1 9808 398.00 2102-0 2500-1 . . 2659.6 1.1929 6.2853 7.4782 295 k. 7999.0 0.001324 0.023528 1306.0 12645 25705 - 13171 14416 27587 3.2076 25374 5.7450
1o o142 1 . . . 398.05 22696 26676 1.2504 6.1647 7.4151 300 8587.9 0001404 0.021652 1332.7 12309 2563.5 12448 14048 27496 3.2548 24511 57058
los  120.90 g:ggigi? i:igg iﬁ"fg gg?ig gggf.g Eg.g 2;22,4 26756 1.3072 6.0470 7.3542 305 92034 0.001425 0019932 13600 1195.9 25358 13731 13663 27394 33024 23633 5.6657
110 14338 0.001052 I 2004 461.27 2056‘4 251?-7 461'42 2229,; 26834 1.363£ 9319 7.29%2 310 9R65.0 0.001447  0.018333 13877 1150.3 2547.1 14020 13259 27273 3.3506 P2.2737 5.6243
115 169.18 0.001056 1 0360 482.42 204[)'9 2523-3 igzl"g 22]_5‘0 2691.1 14188 58193 7.2282 3.5 10,556 0.001472 0.C16B4% iflel 11211 2537.2 14316 1283.4 27150 3.3994 21821 565816
120 168 67 0.001050 0E9133 50=.60 2025-3 2 . 1820 . 2698.6 14737 57092 7.182% 320 11,284 0.0C149% 0.015470 4451 108C9 2528.0 14620 12385 2700.6 3.4491 2.0881 5.5372
L2e 32 ) : t : 528.9 803381 22021 (27060 1.5273 5.6013 7.1292 325 12,051 0.0C1528 0.014183 2475.0 10385 2513.4 14834 1191.0 26843 3.4598 1.9911 5.4808
e 2?0:22 8:88%3;3 g-é;géé gigfg fggg.i ggggg 222,27 21881 © 27131 15816 54956 7.0771 330 12,858 0001560 0.012873 1505/ 9955 24992 15368 11403  2666.0. 3.551€ 1.8906 54422
125 213.92 0.001075 0'58179 56?.41 1977-5; 2544-7 o -?E 2123,2 27?0.1 1.6345 53919 7.0265 335 13,707 0.001857 0.011848 1537.5 9455 24830 15594 10860 26454 36050 17857 5.3907
120 365163 0001030 050850 58877 19600 25496 532115 2159,0 27269 1.6872 52901 6.9773 240 14601 0001638 0010783 1570.7 8938 24645 15946 10274 26220 36602 16756 53358
105 41568 0001085 0.44600 610.19 A . . 21%4.3 ??335 1.7392 5.1%01 6.9?94 345 15,541 0.001685  0.009772 1605.5 837.7 24432 16317 9634 25951 3.7179 1.5535 52765
o g . . . 19442 25544 610.64 legl,Z 27398 17908 5.0919 58827 350 16,529 0001741  0.008806  1642.4 775.8 24183 1671.2 8927 26639 37738 1.4326 hz2ll4
155 543.49 8'_38{83& Bﬁiiéi‘; e %gfég ggggé ggg-;«g 21138 27459 18418 ‘49953 68371 385 17,570 0001808 0007872 16822 7064 23885 17140 Bl29. 25269 38442 1.2042 51334 _
160 61893 0.001102 0.30880 67;5“79 1893‘0 2567-8 575‘4? 3098.0 2751.8 1.8924 4.8002 6.7927 380 18,666 0.0018%5  0.006950 17726.2 6267 23519 17615 720.1 24816 39165 1.1373 5.0837 i
165 700,93 0.001108 027244 696.46 1875I4 2571-9 697.24 082.0 2757.5 19426 48066 67492 3565 19,822 0.002015  0.006009 1777.2 5264 2303.6 18172 6055 24227 40004 0.9489 4.9493 -
oy J9oss ponilos 0zradh 696 754 257L. : 2065.6 27628 1.9923 47143 67067 370 21044 0002217 0004953 18445 3856 22300 18912 4431 23343 41115 06890 4.8009 b
’ . . 5.20 1847.5  2L75.7  719.08 20488 2767‘_9: 20417 4.6233 6.6650 373.95 22,064 (L003106  0.002106 2015.7 0 2015.7 20843 a 20843 44070 0O 4.4070 i
175 8592.60 0.001121 0.2165%  740.02 18394 25794 741.02 20317 27727 2.0906 45335 66242 g
180 10028 0.001127 19384 761.92 18208 25828 7R3.0a 20142 2777.2 2.1392 4I4-448 6I584l Souree: Tables A-4 through A-8 are generated using the Engineering Ecuation Salver (EES) software developed by S. A. Kiein and F. L. Alvarado. The .
185 11235 0.001134 017390 783.91 18021 25860 78519 19962 278l.4 2.1875 13572 6%44? routine used in calculations is the highly accurate Steem_|APWS, which incorporates the 1985 Formulation for the Thermodynamic Properties of Ordinary
120 12557 0.001141 0.15636 80£.00 1783.0 2580.0 807.43 1977.9 2785.3 2'2355 dIZ?OS 6I5059 Water Substance for General ahd Scientific Use, issued by The lnte.m\ationai Association fqr the F'ropejties? of Water and Stea_m_‘{l_APWS).'This formulation
195 1398.3 0.001149 0.14085 82918 17636 25917 82978 1959.0 .2-788.8: 2.2831 4-‘1847 6-46?8 replaces the 1984 formulation of Haar, Gallagher, and Kell FNES!NH_L, Steam Tables, Hemlsp?r}ere Publishing Co., 1984, which is also available in EES
200 1554.9 0.001157 0.12721 8BCA6 1743 . . . . as the routine STEAM. The nev farmulation is based on the correlations of Saul and Wagner {J. Phys. Chem. Ref. Data, 16, 89%, 1987} with moqmca-
13.7 25342 85226 1939.8 2792.0. 23305 40997 6.4302 tions tc adjust to the international Temperature Scale of 1990. The madifications ars described by Wagner and Pruss (J. Phys. Chem. Ref. Data, 22,
. ) 783, 1393). The proparties of ics are based on Hyland and Wexler, "Egpmulations for the Thermadynamic Properties of the Saturated Phases of riz0
from 173.15 K to 473.15 K,” ASHRAE Trans., Part 2A, Paper 2753, 1983.
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| TABLEA-S - o TABLE A-5 |
: | Saturated water—Prassure table _ Saturated water—Pressure table (Continued)
! Specific volume, internai energy, Enthatpy, Entropy, Specific volume, internal energy, Enthalpy, Entropy,
[ mékg kJikg kl/kg Kifkg - K i m3ikg k)/kg k)fkg klkg - K .
Wi - Sat. Sat. Sat. Sar. Sat. Sat. Sat. Sat. Sat, ; Saf. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
,‘:‘ Press., temp., liquid, vapor, liquid,  Evap., wvapor, liquid, Evep.,, vapor, liquid, Evap., wvapor ' Press., temp., liquid, vapor, liguid, Evap., vapor, ¢ liquid, FEvap., vapor, liquid, Evap., vapcr,

H P kPa Fa °C v Vg Ye Ug Uz hy hfg hg S; S s, : P kPa T °C ¥ Ve U Uy U, he h."g hg s Sy 5 |
Ll 1.0 6.97 0.001000 129.19 20302 2355.2 23345  29.303 2484.4 2513.7 0.1059 8.8690 8.9749 ' 200 17041 0.001175 024035  719.97 1856.1 25760 720.87 2047.5 2768.3 2.0457 46160 6.6616 |
| 1.5  13.02 0001001 87.964 54686 2338.1 23928 54688 2470.1 2524.7 0.1956 8.6314 B89 . 850 172.94 0.001118 0.22690 73100 1846.9 2577.9 731,95 20388 2770.8 2.0705 45705 6.6409 :

2.0 1750 0001001 66.990  73.431 23255 23989 73433 24595 2532.9 0.2606 84621 87227 : 900 17585 0001121 021483  741.55 1838.1 2579.6 74256 20305 2773.0 2.0941 45273 66213
| 2.5 2108 0.001002 54.242 88422 23154 24038 88.424 2451.0 2539.4 0.3118 8.3302 8.642] 450 177.66 0001124 020411 75167 1829.6 25813 75274 20224 27752 21156 4.4862 6.6027
3.0 2408 0.001003 45654 10098 2306.9 2407.9 100.98 24439 2544.8 0.3543 8.2222 85765 . opo 179.88 0.001127 019436  761.39 18214 25828 76251 20146 27771 2.1331 4.4470 6.5850 |
Ml 40 2896 0.001004 34791  121.39 2293.1 24145 121.3¢ 24323 25563.7 0.4224 8.0510 84734 : 1100 184.06 0001133 0.17745 77978 18057 25855 78103 1999.6 27807 2.1785 4.3735 6.5520 I
il 5.0 32.87 0.001005 28.185 137.75 22821 24198 13775 24230 2560.7 0.4762 7.9176 8.393g ; 1200 187.96 0001138 0.16326  796.96 1790.9 2587.8 798.33 19854 27833 22159 4.3088 6.5217 .
It 7.5  40.29 '0.001008 19.233 16874 2261.1 24298 16875 24053 2574.0 0.5763 7.6738 82501 . 1300 19160 0001144 ©.15119 813,10 17768 2589.9 81459 19719 27865 2.2508 /1.2428 £.4936 i
! 10 4581 0001510 14670 19179 22454 2437.2 191.81 23920 2583.9 0.6492 74996 8.1488 1400 19504 0001149 0.14078 82835 1763.4 2591.8 B829.96 1958.9 2788.9 2.2835 4.1340 6.4675
15 53.97 0.001014 10.020 = 22593 22221 24480 22594 23723 2508.3 0.7549 7.2522 8.0071 : 1500 19820 0001154 0.13171 842.82 1750.6 2593.4 B844.55 19464 2791.0 2.3143 4.1287 5.4430
Al 20 . 60.06 0.001017 7.6481 25140 22046 2456.0 251.42 23575 2608.9 0.8320 7.0752 7.9073 1750 20572 0001166 0.11344  876.12 17206 25967 87816 1917.1 27952 2.3844 4.0033 63877 .
Wl 25 §4.96 D.001020 6.2034 271.93 21904 24524 27196 23455 2617.5 0.8932 6.9370 7.8302 2000 912.38 0001177 0.099587 906.12 1683.0 2599.1 90847 1889.8 2798.3 24467 3.8923 5.3390
. 30 69.09 0.001022 5.2287 28924 21785 24577 28927 23353 26246 0.9441 6.8234 7.7675 2250 21841 0.001187 0.088717 933.54 1667.3 2600.9 936.21 18643 2800.5 25029 3.7926 5.2354
_ 40 76.86 0.001026 3.9933 317.58 21588 2476.3 317.62 23184 2636.1 1.0261 6.6430 7.669] o500 22395 0001197 0079952 958.87 1643.2 26021 961.87 1840.1 2801.9 25542 3.7016 5.2568
R ‘ 50 81.32 0.001030 3.2403 34049 21427 24832 34054 23047 26452 1.0912 6.5019 7.5931 3000 23385 0001217 0.066667 1004.6 15985 2603.2 10083 17949 28032 2.6454 3.5402 6.1856
il 75 9176 0.001037 22172 384.36 2111.3 24961 38444 22780 26624 1.2132 6.2426 7.4558 3500 24256 0001235 0.057061 10454 1557.6 26030 1049.7  1753.0 28027 27253 33991 6.1244 |
‘l 100 9961 0001043 1.6941 417.40 20882 25056 417.51 2257.5 2675.0 1.3028 6.0562 7.3589 3 2000 25085 0001252 0.049779 1082.4 1519.3 2601.7 10874 17135 2800.8 27966 3.2731 6.068¢
‘ 101.325 99.97 0.001043 1.6734 418.95 2087.0 2506.0 419.06 2256.5 2675.6 1.3069 6.0476 7.3545 i 5000 -263.94 0001286 0.039448 11481 14489 2597.0 11545 16397 27942 29207 3.0530 5.39/3/
125 10597 0.00L048 13750 44423 2068.3 25130 44436 2240.6 2684.9 1.3741 59100 7.2841 ! 5000 | 275.59 0001319 0082449 12058 13841 2589.9 12138 16709 27846 3.0275 28627 5.8902
i 150 111.35 0.001053 1.1594 466.97 20523 2519.2 467.13 22260 2693.1 1.4337 57894 7.2231 7000 28583 0.001352 0027378 12580 1323.0 2581.0 12675  1505.2 27726 3.1220 25927 58148, o
: 175 - 116.04 0.001357 1.0037 486.82 2037.7 25245 48701 2213.1 2700.2 1.4850 56885 7.1716 8000 29501 0.001384 0023525 1306.0 ~264.5 2570.5 1317.1 14416 27587 32077 25373 5.7450 L
T 200 12021 0.001061 0.88578 504.50 2024.5 25291 50471 22016 2706.3 1.5302 5.5968 7.1270 i 0000 303.35 0001418 0.020489 13509 1207.6 25585 1363.7 13793 27429 3.2866 23925 56791
bk 225 123.97 0001064 079329 52047 20127 2833.2 520,71 21910 271L7 1.5706 55171 7.0877 10000 31100 00014562 0018028 1393.3 1151.8 25452 1407.8 13176 27255 3.3603 2.2556 5.6153
250 127.41 0.001067 - 0.71873 535.08 2001.8 ©2536.8 53535 2181.2° 27165 1.5072 5.4453 7.0525 | 11000 31808 0001488 0015088 1433.9 1096.6 25304 1450.2 12561 2706.3 3.4299 21225 58544 - :
275 13058 0.001070 0.65732 54857 19915 2540.1 548.86 21720 27209 1.5408 5.3800 7.0207 | 12000 32468 0001526 0014264 14730 10413 25143 14913 . 11941 2685.4 3.4964 1.9975 54339 ..
300 13352 0.001073 0.60582 561.11 19821 25432 561.43 21635 27249 .1.6717 5.3200 6.9917 ! 12000 330.85 0001566 0012781 1511.0 9855 24966 15314  1131.3 26627 3.5606 18730 5.4336 |
325 13627 0.001076 0.56199 572.84 19731 25459 573.19 21554 27286 1.7005 52645 6,9650 {14000 23667 0001610 0.011487 15484 9287 2477.1 15710 10670 2637.9 3.6232 17497 5.3728 .
350 13886 0.001079 0.52422 B83.89 1964.5 28485 58426 21477 2732.0 17274 5.2128 6.9402 15000 34216 0001657 0010341 15865 870.3 24557 16103 10005 2610.8 3.6843 1.6261 53108 '
375 14130 0001081 0.49133 594.32 1956.6 2550.9 594.73 21404 27351 1.7526 5.1645 6.9171 16000 34736 0.00L7L0 0.009312 16226 809.4 2432.0 1649.9 9311 2581.0 37461 1.5005 52466
400 14361 0.001084 046242 60422 1948.9 25531 60466 21334 27381 1.7765 5.1191 6.8935 17000 35229 0001770 0008374 1660.2 745.1 24054 16203  857.4 2547.7 38082 13709 5.1791
450  147.90 0.001088 0.41392 622.65 19345 25573 623.14 21203 2743.4 1.8205 50356 6.8561 18000 35699 0.001840 €.007504 1699.1 6759 23750 17322 7778 25100 38720 12343 5.1064
500  151.83 0.001093 0.37483 639.564 19212 2550.7 640.08 21080 27481 18604 4.9603 6.8207 15.000 36147 0.0l926 GC.006677 1740.3 598.9 23392 17768 6832 2466.0 3.9396 1.0860 50256
550  155.46 0.00109/ 0.34261 65515 1908.8 2553.9 66577 2096.6 2752.4 1.8970 4.8916 6.7886 20000 36575 0.002038 C.005862 1785.8 509.0 22948 18266 5855 24121 40146 09164 4.9310 ]
600  158.83 0.001101 0.31560 66672 1897.1 2556.8 6£70.38 20858 27562 1.9308 48285 6.7593 51000 360.83 0.002207 0.0C4994 18416 3%1.9 22335 18880 4504 23384 41071 0.7005 4.8075
650  161.98 0001104 0.29260 683.37 18861 25694 684.08 20755 2750.6 1.9623 4.7699 6.7322 22060 37371 0.002703 0.003644 19517  140.8 20924 2011.1 1615 2172.6 4.2942 0.2496 4.5439
700 16495 0001108 027278 69623 18766 25718 69700 2066.8 2762.8 1.9918 4.7153 6.7071 22064 37395 0.003106 0003106 20157 O 20157 20843 0 20843 4.4070 © 44070

750 167.75 0.001111 (0.25652 708.40 1865.6 2574.0 709.24 20856.4 27657 2.0195 4.6642 6.6837
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TABLE A-§ -

Superheated water

Thermodynamics

——

T v u f 5 v i/ h 5 v u A s
°C mikg  kikg  kltkg  klkg- K| mdkg kikg  kikg  kikg-K| m¥kg kilkg kg kikg - K
P = 0.01 MPa (45.81°0)* P = 0.05 MPa (81.32°C) = 0.10 MPz (99.61°C)
Sat! 14.670 24572 2583.9 8.1488] 3.2403 24832 26452 7.5931 | 1. 5
50 14.867 24433 26920 8.1741 PR | o9dl 200k 2670 73580
100 17.196 25155 2687.5 84489 3.4187 26115 26824 7.6953 | 1.6959 25062 26758 7.3611
150 19.513  2587.9 2783.0 8.6893| 3.8897 25857 27802 7.9413 | 1.9367 25829 27766 76143
200 21826 26614 28796 8.9049| 4.3562 26600 2877.8 81592 | 2.1724 26582 28755 7.8356
250 24.136 27361 20775 9.1015| 4.8206 2735.1 29762 B8.3568 | 2.4062 27339 29745 80346
300 26446 28123 30767 9.2827| 5.2841 28116 30758 85387 | 2.6389 2810.7 30745 82177
400 31.083  2969.3 32800 9.6094| 6.2094 29680 32793 8.8660 | 3.1027 20683 32786 85452
500 35680 31520 34857 08998| 7.1338 3132.6 3489.3 0.1566 | 3.5655 31322 34887 88309
600 40.296 33033 3706.3 10.1631| 8.0577 3303.1 37060 9.4201 | 4.0279 3302.8 3705.6 90999
700 44911  3480.8 3329.9 10.4056| 8.9813 3480.6 29297 0.6626 | 4.4900 34804 39294 93424
800 49.527  3665.4 A160.6 10.6312| 9.0047 36652 4160.4 9.8883 | 4.9519 36650 4160.2 9.5682
900 54.143  3856.9 4398.3 10.8429| 10.8280 3856.8 4398.2 10.1000 | =5.4137 38567 4398.0 9.7800
1000 58.758 40553 46428 11.0429) 11.7513 4055.2 4642.7 10.3000 | 58755 4C55.0 4642.6 9.9800
1100 63.373  4260.0 48938 11.2326| 12.6745 4259.9 48937 10.4897 | 6.3372 4259.8 4893.6 10.1698
1200 67.939 44709 5150.8 11.4132] 13.5977 4470.8 B5150.7 10.6704 | 67988 4470.7 5150.6 10.3504
1300 72.604  4687.4 54134 11.5857| 14.5209 4687.3 54133 10.8420 | 7.2605 46872 5413.3 10.5229
P = 0.20 MPa (120.21°C) P = 0.30 MPa (133.52°C) P = 0.40 MPa (143.61°C)
Sat.  0.88578 2529.1 2706.3 7.1270] 0.60582 2543.2 27249 6.9917 | 0.4624% 25531 27381 68955
150 0.95986 2577.1 2765.1 7.2810| 0.63402 2571.0 27612 7.0792 | 0.47088 2864.4 2752.8 69306
200 1.08049 2654.6 287C.7 7.5081| 0.71643 2651.0 2865.9 7.3132| 0.53434 2647.2 2860.9 71723
250 1.19890 27314 29712 7.71C0| 0.79645 27289 2967.9 7.5180 | 0.5952C 27264 2964.5 7.3804
300 131623 2808.8 3072.1 /8941 0.8/535 2807.0 30696 7./037 | 0.6548% 28051 3067.1 7.5677
400 154934 2967.2 3277.0 8.2236| 1.03155 2966.0 3275.5 8.0347 | 0.772652064.9 3273.9 7.9003
50D 178142 31314 34877 8.5153| 1.18672 3130.6 3486.6 8.3271 | 0.88936 3120.8 34855 8 1933
600 2.01302 33022 37048 87798| 1.34139 3301.6 2704.0 8.5025 | 100558 3301.0 37033 84580
700 224434 34799 39288 9.0221| 149680 3479.5 359282 68345 | 1.12152°3479.0 3927.6 87012
800 247550 36647 4155.8 9.2479| 1.65004 3664.3 41593 9.0605 | -1.23730 36639 4158.9 89274
900 2.70656 3856.3 4397.7 9.4508| 1.80417 3856.0 4397.3 0.2725 | 1.352983255.7 4336.9 91304
1000 2.93755 4054.8 4542.3 06599 | 195824 4054.5 4B42.0 9.4726 | <1.46858 4054.3 46417 9.3396
1100 3.16848 42506 4893.3 0.8497| 2.11226 4259.4 4893.1 0.6624 | 1.58414 4259.2 48329 9.5295
1200 3.39938 44705 515C.4 10.0304]| 2.26624 44703 51502 9.8431 | 1.69966 4470.2 5150.0 9.7102
1300 3.63026 4687.1 5413.1 102029]| 242019 4686.9 54130 10.0167 | 181516 4686.7 5412.8 9.8828
P = 0.50 MPa (151.83°C) P = 0.60 MPa (158.83°C) P = D.80 MPa (170.41°C)
Sat. 037483 2560.7 2748.1 6.820/) 0.31560 2566.8 27560 6.7593 | 0.24035 26760 2768.3 5.6616
200 0.42503 26433 28668 7.0610| 035212 2639.4 28606 6.9683 | 0.06082 2631.1 2839.8 6.8177
250 047443 27238 29610 7.2725| 0.39390 2721.2 2957.6 7.1833 | 0.29321 27169 2950.L 7.0402
300 052261 2803.3 3064.56 7.4614| 0.43442 28014 3062.0 7.3740 | 0.324162797.5 3056.9 7.2345
350 0.57015 2883.0 31681 7.6346] 0.47428 28816 3166.1 7.5481 | 0.35442 2878.6 3162.2 7.4107
400 0.61731 29637 32724 7.7956| 0.513724 2962.5 22708 7.7097 | 0.3842% 29600 3267.7 7.5735
500 071095 3129.0 34845 $.0893) 0.59200 3128.2 34834 B8.0041 | 0.443323126.6 24813 7.8692
600 0.80409 3300.4 3702.5 8.3544| 0.66976 3299.8 37017 8.2695 | 0.50186 32987 3700.1 8.1354
700 0.89696 34786 3927.0 8.5978| 0.74725 3478.1 3926.4 85132 | 0.560113477.2 39253 8.3794
8O0 0.98966 3663.6 41584 8.3240| 0.82457 3663.2 4157.9 8.7395 | 0.61820 36625 4157.0 8.6061
900 1.08227 38554 43966 9.0362| 090179 3855.1 43962 8.95'8 | 0.6751C 3854.5 43955 8.8185
1000 1.17480 40540 46414 9.2364| 0.97893 4053.8 4641.1 9.1521 | 0.73411 40533 4640.5 9.0189
1100 1.26728 4250.0 4892.6 9.4263| 1.05603 4258.8 4892.4 9.3420 | 0.79197 4258.3 4891.9 9.2090
1200 135972 4470.0 5149.8 9.6071| 1.13309 4469.8 51496 9.5229 | 0.8408C 4469.4 5149.3 9.3898
1300 1.45214 4686.6 5412.6 97797 | 121012 46864 54125 9.6955 | 0.90761 4686.1 5412.2 9.5625

*The temiperature in pareniheses is the saturation temperature at the specified prassu?é,
* Praperties of saturated vaper at the specified pressure.

TABLE A6

Superheated water (Continued)

Appendix 1
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T v u h s v u h s v u f 5
°C m/kg kilkg klkg klkg-K|m¥kg kiikg klkg  kikg- K Im¥kg Wikg  klfkg  klikg- K
P = 1.00 MPa (173.88°C) P = 1.20 MPa (187.96°C) P = 1,40 MPa (195.04°C]
Sat. 0.19437 2582.8 2777.1 65850 |0.16326 2537.8 2783.8 6.5217 0.14078 2591.8 27889 6.4675
200 0.20602 26223 28283 6.6956 |0.16934 26129 28161 6.5909 0.14303 2802.7 2803.0 6.4875
950 0.23275 27104 29431 6.9265 |0.19241 2704.7 29356 6.8313 0.16356 2693.9 2927.9 6.7488
300 0.25799 2793.7 30516 7.1246 |0.21386 2789.7 3046.3 7.0335 018233 2785.7 30409 £.955h3
350 0.28250 28757 3168.2 7.3029 |0.23455 2872.7 31&4.2 7.2139 0.20029  2869.7 3150.1 7.1379
400 0.30661 2957.9 3264.5 7.4670 |0.25482 2955.5 3261.3 7.3793 0.21782 2353.1 32381 7.3046
"BO0  0.35411 31250 34791 7.7642 |0.29464 31234 34770 7.6779 0.25216 3121.8 3474.8 7.6047
OO0 0.40111 3297.5 3698.6 8.0311 [0.33395 32963 3697.0 7.9456 0.28597 3295.1 36955 7.8730
700 0.44723 3476.3 3924.1 8.2755 [0.37297 34753 39229 8.1904 0.31961 3474.4 . 38921.7 8.1183
800 0.49438 3661.7 4166.1 85024 (041184 3661.0 41552 84176 035288 3660.3 41543 8.3458
900  0.54083 3853.9 4394.8 8.7150 |0.45059 3853.3 4394.0 86303 0.38614 38527 43533 3.5587
1000 068721 40527 4640.0 8.9155 [0.48928 40522 4639.4 8.8310 0.41933 4081.7 4538.8 8.7505
1100 0.63354 4257.9 4891.4 9.1057 [0.52792 42575 4891.0 8.0212 0.45247 4257.0 483805 8.94%97
1200 0.67983 4469.0 5148.9 9.2866 ]0.56652 44687 51£8.5 £.2022 0.48558 4468.3 5148.1 9.1308
1300 0.72610 4685.8 5411.9 9.4593 |0.60009 4685.0 5411.6 23750 0.51866 46851 b5411.3 9.3036
P = 1.60 MPa (201.37°C) P = 1.80 NPa (207.11°C; P = 2.00 MPa (212.38°C)
Sat. 0.12374 25848 2792.8 64200 {0.11037 2597.3 27959 6.3775)0.09939 2599.1 27983 86.3320
205 0.13293 2645.1 2867.8 6.5537 |0.11678 2637.0 28472 6.4825 0.10381 26285 28351 6.4160
250  0.14190 26929 29199 6.6753 |0.12502 26867 2911.7 &.6088|0.111%0 2680.3 2903.3 6.547%
300 2.15866 2781.6° 30354 68854 |0.14028 2777.4 3029.9 6.8246{C, 12551 27732 3024.2 6.7684
350 /W17450 2866.6 3146.0 7.0713 |0.15460 2863.6 3141.9 7.0120]0.13860 2860.5 3137./ 6.9583
400 ' 0.19007 2950.8 3254.9 7.2394 |0.16845 29433 32516 7.1814/0,15122 29459 32484 7.1292
500 0.22029 3120.1 34726 7.5410 |0.19551 31185 3470.4 7.4845 0.17668 3116.9 34683 7.4337
600 0.24959 3293.9 3693.9 7.8101 022200 32927 326923 7.7543|0.13962 3291.5 3£90.7 7.7043
700 Q27941 3473.5 39205 8.0558 |0.24822 34726 39184 8.000510.22326 34717 3El13.2 7.9509
200 030865 3659.5 41534 82834 |0.27426 36588 41524 8.2284 0.24674 3658.0 41515 8.1791
900 0.33780 3852.1 43926 8.4965 |0.30020 38515 439L9 8.4417 0.27012 3850.9 43911 8.3925
1000 0.35687 4051.2 4638.2 8.6974 |0.32606 40507 4637.6 8.6427/0.29342 4050.2 4637.1 8.5936
1100 0.39580 4256.6 4890.0 §.8878 |(.35188 42662 48836 8.8331]0.31667 42557 4889.1 B.7842
1200 0.42488 4467.9 B147.7 S.0689 |(.37766 44676 51473 5.0143|0.33989 44672 5147.0 8.9654
1300 0.45383 46848 5410.9 ©.2418 | 040341 4684.5 54106 9.1872|0.36308 46842 5£10.2 9.1384
P = 2.50 MPa (223.95°C) P = 3.00 MPa (233.85°C) £ =350 MPa (242.56°C)
Sat. 0.07995 2602.1 280l.0 6.2558 |C.06667 2603.2 28032 6£.185%6 0.0%706 26020 28027 6.1244
225 0.08026 2604.8 2B055 6.2629
250 0.08705 2663.2 28809 6.4107 |0.07063 26447 28565 6.2893|0.05876 2624.0 2829.7 6.1764
300 0.09894 2762.2 3009.6 6.6459 {(0.08118 2750.8 29943 6.5412]/0.06843 2738.8 29784 6.4484
350 0.10979 28525 3127.0 6.8424 {0.09056 28444 3116.1 6.7450|0.07680 2836.0 3104.9 6.6601
400 0.12012 2939.8 3240.1 7.0170 |0.09938 2933.6 32317 6.9235]0.08436 2927.2 32232 6.B428
450  0.13015 2026.2 33516 7.1768 |0.10789 3021.2 33449 7.0856 009198 30161 33381 7.0074
500 0.13999 3112.8 34628 7.3254 [0.11620 3108.6 3457.2 7.2359 0.09919 3104.5 34517 7.1593
600 0.16931 32885 3686.8 7.5979 |0.13245 32855 36828 7.5103|0.11325 32825 36789 7..3E7
700 0.17835 3459.3 39152 7.8455 |0.14841 3467.0 39122 7.7580)0.12702 3464.7 3%909.3 7.685b
200 0.19722 3656.2 41492 8.0744 [0.16420 36543 41463 7.9885/0.14061 36525 41446 -7.9156
900 0.21597 3849.4 4389.3 B8.2882 |[0.17988 3847.9 43875 8.2023|0.15410 38464 43857 8.1304
1000 0.23466 4049.0 4635.6 8.4897 10.19549 4047.7 4634.2 8.4045|0.16751 4046.4 46327 83324
1100  0.25330 42547 4887.89 8.6804 |0.21105 42536 4886.7 8.5955 0.18087 42525 48856 B8.5235
T200 0.27190 4466.3 51460 8.8618 |0.22653 44653 51451 87771 0.19420 44644 51441 B8.J053
1300 0.20048 4633.4 5409.5 9.034% 0.24207 A4632.6 5408.8 8.9502|0.20750 4631.8 5408.0 8.878%
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[ Thermodynamics

TABLE A-B

Superheated water (Continued)

T v i f 5 v u h s v i h s
°C mikg  klkg  klkg klikg - K| m3kg kJikg kJ/kg kJfkg - K| m¥kg kJikg kakg klikg - K
P = 4.0 MPa (250.35°C) P = 4.5 MPa (257.44°C) F = 5.0 MPa (263.94°C)
Sat. 0.04978 2601.7 28008 6.0_696 0.04406 2589.7 2798.0 60198 |0.03945 2537.0 27942 5.9737—
275 0.05461 2668.9 2887.3 6.2312 | 0.04733 28514 28644 6.1429 |0.04144 2632.3 28395 6.0571
300 (.05887 2726.2 2961.7 6.363% | 0.05138 2713.0 2944.2 6.2854 |0.04535 2689.0 29557 6.2111
350 0.06647 28274 3093.3 6.5843 | 0.05842 28186 30815 6£.5153 |3.05197 28085 30693 6.4514
400 0.07343 2920.8 32145 67714 | 0.06477 29142 32057 67071 |0.05784 29075 2156.7 £.6483
450  0.08004 3011.0 3331.2 6.92386 | 0.07076 30058 33242 B.8770 |2.06332 30006 33172 6.8210
500 0.08644 3100.3 3446.0 7.0922 | 0.07652 3036.0 34404 7.0323 |0.06858 3031.8 34347 6.9781
600 0.09886 32794 3674.9 7.3706 | 0.0R766 32764 36709 7.3127 |0.07870 32733 3666.9 7.2605
700 0.11098 34624 3906.3 7.6214 | 0.09850 3450.0 3803.3 7.5647 |0.08852 34577 3%00.3 7.5138
800 0.12292 32650.6 4142.3 78523 10.10916 3648.8 41400 7.7962 |0.09816 36469 4137.7 7.7458
S00 0.13476 3844.8 43839 2.05875 | 0.11972 38433 43821 80118 |0.10765 38418 438772 7.9619
10C0  0.14653 4045.1 4631.2 8.2698 | 3.13020 4043.3 46298 2.2144 |0.11715 4042.6 4628.3 81648
1100 0.15824 42514 48844 B.4512 | 0.14064 42304 4883.2 B.4060 |0.12655 42493 4882.1 83565
1200 016992 44635 51432 8.8430 ; 2.15103 44626 5I42.2 A5880 |0.13592 44516 §£141.2 8.5388
1300 OQ.18157 4680.9 54072 82164 | 2.16L40 4B80.1 54065 R.7616 |0.14527 45703 5405.7 87124
P = 6.0 MPa {275.59°C) . P = 7.0 MPa (285.83°C) P = 8.0 MPa (295.01°C}
Sat. 0.03245 2588.9 2784.6 5.8002 | 0.027378 2581.0 2772.6 58148 |0.023525 2570.5 2758.7 5.7450
300 0.03619 26684 2885.6 5.0703 | 0.029492 2633.5 28399 59337 |0.024279 2592.3 2786.5 5.7937
350 0.04225 27904 30439 52367 | 0.036262 2770.1 3016.9 6.2305 |0.029975 27483 2988.1 6.1221
400 Q.04742 2893.7 31783 55432 | 0.039958 2879.5 3159.2 B.4502 |0.034344 2864.6 3139.4 6.365%
450 - 0.05217 2989.9 3302.9 57219 | 0.044187 2979.0 32883 5.56353 [0.038194 2957.8 2273.3 6.5579
500  0.08667 3083.1 3423.1 5.8826 | 0.048157 30743 3411.4 6.8000 j0.041767 3065.4 33995 6.7266
550 006102 3175.2 35413 7.0308 | 0.051966 3167.9 3B31.6 6£.9807 |0.045172 3160.5 35218 6.8R00
600 0.06527 3267.2 3K5B3.8 7.1893 | 0.056A65 32581.0 36506 7.0810 |0.048463 32547 36424 7.0271
700 0.07355 .3453.0 38643 7.4247 | D.062850 34483 3883.3 7.3487 |0.054879 34436 38827 7.2832
800 0.08165 3843.2 41331 7.6582 | 0.069856 3639.5 41285 7.5836 0.06,10-11 36357 41238 7.5185
803 0.08%e4 3838.8 43766 7.8751 | 0076750 38357 4373.C 7.8014 0.05-7\032"3832.? 4369.3 7.7372
1000 0.09756 4C40.1 46254 B.0786 | 0.0B3571 40375 46225 B.0055 0.073079 4035.0 4619.6 7.9419
1100 ©.10543 4247.1 48797 8.2709 | 0.090341 -4245.0 4877.4 2.1982 0.0?9.0"25' :4242.8 4875.0 B.1350
1200 0.11326 44%9.5 5139.4 B8.4534 | 0.097075 44579 5137.4 8.3810 |0.084934 4456, B135.5 R.3181
1300 0.12107 4677.7 5404.1 B.6273 | 0.103781 4675.1 5402.6 8.5651 10.090817 46745 5401.0 3.4925
P = 9.0 MPa {303.35°C) P = 10.0 MPz (311.00°C) P =125 MPa (327.81°C)
Sat. 0.02048%9 25568.5 2742.8¢ 56791 | 0.018028 2545.2 27255 56159 |0.013496 25056 2674.3 54638
325 0.023284 26476 2857.1 G5.8/38 | 001987/ 26116 2810.3 5.7505
350 Q.0Z5BLE 2725.0 2957.3 6.0380 | 0.022440 2699.6 2924.0 59460 |0.016138 26249 2826.6 5.7130
400 0.02996C 2849.2 3118.8 6£.2876 | 0.026436 2833.1 30975 6.2141 [0.020030 2789.6 3040.0 £.0433
450  0.033524 2056.3 3258.0 6.4872 | 0.029782 29445 32424 64219 [0.023019 29137 32015 6.274%
500 (.036/933056.3 33874 66603 | 0.032811 3047.0 3375.1 6.5995 |0.025630 3023.2 33436 64651
950 0.030885 31533 3512.0 6.8164 | 0,035655 31454 35020 £.7585 |0.028032 3126.1 3476.5 £.6317
600 0.042861 32484 3634.1 6.9605 | 0038378 3242.0 36758 6£.9045 | 0.0302306 32258 36046 £.7878
650  0.045785 33434 3755.2 7.0954 | 0.041018 3338.0 3748.1 7.0408 |0.032491 33241 3730.2 6.9227
700 0.048589 3438.8 3876.1 7.2229 | 0043597 3434.0. 3870.0 7.1693 |0.034612 3422.0 38546 7.0540
800 0.0541323632.0 41192 7.4606 | 0.048629 3628.2 41145 7.4085 |0.038724 3618.8 41028 7.2967
900 (.0B9562 3879.5 43657 7.6802 | 0.053547 38265 4362.0 7.6290 |0.042720 3818.8 43529 7.5195
1000  0.064%919 4032.4 4616.7 7.8856 | 0.058391 4029.9 4513.8 7.8349 |0.046641 4023.5 4606.5 7.7269
1100 0Q.070224 4240.7 4872.7 8.0791 | 0.063183 4238.5 4870.3 8.0289 10.050510 4233.1 48645 7.9220
1200 0.075492 4454.2 5133.6 8.2625 | 0.067938 4452.£ 5131.7 82126 |0.054342 44477 5127.0 81063
1300 0.080733 46729 5399.2 84371 | 0.072657 4671.3 53980 8.3874 |0.058147 4667.3 5304.1 8.2819

Superheaed water

{Cancluded)

Appendix 1
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T v u h 5 v u h s v u fi 5
°C m*/kg kilkg  klkg kg K | m¥kg kikg  Kklkg  klkg - K| m3kg khikg  kifkg  klkg- K
P =15.0 MPa (342.16°C) P =17.5 MPa (354.67°C) P = 20.0 MPa {365.75°C)

Sat.  0.010341 2455.7 26108 53108 | 0.007932 23807 2529.5 51435 |0.005862 2294.8 2412.1 49310
350 0.011481 2520.9 2693.1 5.4438

400 0.015671 2740.6 29757 b5.8819 | 0.012463 26843 228024 L7211 [0.009950 2617.9 2816.9 b5.5526
450 0.018477 2880.8 3157.9 6.1434 | 0.015204 28454 31114 6.0212 |0.012721 2807.3 3061.7 5.9043
500 0020828 2998.4 3310.8 6.3480 | 0.017385 29724 3276.7 6.2424 |0.014793 29453 3241.2 6.1446
550 0.022945 3106.2 3450.4 6.5230 | 0.0193C5 3085.8 3423.6 6.4266 |0.016571 30647 3396.2 6.3390
600 0.024921 32093 35831 6.5796 | 0.021073 3192.5 33613 6.58%0 |0.018185 317563 3539.0 6.5075
650 0.026804 3310.1 3712.1 6.8233 | 0.022742 3295.8 3693.8 67366 |0.019685 3281.4 36753 6.6593
700 0.028621 3409.8 3839.1 6.9573 | 0.024342 3397.5 38235 6.8735 |0.021134 33851 3807.8 6.7991
800 0.032121 3609.3 40911 7.2037 | 0.027405 3599.7 4079.3 7.1237 | 0.023870 3530.1 4067.5 7.0531
900 0Q.035503 3811.2 43437 7.4288 | 0.030348 3803.5 4334.6 7.3511 |0.026484 37957 43254 7.2829
1000 0038808 4017.1 463992 7.6378 | 0.033215 40107 45320 7.5616 |0.029020 4004.3 45847 7.4950
1100 0.042062 4227.7 4858.6 7.83339 | 0.036029 42223 4852.8 7.7688 |0.031504 4216.9 4847.0 7.6933
1200 0.045279 4443.1 5122.3 '8.0192 | 0.0388C6 44385 5117.6 7.9449 ;0.033952 4433.8 5112.9 7.8802
1300 0.048469 4863.3 5390.3 81952 | 0.041556 4659.2 5386.5 8.1215 |0.036371 4656.2 5382.7 B.0574

P =250 MPa _F=30.0 MPa P =35.0 MPa
375 0.001978 17999 18494 4.,0345 | 0.0017%82 17381 1791.9 3.9313 |0.001701 1702.8 1762.4 3.8724
400 0.0D6005 24285 2578.7 5.14C0 | 0.0027%8 2068.9 21528 4.4758 |0.002105 1914.5 19886 4.2144
425 0.007886 2607.8 28050 54708 | 0.005299 24529 26I1L.8 5.1473 |0.003434 22833 2373.5 4,7751
450 0.MI9176 2721.2 29506 54759 | 0006737 2618.9 2821.0 54422 |D.004957 249752 2671.0 51946
500 (11143 2887.3 31659 5.9643 | 0.008681 2824.0 3084.83 5.7956 |0.006933 27553 29975 5.6331
550 0.012736 3020.8 3339.2 6.1816 | 0.010175 2974.5 3279.7 6.0403 |0.008348 2925.8 3218.0 5.9093
600 0.014140 3140.0 34935 63637 | 0.011445 3103.4 3446.8 6.2373 |0.009523 3065.6 3399.0 6.1229
650 0.015430 3251.9 3637.7 65243 | 0.0125%0 3221.7 33994 64074 [0.020065 3190.9 3560.7 £.3030
700 0016643 33599 3776.0 6.57C2 | 0.013654 33343 37439 6.5599 {0.021523 3308.3 3711.6 6£.4623
800 0.018922 3570.7 40438 6.9322 | 0.015628 3551.2 4020.0 6.8301 |0.013278 3531l.6 239963 6.7409
900 "0.021075 3780.2 4307.1 7.1668 | 0.017473 3764.6 4283.83 7.0635 |0.014904 3748.0 4270.6 6.9353
1000 0.023150 3991.5 4570.2 7.3821 | 0.019240 3978.6 43558 7.2880 | 0.026450 390658 45415 7.206%8
1100 0025172 4206.1 4835.4 7.5825 | 0.020984 41952 48239 74006 |0.017942 4184.4 48124 7.4118
1200 0.027157 44246 5103.5 7.7710 | 0.022630 44153 50942 7.6807 |0.019398 4406.1 5085.0 7.6034
1300 0.029115 4647.2 537b.1 7.9484 | 0.024279 4839.2 53876 7.8602 0.020827 463l.2 5360.2 7.7341
P =40.0 MPa P =500 MPa P =600 MPa

375 0.001641 1677.0 17426 3.8220 | 0.001660 16386 1716.6 3.7642 |0.001503 1609.7 16998 3.7149
400 0.001911 18550 19314 41145 | 0.001731 1787.8 18744 40029 {0.001633 17452 .1843.2 3.9317
425 0.002538 2097.5 2199.0 4.5044 | 0.002009 1960.3 2060.7 4.2746 |0.001816 189295 20018 4.1630
450 0003692 2364.2 25118 4.9449 | 0.002487 21603 22847 4.0896 |0.002086 2055.1 2180.2 44140
500 0.005623 268l.6 2906.5 5.4744 | 0.003890 25281 27226 5.1762 |0.002952 2393.2 2570.3 4.9356
550 0.006985 2875.1 31544 57857 | 0005118 27695 30254 5.5563 |0.003955 26645 29019 5.3517
600 0.00208%9 3026.8 3350.4 6.0170 | 0.005108 29471 32526 5.8245 |0.004833 2866.8 31568 bL.65zZ7
650 0.009053 3159.5 35216 6.2078 | 0.005957 30956 34435 60373 |0.00b6531 3031.3 3366.8 5.88567
700 0.008930 3282.0 3679.2 63740 | Q0.007717 32287 3614.6 6.2179 |0.00625h5 31754 3551.3 6.0814
800 0.011521 3511.8 39726 6.6613 | 0.008073 3472.2 38268 65225 |0.007456 34326 3830.0 6.403%
900 0012980 37333 42525 6.9107 | 0.010296 3702.0 4216.8 6.7819 |0.008519 3670.9 4182.1- 6.6725
1000 0.011360 3952.9 4527.3 7.1355 | 0.011441 3827.4 4499.4 7.0131 |0.009534 3902.0 44722 6.9093
1100 0.015686 4173.7 48011 7.3425 | 0.012534 4152.2 47789 7.2244 | 0.010439 4130.3 47573 7.1255
1200 0.016976 4396.9 50759 7.5357 | 0.013590 4378.6 50581 7.4207 |0.011339 4360.5 30408 7.3248
1300 0.018239 4623.3 0.014620 4607.5 53385 7.6048 |0.012213 4591.83 53245 75111

5362.8 7.7175
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CTABLE A-7

Compressad liquid water

Thermodynamics

——

T v u f s v u h s v U h s
°C_ m¥kg  kikg kikg  klkg - K| miikg kifkg  klkg  klikg - K| mikg kkg  kbkg  klkg - K
£ =5 MrPa (263.94°C) P =10 MPa (311.00°C) P = 15 MPz (342.16°C}
Sat. 0.0012862 11481 11545 29207 | 0.0014522 1393.3 1407.9 3.3603 |0.0016572 15855 1610.3  3.584s
0] 0.0009977 0.04 5C3 0.0001 | 0.0009952 0.12 10.07 Q.0003 | 0.00C5328 0.18  15.07 0.0004
20 00009936 8361 88.61 0.2954 | 0.00099%73 83.31 93.28 0.2943 | 0.00099E1 83.01 9783 02937
10 0.0010057 166,92 171.86 0.5705 | 0.0010035 166.33 17637 0.5685 | 0.0010013 16575 180.77 0.5868
60 0.0010149 250,29 25536 0.8287 | 00010127 249.43 25955 08260 |0.00101C5 248.58 263.74 0.8234
a0 0.0010267 333.82 338.96 1.0723 | 0.0010244 332.69 342.84 1.0691 0.0010221 331.59 346.92 1.0659
100 0.0013410 -417.65 42285 1.23034 | 0.0010385 416,23 4286.62 1.2996 |0.0010361 41485 43039 1.29s53
120 0.0010576 50191 507.19 1.5236 | 0.0010545 50018 510.73 1.5191 |0.0010522 49850 514.28 15148
140 0.0010762 586.80 592.18 1.7344 | 0.0010738 584.72 59545 1.7793 | 0Q.0010708 58269 59875 17243
160 0.0010988 67255 678.C4 1.9374 | 0.0010984 6£70.06 681.01 19316 |[0.0010320 667.63 63401 19259
180 0.0011240 759.47 76509 2.1338 | 0.0011200 75648 767.68 21271 [0.0011180 75358 77032 2.120%
200 0.0011831 247.92 853.68 23251 | 0.0011482 84432 85580 2.3174 | 0.0011435 R840.84 EBR.00 23100
220  0.0011868 93839 944,32 25127 | 0.001180¢ 93401 94582 25037 | 00011752 929.81 €47.43 2.495]
240 0.0012268 1031.6 10377 26983 | 0.0012192 1026.2 10383 2.6876 |0.0012121 1021.0 1G39.72 2.6774
260 0.0012755 11285 11349 28841 | Q.0012653 11216 11343 28710 |0.0012660 1115.1 11340  2.85as
280 0.0013226 1221.8 12350 3.0565 |0.0013096 1213.4 1233.0  3.0410
300 0.0013980 13294 13433 3.2488 | 0.0013783 1317.6 1338.2 3.2279
320 00014733 1431.9 14540  3.4283
340 0.0016311 1567.9 15924  3.6555
F = 20 MPa (365.75°C} A =30 MPa £ = 5h0 MPa
Sat. 0.0020378 1785.8 1826.6 4.0146
0 0.0009804 0.23  20.03 0.000% | 0.0009857 0.29 29.86 0.0003 | 0.0009787 0.29 4913 -0.0010
20 0.0009923 8271 10257 0.2921 | 0.0009886  82.11 111.77 0.2897 | 0.0009805 80,93 129.95 0.0845
40 0.0009992 16517 185.16 0.5646 | 0.0009951 164.08 193.8C 0.5607 | 0.0009872 161,90 211.25 0.5528
&0 0.0010084 24775 267.92 0.8208 | 0.0010042 246.14 276.26 0.8156 | 0.0009962 243.08 292.88 0.8055
80  0.0010153 330.50 350.90 1.0627 | 0.0010155 328.40 358.86 1.0664 | 0.0010072 324.42 37478 1.0442
100 0.0010337 41350 434,17 1.2920 | 0.00102%0 410,87 441.74 1.2847 | 0.0000201 405954 456,94 1.2705
120 0.0010495 496.85 5£17.84 1.5108 | 0.0010445 49366 525.0C 1.5020 0.00ilij;i]-'B 487.69 5£39.43 14889
140 ° 0.0010679 580.71 602.07 1.7194 | 0.0010623 576.90 608.7¢ 1.7098 ! 0.0030517 * 569.77 622.36 1.6916
160 00010885 66528 687.05 1.9203 | 0.0010823 660.74 693.21 1.9094 |0.0010704 . 652.32 705.85 1.8889
180 0.0011122 750.78 773.02 2.1143 | 0.0011049 745.40 778.55 2.1020 |0.0010914- 73549 790.06 2.0790
200 0.0011390 837.49 860.27 2.3027 | 0.0011304 831.11 865.02 2.2888 |0.0011148 ~819.45 875,19 2.2628
220 0.0011687 92577 949.16 2.4867 | 0.0011585 91815 95292 24707 |0.0011412 90439 95145 24414
240  0.0012053 1016.1 1040.2 2.6676 | 0.0011827 1006.9 1042.7 26491 [0.0011708 990.55 1049.] 26156
260 0.0012472 1109.0 11340 28469 | 0.0012314 10978 11347 2.8250 |0.0012044 10782 11384  2.7844
280 0.0012978 1205.6 12315 3.0265 | 0.0012770 1191.5 1229.8 3.0001 | 0.0012430 1187.7 12299  2.9547
300 0.001361] 1307.2 13344 322091 | 0.0013322 1288.9 13289 3.1761 |0.0012879 12596 1324.0 3.1218
320 0.0014450 1416.6 14455  3.3996 | 0.0014014 1391.7 1433.7 33558 |0.0013409 1354,3 14214  3.2338
340 0.0015693 1540.2 15716 3.6086 | 0.0014932 1502.4 1847.1 3.5438 | (.001404% 14528 15231  3.457%
360 0.0018248 1703.6 17401 32.8787 | 0.0016276 l£26.8 16756 3.74%99 | 0.0014848 1G556.5 1630.7 3.6301
380 0.0018729 1782.0 1838.2 4.0026 |0.0015884 1667.1 17465  3.8102

CTABLEA-§

Appentlix 1 [ 925

Saturated ice—water vapor

Spacific valume, Internal energy, Enthalpy, Entrapy,
mé/kg kJikg klfkg klikg - K
- Bat. Sat. Sat. ‘Sat. - Sat. Sat, Sat. Sat. Sat.
Temp., press., ice, vapor, ice, Subl., vapor, . ice, Subl,, vapor, ice, Subl., vapot,
7°C  PyukPa vy Ve U g u, ok g hg 5 Sig 55
0.01 0.61169 0.001091 205.99 -333.40 2707.9 23745 —-333.40 2833.9 285005 -1.2202 10.374 9.154
0 0.61115 0.001091 206.17 -—333.43 2707.9 23745 -—333.43 28339 22005 -1.22C04 10.375 8.154

-2 0.51772 0.001091 241.62 -337.63 2709.4 2371.8 -337.63 28345 24968 -1.2388 10453 9.218

—4 0.43748 0.001090 283.84 -341.80 2710.8 2369.0 -341.80 2835.0 24932 -1.2513 10.333 9.282

-6 0.36873 0.001090 334.27 -345.94 2712.2 2366.2 —345.93 28354 248395 -1.2667 10.613 9.347

-8 0.30998 0.001000 39466 -350.04 2713.5 2363.5 -=-350.04 28358 24858 -—-1.2821 10685 9413
-~10 0.25990 0.001082 467.17 -3B4.12 27148 2360.7 -354.12 2835.2 24821 -1.2976 10.778 5.480
=12 021732 0.00108%¢ 55447 —368.17 27161 2357.9 -—-358.17 28366 24784 -1.3120 10862 9.549
—-14 0.18121 0.001088 6£59.88 -362,18 2717.3 2355.2 -362.18 2836.5 24747 -1.3284 10.947. 9.618
-1 0.15068 0.001088 787.51 -—-366.17 27186 2352.4 -365.17 2837.2 2471.0 -1.3439 11.033 9.689
-18 0.12492 Q.001088 94251 -—-370,13 2719.7 23496 -370.13 2837.6 2467.3 -1.3593 11.121 9.761 :
-20 0.10326 0.001087 11313 -374.06 2720.9 2346.8 -374.06 2837.7 2463.6 -—1.3748 11.209 9.835
~22 0.08510 0.001087 13620 —-377.95 27220 2344.1 -377.85 28379 24599 -1.3503 11300 9.909 i
—-24 0.06991 0.001087 16447 -381.827 27231 2341.3 -381.82 28381 24562 -1.4087 11.391 9.985
—26 0.05725 (0.001087 1992.2 38566 27242 23385 -383.66 28382 24525 -1.4212 11.434 10.063
—28 0.04673 0.001086 24210 —389.47 27252 23357 —389.47 28383 24488 -1.4367 I[1.578 10141
-30 0.03802 0.001086 2951.7 -—393.25 2726.2 23329 -393.25 28384 24451 -1.4521 11673 10.221
-32 0.03082 0.001086 3610.2 —387.00 2727.2 2330.2 —-397.00 28384 24414 -1.4e76 11.770 10.303
—34 D.02490 0.00108% 44324 —40C.72 27281 2327.4 -—-400.72 28385 2437.7 —-1.4831 11869 10386
-36 /~D.02004 0.001085 B460.1 —404.40 2729.0 2324.6. -404.40 28384 24340 -1.4986 11.969 10.470
-38 ' D.01608 (.001085 6£750.5 —408.07 27299 2321.8 —408.07 28384 24303 ~1.5141 12071 10.557
-40 0.01285 0.001084 83767 —411.70 2730.7 23190 -411.70 28383 24266 -1.5266 12,174 10.644




Rankine Cycle: The Ideal Cycle for Vapor
Power Cycles

» Operating principles
» Vapor power plants
» Theideal Rankine vapor power cycle

» Efficiency
> Improved efficiency - superheat
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The simple ideal Rankine cycle.
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A hypothetical vapor power cycle

» Assume a Carnot cycle operating between
» two fixed temperatures as shown.

1

)
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The ideal Rankine cycle

3*
N 3 e
T :
| i
1 — ® 4

All processes are internally reversible. |

Jhangirabad institute of technology



The ideal Rankine cycle

Reversible constant
| pressure heat addition 3 X
(29 3)

0“
>

ﬁ

Isentropic
expansion to
produce work
(39 4)or

v

— 4 (3* D 4%

Isentropic
compression
(192) -
1 \ PR ® 4%
l Reversible constant >
pressure heat rejection S
41
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All processes are internally reversible. I




The ideal Rankine cycle
(h-s diagram)
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Rankine cycle etficiency

(3)




v
.

The effect of lowering the condenser pressure on the ideal Rankine cycle.

FIGURE 10-6

1T A

41

Increase 1n w.,
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.

The effect of superheating the steam to higher temperatureson theideal Rankine cycle.

FIGURE 10-7

Increase in w .,

Al
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FIGURE 10-8

The effect of increasing the boiler pressure on theideal Rankine cycle.

VAR 3

Increase 3 3
in wpy.,

_—— DDecrease
1N W

wY

Jhangirabad institute of technology 11



FIGURE 10-10
T-sdiagrams of the three cycles discussed in Example 9-3.

T Ta Ta
Ty=600°C 3
3 T; = 600°C
Ty=350°C
3 MPa
1
2 2
10 kPa
| | * 4
s r s
(a) (b) (c)
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A hypothetical vapor power cycle with
superheat

Superheating the working fluid raises the
average temperature of heat addition.

Jhangirabad institute of technology 13



A hypothetical vapor power cycle: A Rankine

cycle with superheat

b
T A T
a — T
T | -
" d — Tc

Superheating the working fluid raises the average temperature with a reservoir at a
higher temperature.

Jhangirabad institute of technology 14
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The Rankine cycle with reheat
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FIGURE 10-11

The ideal reheat Rankine cycle.
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The Rankine cycle with regeneration
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Thefirst part of the heat-addition processin the boiler takes place at relatively low
temperatures.

1A Steam exiting
boiler -

Low-temperature ;

heat addition

Steam entering
boiler
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FIGURE 10-16
Theideal regenerative Rankine cyclewith a closed feedwater heater.
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FIGURE 10-17

A steam power plant with one open and three closed feedwater heaters.
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Commercial steam-power plants

» Reheat (multiple stages)
» Regeneration (multiple extractions)
» Nearly ideal heat addition

- Constant temperature boiling for water

mam aiue of technology
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Commercial steam-power plants

» Heat transfer characteristics of steam and water permit
external combustion systems

» Compression of condensed liquid produces a favorable
work ratio.

mm e te of technology
3\
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Commercial steam-power plants

» The Rankine cycle with reheat and regeneration is
advantageous for large plants.

» Small plants do not have economies of scale

> |nternal combustion for heat addition.
> A different thermodynamic cycle

Jhangirabad institute of technology
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Cogeneration

Jhangirabad institute of technology
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A simple process-heating plant.
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An ideal cogeneration plant.
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FIGURE 10-22
A cogener ation plant with adjustable loads.
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10-9 Combined /gas-Vapor Power Cycles
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Combined gas-steam power plant.
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Mercury—water binary vapor cycle.
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UNIT - 4
VAPOUR POWER CYCLES

Carnot vapour power cycle, drawbacks as a reference cycle, simple Rankine cycle; description,
T-s diagram, analysis for performance. Comparison of Carnot and Rankine cycles. Effects of
pressure and temperature on Rankine cycle performance. Actual vapour power cycles. Ideal and
practical regenerative Rankine cycles, open and closed feed water heaters. Reheat Rankine

cycle.

Vapour power cycles are used in steam power plants. In a power cycle heat energy (released by
the burning of fuel) is converted into work (shaft work), in which a working fluid repeatedly
performs a succession of processes. In a vapour power cycle, the working fluid is water, which
undergoes a change of phase.

High pressure, high

temperature steam

= T - | _W, 1~
i AT
Fumnace ﬂﬁ@ |ﬂv~' =t
— A =1 I \
' ﬂ.1 0 TEEER Ij-_' i,
1> | Boller " FE'AE-’F Gar:e;amr
Turbine -
Ly [
Adr Enmbus—é et | Bl
and tion Condenser | —~— | (Sink
fuel products | | ~ ::I""‘: {J’ J
Condensate . Clrculating
e pup

High pressure water -Wn

Simple sieam power plant

Figure shows a simple steam power plant working on the vapour power cycle. Heat is transferred
to the water in the boiler (€) from an external source. (Furnace, where fuel is continuously
burnt) to raise steam, the high pressure high temperature steam leaving the boiler expands in the
turbine to produce shaft work (W the steam leaving the turbine condenses into water in the
condenser (where cooling water circulates), rejecting hegt €Qd then the water is pumped

back (W) to the boiler.

Since the fluid is undergoing a cyclic process, the net energy transferred as heat during the cycle
must equal the net energy transfer as work from the fluid.

FI( GETMYUNI
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By the £'law of Thermodynamics,

ZQnet = ZWnet

cycle cycle

Or Q-Q=Wr-Wp

Where @ = heat transferred to the working fluid (kJ/kg)
QL = heat rejected from the working fluid (kJ/kg)
W+ = work transferred from the working fluid (kJ/kg)
W5p = work transferred into the working fluid (kJ/kg)

_Wnet :WT _WP :QH _QL :1_&

Tore =0, = Qs Q. Q.

Idealized steam power cycles

f.‘

L

We know that the efficiency of a Carnot engine is maximum and it does not depend on the
working fluid. It is, therefore, natural to examine of a steam power plant can be operated on the
Carnot cycle.

Figure shows the Carnot cycle on the T-S diagram. Heat addition at constant pressamebe
achieved isothermally in the process 1-2 in a boiler. The decrease in pressure tiod®if the

process 2-3 can also be attained through the performance of work in a steam turbine. But in order
to bring back the saturated liquid water to the boiler at the state 1, the condensation process 3-4
in the condenser must be terminated at the state 4, where the working fluid is a mixture of liquid
water and vapour. But it is practically impossible to attain a condensation of this kind. Difficulty

is also experienced in compressing isentropically the binary mixture from state 4 to the initial
state 1, where the working fluid is entirely in the liquid state. Due to these inherent practical
difficulties, Carnot cycle remains an ideal one.

Fz( GETMYUNI



WWW. get myuni . con

Rankine Cycle: The simplest way of overcoming the inherent practical difficulties of the Carnot
cycle without deviating too much from it is to keep the processes 1-2 and 2-3 of the latter
unchanged and to continue the process 3-4 in the condenser until all the vapour has been
converted into liquid water. Water is then pumped into the boiler upto the pressure
corresponding to the state 1 and the cycle is completed. Such a cycle is known as the Rankine
cycle. This theoretical cycle is free of all the practical limitations of the Carnot cycle.

W

' 4

‘ Boder Turbing

b - g
Condansar

i
" Cooling waler
' &
. - rJl‘I
»
F-'I..‘TlF W
A simple stvam plar

Figure (a) shows the schematic diagram for a simple steam power cycle which works on the
principle of a Rankine cycle. Figure (b) represents the T-S diagram of the cycle.

The Rankine cycle comprises the following processes.

Process 1-2Constant pressure heat transfer process in the boiler

Process 2-3Reversible adiabatic expansion process in the steam turbine
Process 3-4Constant pressure heat transfer process in the condenser and
Process 4-1Reversible adiabatic compression process in the pump.

s v M e
- ¥ =3 - U

The numbers on the plots correspond to the numbers on the schematic diagram. For any given

pressure, the steam approaching the turbine may be dry saturated (state 2), wel) (etate 2

superheated (staté'p. but the fluid approaching the pump is, in each case, saturated liquid (state

4). Steam expands reversibly and adiabatically in the turbine from state 2 to statet® @ra2

2'! to 37, the steam leaving the turbine condenses to water in the condenser reversibly at

constant pressure from state 3 (br@& 3" to state 4. Also, the water is heated in the boiler to

form steam reversibly at constant pressure from state 1 to state' ()

b:( GETMYUNI
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Applying SFEE to each of the processes on the basis of unit mass of fluid and neglecting
changes in KE & PE, the work and heat quantities can be evaluated.

For 1kg of fluid, the SFEE for the boiler as the CV, gives,

hy +Qq=h e, Q=h-h -- (1)
SFEE to turbine, /= Wy + hgi.e., Wr=hh— hs --(2)
SFEE to condensershQ + hyi.e., Q =hg—h ---(3)
SFEE to pump,/t+We=hi.e., We=h — hy --(4)
The efficiency of Rankine cycle ig = VQV”E‘ = WTQ_WP

: (h2_h3)_(h1_h4) (hz_hl)_(ha_h4)
lL.e.,n= orn=

T ) T - h)

The pump handles liquid water which is incompressible i.e., its density or specific volume
undergoes little change with an increase in pressure.

For reversible adiabatic compression, we have Tds = dh — vdp; since ds =0
We have, dh = vdp

Since change in specific volume is negligilda,= vA P
Or(hh—h)=vs(P.—P)

Usually the pump work is quite small compared to the turbine work and is sometimes neglected.
In that case, = hy

(hz — hs
(hz - hl

—

77rankine

~—

The efficiency of the Rankine cycle is presented graphically in the T-S diagram

[ gy ]
A L
f:,e s W
47 S
B S AR,
I : I:J.I . .
] - 5

Fig. 0y W, and @ are proportional to areas
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Qu o area 2-5-6-1,
QL a area 3-5-6-4

Whet= (Q4 — Q) = area 1-2-3-4 enclosed by the cycle.

The capacity of the steam plant is expressed in terms of steam rate defined as the rate of steam
flow (kg/h) required to produce unit shaft output (1kW)

1 kg 1J/s
W, -W, kJ 1kwW
1 kg 3600 kg

W -W, KWs W, W, kwh

Seamrate = = Specific Steam Consumption(SSC)

The cycle efficiency also expressed alternatively as heat rate which is the rate of heatgpput (Q
required to produce unit work output (1kW)

Heat rate 3600Q, _ 3600 kJ

WT _WP 77cyc|e KWh
W —h)=(h -
Lastly, work ratio f, = § _ (hy=hy)=(h,~h,)
positive work (h,-h,)

Comparison of Rankine and Carnot cycles

&
=

i 7 'I it - P, ; =
A v
! + ' T
]| R L) 7
i i ! e E -l
4 3 4C g 4 18
~ 5

- 5 =

N it 2]

Carnot cycle has the maximum possible efficiency for the given limits of temperature. But it is
not suitable in steam power plants. Figure shows the Rankine and Carnot cycles on the T-S
diagram.

The reversible adiabatic expansion in the turbine, the constant temperature heat rejection in the
condenser, and the Reversible adiabatic compression in the pump, are similar characteristic
features of both the Rankine and Carnot cycles. But whereas the heat addition process in the
Rankine cycle is reversible and at constant pressure, in the carnot cycle it is reversible and
isothermal.

S
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In Figures (a) and (c), Qs the same in both the cycles, but singeiQmorenc > nr. The two
carnot cycles in Figure (a) and (b) have the same thermal efficienoyigure (b) alsa)c >

nNr.

But the Carnot cycle cannot be realized in practice because the pump work is very large.
Whereas in (a) and (c) it is impossible to add heat at infinite pressures and at constant
temperature from state 1C to state 2, in (b), it is difficult to control the quality at 4C, so that
isentropic compression leads to a saturated liquid state.

Mean temperature of Heat addition

X /
—\

=
— Y -
T 5| i 6 ) T,
| :/:f \
iS;/f"lr .1‘&
- e 5l
/4 3s \:-C:E‘“-i

& = .* S
Fig. Mean temperature of heat addition

In the Rankine cycle, heat is added reversibly at a constant pressure, but at infinite temperatures.
Let Ty, is the mean temperature of heat addition, so that area under 1s and 2 is equal to the area
under 5-6.

Heat added, @=h —hs=Tmn (- Sy

.. h —
~. Tm1 = Mean temperature of heat addltleraz—hlS

2 T s
QL = heat rejected =b—hy
= (S-S
QL Tl&-S)
Nk = =
QH Tml(SZ - Sls)
T, o
Ne= 1- T where & = temperature of heat rejection.
ml
3 b:( GETMYUNI
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As T3 is lowered for a given s, the n7 T . But the lowest practical temperature of heat rejection
is the ambient temperaturg T
i.e., gy = f(T,) only.

Or higher the mean temperature of heat addition, the higher will be the cycle efficiency.

?.’
/

3 Y §
/N

) N
/‘1- - & s

—-—5

Fig. Effect of superheat on mean temperature of heat addition

The effect of increasing the initial temperature at constant pressure on cycle efficiency is shown

in Figure. When the initial state changes from 2%0T2,, between 2 and*ds higher than

between 1s and 2. So an increase in the superheat at constant pressure increases the mean

temperature of heat addition and hence the aycle

But the maximum temperature of steam that can be used is fixed from metallurgical
considerations (i.e., materials used for the manufacture of the components which are subjected to
high pressure, high temperature steam such as super heaters, valves, pipelines, inlet stages of
turbines etc).

6 2
{ Trlu:-:
b FI2
y i
# - ¥
A By
i 1
557 :
18] .
S Tods, S 2
. Koy Xyg

Fig. Effect of increase of pressure on Rankine cycle
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When the maximum temperature is fixed, as the operating steam pressure at which heat is added
in the boiler increases from;, o B, the mean temperature of heat addition increases (sice T
between § and 6 higher than betweeg 4nd 2). But when the turbine inlet pressure increases
from P, to B, the ideal expansion line shifts to the left and the moisture content at the exhaust
increaseq’ X,q < X;5)

If the moisture content of steam in the turbine is higher the entrained water particles along with
the vapour coming out from the nozzles with high velocity strike the blades and erode their
surfaces, as a result of which the longevity of the blades decreases. From this consideration,
moisture content at the turbine exhaust is not allowed to exceed 15% or x < 0.85.

2
'-_THII:IH
L
!
i l:p1:||"|u::'-
A = A
%
b
%
%
Y
%
= L 1 \/
F ] -
o
74 35" N :

"Xy = 0.85

== ——
Fig. Fizing of exhaust guality, maximum temperature and
mazimum pressure in Rankine cycle

. With the maximum steam temperature at the turbine inlet, the minimum temperature of heat
rejection and the minimum quality of steam at the turbine exhaust fixed, the maximum steam
pressure at the turbine inlet also gets fixed. The vertical line drawn from 3S, fixedahy %s,
intersects the i line, fixed by material, at 2, which gives maximum steam pressure at the
turbine inlet.
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Effect of Boiler Pressure (Using Molliar Diagram i.e., h-s diagram)

]E :
h -
4 '
/ / ; Saturated
v VEPOLUT

o

Fig. 13.5 Effect of boller prassure

We have,
My = (hz_hs)_(hl_h4) butV\/p<< Wy
h2 _hl
_ hz B hs _ (Ah)s

SNy = =
" hz_hl (hz_h1)

i.e., Rankine cycley depends onzjhy andAhs. From figure as P” > P,” > P/ for the fixed
maximum temperature of the steaiabd condenser pressurg RBentropic heat drops increases

with boiler pressure i.e., from the figure therefore it is evident that as boiler pressure increases,
the isentropic heat dropAlf)s increases, but the enthalpy of the steam entering the turbine
decreases, with the result that the Rankjnecreases. But quality of the steam at the exit of the
turbine suffers i.e., X" < x3” < x3’, which leads to serious wear of the turbine blades.
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Effect of Super Heating(Using Molliar Diagram i.e., h-s diagram)
&

// ] Saturuied

Y VI EOuUT

Figg Effact of suparheaing
The moisture in the steam at the end of the expansion may be reduced by increasing the super
heated temperature of steagnThis can be seen in figure wheg€ & t,” > ', but %" < x3” <
x3”. It is, therefore, natural that to avoid erosion of the turbine blades, an increase in the boiler
pressure must be accompanied by super heating at a higher temperature and since this raises the
mean average temperature at which heat is transferred to the steam, the Rarddeases.

Deviation of Actual Vapour Power cycles from Ideal cycle
T} T
IDEAL CYCLE

f
Irreversibality |
J;ﬂthit pump
1

Pressure drop
in the boiler

EE
| Jrreversibality
____ !, in the mrbine

2 1

________ Q
/ : Pressure dmp/

in the condenser

— -
T
(@) ()

The actual Vapour power cycle differs from the ideal Rankine cycle, as shown in figure, as a

result of irreversibilities in various components mainly because of fluid friction and heat loss to
the surroundings.
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Fluid friction causes pressure drops in the boiler, the condenser, and the piping between various
components. As a result, steam leaves the boiler at a lower pressure. Also the pressure at the
turbine inlet is lower than that at the boiler exit due to pressure drop in the connecting pipes. The
pressure drop in the condenser is usually very small. To compensate these pressure drops, the
water must be pumped to sufficiently higher pressure which requires the larger pump and larger
work input to the pump.

The other major source of irreversibility is the heat loss from the steam to the surroundings as the
steam flows through various components. To maintain the same level of net work output, more
heat needs to be transferred to the steam in the boiler to compensate for these undesired heat
losses. As a result, cycle efficiency decreases.

As a result of irreversibilities, a pump requires a greater work input, and a turbine produces a
smaller work output. Under the ideal conditions, the flow through these devices are isentropic.
The deviation of actual pumps and turbines from the isentropic ones can be accounted for by
utilizing isentropic efficiencies, defined as

W, hg-h,
e =W, h—h,
a 1 4
Andfyt:Wa:hz_hS
Ws hz_hss

Problems:

1. Dry saturated steam at 17.5 bar enters the turbine of a steam power plant and expands
to the condenser pressure of 0.75 bar. Determine the Carnot and Rankine cycle
efficiencies. Also find the work ratio of the Rankine cycle.

a) Carnot cycle: At pressure 17.5 bar from steam tables,

1 i ) .-:H" i
i
7 l F'-H
it s ] :
e r——— i bq.
.'.-':"}dilF -
P tS hf hfg hg Sf ng Sg
17 204.3 871.8 1921.6 2793.4 2.3712 4.0246 6.3958
18 207.11 884.5 1910.3 2794.8 2.3976 3.9776 6.3751

For P = 17.5 bar, using linear interpolation
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For t, 2043+ 2071? 204'3x 05= 20571°C

=478.71 K

Similarly, h = 878.15 kd/kg 4= 1915.95kl/kg = 2794.1 kd/kg
S =2.3844 kKK S = 4.0011 kI/KY Sy = 6.3855 k/kd

Also at pressure 0.75 bar from steam tables

P ts hf hfg hg Sf ng Sg
0.8 93.51 391.7 2274.0 2665.8 1.233 6.2022 7.435p
0.7 89.96 376.8 2283.3 2660.1 1.1921 6.2883 7.4804

~.For 0.75 bar, using linear interpolation,
ts=91.74C h=384.25 k=2278.65 h=2662.95
$=1.2126 $=6.2453 g=7.4578

T,-T |
The Carnot cycle, nc = +—2% = 4787L 36474 02381

T, 47871

Steam rate or SSC = L = !
iM/\/ W W,

Since the expansion work is isentropie, =SS
But S =& =6.3855 and $5= Ss + X3 Sg3
i.e., 6.3855 = 1.2126 +;X6.2453) ..x3=0.828

-.Enthalpy at state 3, 3k s + X3hegz
= 384.25 + 0.828 (2278.65) = 2271.63 kJ/kg

.. Turbine work or expansion work or positive work =hhs
=2794.1 — 2271.63 =522.47 kJ/kg

Again since the compression process is isentropic
e, §=5=5 =2.3844

Hence 2.3844 =5+ X4 Sga
=1.2126 + x(6.2453)..x4 = 0.188
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~.Enthalpy at state 4 il hya + X4 higa

= 384.25 + 0.188 (2278.65)
= 811.79 kJ/kg

..Compression work, =i h, = 878.15 - 811.79
We = 66.36 kJ/kg

1

= = 2192x10°kg/kJ
522.47-66.36

fov  w —w, 4s611

work ratio =r,, = = = = 0873
+ vework W, 52247

b) Rankine cycle:

‘ f—r '. s P‘:
I I, 'ff | [ .".- H-____..-"f | =
| T | wt| L7

|- | i f‘f# 4
P o

n :WT W, — (hz_hs)_(h1_h4)
oY (h,—h)
Since the change in volume of the saturated liquid water during compression from state 4 to state
1 is very small, ymay be taken as constant. In a steady flow process, work Wdp= -v
S Wp=his— = Vipo (PL— B)
=0.001037 (17.5 — 0.75) x 210 (1/1000)
=1.737 kJ/kg
~h1s=1.737 + 384.25 = 385.99 kJ/kg

Hence, turbine work = W= h, — hy = 522.47kJ/kg
Heat supplied = Q=h — hs=2.794.1 — 385.99 = 2408.11 kJ/kg

_ 52247 1.737: 02162

TR =T o061
1

T 52247-1.737

=19204x10°kg/kJ
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Work ratio, r,, = D22AF1737_ 09967
52247

2. If in problem (1), the turbine and the pump have each 85% efficiency, find the %
reduction in the net work and cycle efficiency for Rankine cycle.
Solution: Ifnp =0.85n71 =0.85

W _ 1757 _ 204353 /kg

P~ 085 085
W =17 W = 0.85 (522.47) = 444.09 kJ/kg

- Whet= Wr — We = 442.06 kJ/Kg

.~.% reduction in work output 22073 44206 = 1511%

52C.73
Wp = hs—hy -.ms=2.0435 + 384.25 = 386.29 kJ/kg

SQu—h—ms=2794.1 — 386.29 = 2407.81 kJ/kg

= 206 _
2401.81

..% reduction in cycle efficiency 0210622_1;1836= 1508%
. Z

Note: Alternative method for problem 1 using h-s diagram (Mollier diagram) though the result
may not be as accurate as the analytical solution. The method is as follows

Since steam is dry saturated at state 2, locate this state at the pressui@.® bar on the
saturation line and read the enthalpy at this state. This will give the valpe of h

As the expansion process 2-3 is isentropic, draw a vertical line through the state 2 to meet the
pressure line, P = 0.75 bar. The intersection of the vertical line with the pressure line will fix
state 3. From the chart, find the value g@f h

The value of lhcan be found from the steam tables at pressure, P = 0.75 bars &g.bAfter
finding the values of hh hy and h, apply the equation used in the analytical solution for
determining the Rankine cyctpand SSC.
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Effect of Boiler Pressure (Using Moalliar Diagram i.e., h-sdiagram)

]E :
h -
4 '
/ / ; Saturated
v VEPOLUT

o

Fig. 13.5 Effect of boller prassure

We have,
My = (hz_hs)_(hl_h4) bUtVVp<< Wy
h2 _hl
_ hz B h3 _ (Ah)s

SNy = =
" hz_hl (hz_h1)

i.e., Rankine cycley depends onzhy andAhs. From figure as P” > P,” > P/ for the fixed
maximum temperature of the steaimahd condenser pressurg RBentropic heat drops increases

with boiler pressure i.e., from the figure therefore it is evident that as boiler pressure increases,
the isentropic heat dropAlf)s increases, but the enthalpy of the steam entering the turbine
decreases, with the result that the Rankjnecreases. But quality of the steam at the exit of the
turbine suffers i.e., " < x3” < x3’, which leads to serious wear of the turbine blades.
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Effect of Super Heating (Using Molliar Diagram i.e., h-s diagram)
LR

. Th.
| - :_'II
! Saturuied

Y VI EOuUT

Figg Effact of suparheaing
The moisture in the steam at the end of the expansion may be reduced by increasing the super
heated temperature of steagnThis can be seen in figure whef€ t t,” > ty, but %" < x3” <
x3”. It is, therefore, natural that to avoid erosion of the turbine blades, an increase in the boiler
pressure must be accompanied by super heating at a higher temperature and since this raises the
mean average temperature at which heat is transferred to the steam, the Rarddeases.

Deviation of Actual Vapour Power cyclesfrom Ideal cycle
T} T
IDEAL CYCLE

f
Irreversibality |
J;ﬂthit pump
1

Pressure drop
in the boiler

EE
| Jrreversibality
____ !, in the mrbine

2 1

________ Q
/ : Pressure dmp/

in the condenser

— -
T
(@) ()

The actual Vapour power cycle differs from the ideal Rankine cycle, as shown in figure, as a

result of irreversibilities in various components mainly because of fluid friction and heat loss to
the surroundings.
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Fluid friction causes pressure drops in the boiler, the condenser, and the piping between various
components. As a result, steam leaves the boiler at a lower pressure. Also the pressure at the
turbine inlet is lower than that at the boiler exit due to pressure drop in the connecting pipes. The
pressure drop in the condenser is usually very small. To compensate these pressure drops, the
water must be pumped to sufficiently higher pressure which requires the larger pump and larger
work input to the pump.

The other major source of irreversibility is the heat loss from the steam to the surroundings as the
steam flows through various components. To maintain the same level of net work output, more
heat needs to be transferred to the steam in the boiler to compensate for these undesired heat
losses. As a result, cycle efficiency decreases.

As a result of irreversibilities, a pump requires a greater work input, and a turbine produces a
smaller work output. Under the ideal conditions, the flow through these devices are isentropic.
The deviation of actual pumps and turbines from the isentropic ones can be accounted for by
utilizing isentropic efficiencies, defined as

W, hg-h,
=W, h—h,
a 1" 4
Andnt:Wa:hz_hS
Ws hz_hss

Numerical Problems:

1. Dry saturated steam at 17.5 bar entersthe turbine of a steam power plant and expands
to the condenser pressure of 0.75 bar. Determine the Carnot and Rankine cycle
efficiencies. Also find the work ratio of the Rankine cycle.

a) Carnot cycle: At pressure 17.5 bar from steam tables,

I i o l"-.
PR A
| ) l F'-m
| :
cr e Te X b"
.'.-'*{; 5
P tS hf hfg hg Sf ng Sg
17 204.3 871.8 1921.6 2793.4 2.3712 4.0246 6.3958
18 207.11 884.5 1910.3 2794.8 2.3976 3.9776 6.3751

For P = 17.5 bar, using linear interpolation
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For t, 2043+ 2071? 204'3x 05= 20571°C

=478.71 K

Similarly, h = 878.15 kd/kg 4= 1915.95kl/kg = 2794.1 kd/kg
S =2.3844 kKK S = 4.0011 kI/KY Sy = 6.3855 k/kd

Also at pressure 0.75 bar from steam tables

P ts hf hfg hg Sf ng Sg
0.8 93.51 391.7 2274.0 2665.8 1.233 6.2022 7.435p
0.7 89.96 376.8 2283.3 2660.1 1.1921 6.2883 7.4804

~.For 0.75 bar, using linear interpolation,
ts=91.74C h=384.25 k=2278.65 h=2662.95
$=1.2126 $=6.2453 g=7.4578

T,-T |
The Carnot cycle, nc = +—2% = 4787L 36474 02381

T, 47871

Steam rate or SSC = L = !
iM/\/ W W,

Since the expansion work is isentropie, =SS
But S =& =6.3855 and $5= Ss + X3 Sg3
i.e., 6.3855 = 1.2126 +;X6.2453) ..x3=0.828

-.Enthalpy at state 3, 3k s + X3hegz
= 384.25 + 0.828 (2278.65) = 2271.63 kJ/kg

.. Turbine work or expansion work or positive work =hhs
=2794.1 — 2271.63 =522.47 kJ/kg

Again since the compression process is isentropic
e, §=5=5 =2.3844

Hence 2.3844 =5+ X4 Sga
=1.2126 + x(6.2453)..x4 = 0.188
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~.Enthalpy at state 4 il hya + X4 higa

= 384.25 + 0.188 (2278.65)
= 811.79 kJ/kg

..Compression work, =i h, = 878.15 - 811.79
We = 66.36 kJ/kg

1

= = 2192x10°kg/kJ
522.47-66.36

fov  w -w, 4s611

work ratio =r,, = = = = 0873
+ vework W, 52247

b) Rankine cycle:

AR I
| i) | [ f,f’ﬂl -
| T | wt| L7

|- | i f‘f# 4
e o

n :WT W, — (hz_hs)_(h1_h4)
oY (h,—h)
Since the change in volume of the saturated liquid water during compression from state 4 to state
1 is very small, ymay be taken as constant. In a steady flow process, work Wdp= -v
SWp=his—hy=Vvipo (PL— B)
=0.001037 (17.5 — 0.75) x 210 (1/1000)
=1.737 kJ/kg
~h1s=1.737 + 384.25 = 385.99 kJ/kg

Hence, turbine work = W= h, — hy = 522.47kJ/kg
Heat supplied = Q=h, — hs=2.794.1 — 385.99 = 2408.11 kJ/kg

_ 52247 1.737: 02162

TR =T 00e11
1

T 52247-1.737

=19204x10°kg/kJ
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Work ratio, r,, = D22AF1T37_ 09967
52247

2. If in problem (1), the turbine and the pump have each 85% efficiency, find the %
reduction in the net work and cycle efficiency for Rankine cycle.
Solution: Ifnp =0.85n71 =0.85

W _ 1757 _ 204353 /kg

P~ 085 085
W =17 W = 0.85 (522.47) = 444.09 kJ/kg

- Whet= Wr — We = 442.06 kJ/Kg

.~.% reduction in work output 22073 44206 = 1511%

52C.73
Wp = hs—hy -.ms=2.0435 + 384.25 = 386.29 kJ/kg

SQu—h—ms=2794.1 — 386.29 = 2407.81 kJ/kg

= 206 _
2401.81

..% reduction in cycle efficiency 0210622_1;1836= 1508%
. Z

Note: Alternative method for problem 1 using h-s diagram (Mollier diagram) though the result
may not be as accurate as the analytical solution. The method is as follows

Since steam is dry saturated at state 2, locate this state at the pressui@.® bar on the
saturation line and read the enthalpy at this state. This will give the valpe of h

As the expansion process 2-3 is isentropic, draw a vertical line through the state 2 to meet the
pressure line, P = 0.75 bar. The intersection of the vertical line with the pressure line will fix
state 3. From the chart, find the value g@f h

The value of lhcan be found from the steam tables at pressure, P = 0.75 bars &g.bAfter
finding the values of hh hy and h, apply the equation used in the analytical solution for
determining the Rankine cyctpand SSC.
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3. Steam enterstheturbine of a steam power plant, operating on Rankine cycle, at 10 bar,
300°C. The condenser pressure is 0.1 bar. Steam leaving the turbine is 90% dry.
Calculate the adiabatic efficiency of the turbine and also the cycle n, neglecting pump
work.

Solution:

P,=10bar 1=300C P3=0.1bar
x3=0.9 n="7? Neycle = ? Neglect W
From superheated steam tables,
For B = 10 bar and,t= 300C, h, = 3052.1 kJ/kg,s= 7.1251 kJ/kg
From table A -1, For$>= 0.1 bar
ts=45.88C h=191.8 I=2392.9
S§=0.6493 §=7.5018
Since % = 0.9, R =hy + X3 hegs
=191.8 +0.9 (2392.9)
= 2345.4 kJ/kg
Also, since process 2-3s is isentropig=Ss
i.e., 7.1251 = fu + Xas Sg3
= 0.6493 + 3 (7.5018)
~.Xas = 0.863

~.hss=191.8 + 0.863 (2392.9) = 2257.43 kJ/kg
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. Turbine efficiency, 7, = h,—h, _ 30521 23454 _ 089

h,—h, 3052k 225743

Moo =i o=l 1 —1018KI/Kg
QH h2 - hl

_ 3052123454 _ 025 ie.. 2%
30521-191.8

4. A 40 mW steam plant working on Rankine cycle operates between boiler pressure of 4
MPa and condenser pressure of 10 KPa. The steam leaves the boiler and enters the
steam turbine at 400°C. The isentropic m of the steam turbine is 85%. Deter mine (i) the

cyclen (ii) the quality of steam from the turbine and (iii) the steam flow rate in kg per
hour. Consider pump work.
Solution:

P, =4 MPa =40 bar £ 10 KPa =0.1 bar

P = 40000kwW A=400C 1,=0.85 Neycle = ? % =7
m=7?
h,=h .. 206c= 32157kJ/kgand s = 6.7733 kJ/kg-K

Ny = | g1 =198k /kg

Process 2-3s is isentropic i.ez,SSs
6.7733 = 0.6493 +3%(7.5018)

. X3 = 0.816
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~.hgs = hig + Xas ige = 191.8 + 0.816 (2392.9)
= 2145.2 kJ/Kg

hz_hs

h2_ 3S

32157—h,
32157- 21452

But 7, = ie., 085=

~.hs = 2305.8 kJ/kg
~Wr = h,— hg = 3215.7 — 2305.8 = 909.9 kJ/kg
Wp=V[dP  =0.0010102 (40 — 0.1)00?
= 4.031 kJ/kg
=h-h ~.hy = 195.8 kJ/kg

() e = e - 9099 4081 _ 0y,
Q, (32157-1958)

(i) xz3="7? we have 2305.8 = 191.8 #(2392.9) ~.X3=0.88
(i) P=mW,_, i.e., 40000 =1 (905.87)
- m=44.2 kgls

=159120 kg/hr

Ideal Reheat cycle: We know that, the efficiency of the Rankine cycle could be increased by
increasing steam pressure in the boiler and superheating the steam. But this increases the
moisture content of the steam in the lower pressure stages in the turbine, which may lead to
erosion of the turbine blade.The reheat cycle has been developed to take advantage of the
increased pressure of the boiler, avoiding the excessive moisture of the steam in the low pressure
stages. In the reheat cycle, steam after partial expansion in the turbine is brought back to the
boiler, reheated by combustion gases and then fed back to the turbine for further expansion.
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In the reheat cycle the expansion of steam from the initial state (2) to the condenser pressure is
carried out in two or more steps, depending upon the number of reheats used.

In the first step, steam expands in HP turbine from state 2 to approximate the saturated vapour
line (process 2-3s). The steam is then reheated (or resuperheated) at constant pressure in the
boiler (or in a reheater) process 3s-4 and the remaining expansion process 4s-5 is carried out in

the LP turbine.

Note: 1) To protect the reheater tubes, steam is not allowed to expand deep into the two-phase
region before it is taken for reheating, because in that case the moisture particles in steam while
evaporating would leave behind solid deposits in the form of scale which is difficult to remove.
Also a low reheat pressure may bring down @nd hence cyclg. Again a high reheat pressure

T
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increases the moisture content at turbine exhaust. Thus reheat pressure is optimized. Optimum
reheat pressure is about 0.2 to 0.25 of initial pressure.

We have for 1 kg of steam

Qu=(h—hg +(lu—heg); Qu=hss—hs
Wr=(—hg) + (lu—hss); Wp=his—

W, -W.
NMr = . o
Qu
Steam rate= __3600 kg/kwWh
(WT _WP)

Since higher reheat pressure is used Witk is appreciable.

2) In practice, the use of reheat gives a marginal increase imp\uoig it increases the net work
output by making possible the use of higher pressures, keeping the quality of steam at turbine

exhaust within a permissible limit. The quality improves frgm to xss by the use of reheat.
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Ideal Regenerative cycle:The mean temperature of heat addition can also be increased by
decreasing the amount of heat added at low temperatures. In a simple Rankine cycle (saturated
steam entering the turbine), a considerable part of the total heat supplied is in the liquid phase
when heating up water from 1 tb, &t a temperature lower thap, The maximum temperature of

the cycle. For maximum, all heat should be supplied a, Bnd feed water should enter the
boiler at £. This may be accomplished in what is known as an ideal regenerative cycle as shown

in figures (a) and (b).
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Fig. lieal regenerative cycle
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Fig. Ideal regenerative cycle on T-s5 plot

AT(water) = — AT (steam)
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The unique feature of the ideal regenerative cycle is that the condensate, after leaving the pump
circulates around the turbine casing, counter-flow to the direction of vapour flow in the turbine.
Thus it is possible to transfer heat from the vapour as it flows through the turbine to the liquid
flowing around the turbine.

Let us assume that this is a reversible heat transfer i.e., at each point, the temperature of the
vapour is only infinitesimally higher than the temperature of the liquifihe process 23
represents reversible expansion of steam in the turbine with reversible heat rejection. i.e., for any
small step in the process of heating the WAE{waten= - AT (steamy@Nd AS) water = (AS) steam

Then the slopes of lines 2-and £-4 will be identical at every temperature and the lines will be
identical in contour. Areas 1~b-a-1 and 32-d-c-3 are not only equal but congruous, all

heat added from external sourcg;J@ at constant temperature dnd all heat rejected (Qis at
constant temperature;, Tboth being reversible.

Then Q=h-h'=T,(S$-5)
Q=h'—h=T3(S%"-S)
Since$'-S=%-S o S-S'=5'-5

Q

T, . . . .
Mreq =1——=1—T—3 i.e., then of ideal regenerative cycle is thus equal to the Carnot
2

Qu
cyclen.

Writing SFEE to turbine,
hp + by = Wr + hy' + hg'
e, Wr = (- hs') — (' — )

or Wr = (h — he') — (' — hy) )

and the W is same as simple rankine cycle i.eg ¥\Mhy — hy)

.. The net work output of the ideal regenerative cycle is less and hence its steam rate will be
more. Although it is more efficient when compared to rankine cycle, this cycle is not practicable
for the following reasons.

1) Reversible heat transfer cannot be obtained in finite time.
2) Heat exchanger in the turbine is mechanically impracticable.
3) The moisture content of the steam in the turbine is high.
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Regenerative cycle:
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In a practical regenerative cycle, the feed water enters the boiler at a temperature between 1 and
1* (previous article figure), and it is heated by steam extracted from intermediate stages of the
turbine. The flow diagram of the regenerative cycle with saturated steam at the inlet to the
turbine and the corresponding T-S diagram are shown in figure.

For every kg of steam entering the turbine, letkm steam be extracted from an intermediate
stage of the turbine where the pressure;jsaRd it is used to heat up feed water [(1 o kg at

state 9] by mixing in heater (1). The remaining (i)-kg of steam then expands in the turbine
from pressure P(state 3) to pressure; Bstate 4) when mkg of steam is extracted for heating

feed water in heater (2). So (1 + mm)kg of steam then expands in the remaining stages of the
turbine to pressuresPgets condensed into water in the condenser, and then pumped to heater
(2), where it mixes with mkg of steam extracted at pressuge Fhen (1-m) kg of water is
pumped to heater (1) where it mixes with kg of steam extracted at pressuge Fhe resulting

1kg of steam is then pumped to the boiler where heat from an external source is supplied.
Heaters 1 and 2 thus operate at presspen® R respectively. The amounts of steammand m
extracted from the turbine are such that at the exit from each of the heaters, the state is saturated
liquid at the respective pressures.

-~ Turbine work, W =1(hb—hg) + (1 —m) (s —hy) + (1 —m —mp) (hy— hy)
Pump work, W = Wp1 + Wp, + Wp3
=(1-m-m) (hy—hs) + (1 —m) (ho —he) + 1 (h1— hio)

Q= (e — hu); Q=01-m-m)(hs-hy)
QH _QL :WT _WP

..Cycle efficiency,n =

Qn Qn
SSC:ﬂkg/k\Nh
WT_ P

In the Rankine cycle operating at the given pressuen® B, the heat addition would have been
from state 7 to state 2. By using two stages of regenerative feed water heating., feed water enters
the boiler at state 11, instead of state 7, and heat addition is, therefore from state 11 to state 2.

h,-—h
Therefore(T ) m reeaaion = ———-
ml /with reg i Sz _ Sll
And (T ,) _ -l

without regeneration S
2 S7

Since (Tni)with regenerative> (Tm1)without regenerativethen of the regenerative cycle will be higher than
that of the Rankine cycle.

The energy balance for heater 1,
myhg+ (1 —m) hg=1ho

th_hQ
om=-—0 2 —
=T (1)

N
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The energy balance for heater 2,
myhy+(1-m-m) hy=(1-m)hg

Oorm, = —ml)EEj:E:; --(2)

Above equations (1) and (2) can also be written alternatively as
(1 —m) (hio—hy) = My (hs — huo)
and (1- m— ) (he — hy) = mp (s — he)

Energy gain of feed water = energy given off by vapour in condensation.

Heaters have been assumed to be adequately insulated and there is no heat gain from, or heat loss
to, the surroundings.

In figure (a) path 2-3-4-5 represents the states of a decreasing mass of fluid.

For 1kg of steam, the states would be represented by the pa#t253. [Figure (b)].

1 1kg 2

= " P ] Loss in work
o output

10 P2 1kgl/ 43 \
9 4” L ;ﬂ' il
E ,ﬂ-:i |.._' -I_ F 4
1kg ! Kl 4 \/
P4 5' 5 \\

)
// ’
(b) Regenerative cycle on T-s5 plot for unit mass of fluid

We have W = (R — ) + (1 - m) (ho— h) + (1 - m—m) (fu hy
= (hp — hy) + (he" — hy) + ("' — hs") [From Figure b] —(3)

Thecycle2-3-3-4_-4'_-58_6-7-8-9-10- 11 — 2 represents 1kg of working fluid.
The heat released by steam condensing from 3 i® @ilized in heating up the water from 9 to

10.
- 1(h-h'=1(ho—h) --- (4)
Similarly, 1 (h' = h') =1 (s = hy) - (5)
""‘
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From equation (3), (4) and (5),
Wr = (he— 1) — (e — 1Y) — (h' — hy'Y)

=(h—h") - (ho—hy) — (e — ) -~ (6)
Also from Ideal regenerative cycle, [Previous article]
Wr = (h— hs') — (' — hy) - (1)

The similarity of equations (6) and equation (1) from previous article is notices. It is seen that the
stepped cycle 2 13-4 — 4" -5 _6 -7 -8—-9— 10 — 11 approximates the ideal regenerative
cycle in Figure (1) [previous article] and that a greater no. of stages would give a closer
approximation. Thus the heating of feed water by steam ‘bled’ from the turbine, known as
regeneration, “Carnotizes” the Rankine cycle.

S
Regenerative cycle with many stages of feedwater heating

The heat rejected Qn the cycle decreases froms (hhy) to (hs' — h). There is also loss in work

output by the amount (area under 3'-+3area under4- 4" — area under 5 -'bas shown by

the hatched area in Figure (b). So the steam rate increases by regeneration i.e., more steam has to
circulate per hour to produce unit shaft output.

"T
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Reheat — Regenerative cycle:

1kg

“‘Ti."kg

Fah l.- \
\ |

my kg

T
s

- Reheater

’_4_"' m; |
Heater | Heater —=—[ ———

by 2 N

Heater = l ¥

Wes
Fig. Reheat-regenerative cycle floww diagram

Reheat — regenerative cycle flow diagram (Three-stages of feed water heating)

1 16 " kg

15
14;‘?‘/ my kg
13 i
12% m; kg
1 >
w/ (1= my = my— m3) kg
L/

Fig. T-s diagram of reheat-regenerative cycle

BN

—"5

X

¢
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The reheating of steam is employed when the vapourization pressure is high reheat alone on the
thermaln is very small....Regeneration or the heating up of feed water by steam extracted from
the turbine will effect in more increasing in thg.

Turbine work, W = (hy—tp) + (1 —m) (o —he) + (1 —m) (u —he) + (1 —m —mp) (hs — hy)
+ (1 —m—m—ms) (he — hy) k/kg

Pump work, W= (1 —m — mp — mg) (ho — hg) + (1 — m — ) (w1 — hio)
+ (1 -=m) (ms—hp) + 1 (hs— hg) kd/kg

Heat added, Q= (. — his) + (1 — m) (hy — hg) kd/kg
Heat rejected, Q= (1 — m — my — mg) (hy — hy) kJ/kg

The energy balance of heaters 1, 2 and 3 gives
mMmh+(1-m)hs=1xhg
mehg+(1—-m-—mp) hy1=(1-m)hp
Mghs+ (1 —m—m—nmg) ho=(1-m—np) hypo

From which m, m, and m can be evaluated

Numerical Problems:

1. An ideal reheat cycle utilizes steam as the working fluid. Steam at 100 bar, 40Dis
expanded in the HP turbine to 15 bar. After this, it is reheated to 38C at 15 bar and is
then expanded in the LP turbine to the condenser pressure of 0.5 bar. Determine the
thermal n and steam rate.

Solution:

~—m

c i = -
From steam tables
P =100 bar t = 40C = v = 0.026408ritkg

h = 3099.9 kJ/kg

S = 6.2182 kJ/kg-K

P=15bar g¢=192.28C, v = 0.0011538rtikg, v = 0.13167r¥kg
h = 844.6 kJ/kg, H=1845.3kJ/kg, &= 2789.9 kd/kg
§= 2.3144kJ/kg-K, = 4.1262 kJ/kg-K, &= 6.4406 kd/kg-K

Dr. T.N. Shridhar, Professor, NIE, Mysore 8
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P=05bar ¢=81.38C, w=0.0010301 riikg,v, = 3.2401 kg
h = 340.6 kJ/kg, H=2305.4klkg b= 2646.0 kd/kg
§=1.0912 kJ/kg-K = 6.5035 kJ/kg-K, &= 7.5947 kd/kg-K

h, = 3099.9 kJ/kg,
Process 2-3s is isentropic, i.e2,55s
6.2182 = 2.3144 +3%(4.1262)
S X35 = 0.946
+.h3s=844.6 + %s (1845.3)
= 2590.44 kJ/kg

..Expansion of steam in the HP turbine ~tss
=3099.9 — 2590.44
= 509.46 kJ/kg
P =15 bar, t = 35 = v =0.18653
h =3148.7
s =7.1044
Expansion of steam in the LP cylinder 7hhss
hy = 3148.7 kJ/kg

To find hss
We have $= S5
7.1044 = g + Xss ng5
=1.0912 + x5 (6.5035)
s Xgg = 0.925
~.hss=340.6 + 0.925 (2305.4) = 2473.09 kJ/kg
-.Expansion of steam in the LP turbine =3148.7 — 2473.09

= 675.61 kJ/kg
hs = hx for P; =0.5 bar i.e., = 340.6 kJ/kg
Pump work, W=his—h = s (Ps— ) = 0.0010301 (100 — 0.501 x°)0
=10.249 kJ/kg
~.hys=350.85 kJ/kg
-.Heat supplied, R =(—hy + (-t
= (3099.9 — 350.85) + (3148.7 — 2590.44)
= 2749.05 kJ/kg + 558.26
=3307.31 kJ/kg
— Wnet — (W)HP + (W)LP _WP
Qu Qu
_ 50946 675611025 _ 0355
3307.3:
3600

n

Steam rate, SSE = 3064kg/ kWh

net

N
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1. b) Whem of the HP turbine, LP turbine and feed pump are 80%, 85% and 90% respectively.

'I-\.' - I.' i
T '. Toobar W1, i = = o P
A I_- _,1_r_|-| lﬂ\l _.:.. ' II—_.Il':'_'__':'_-' I] 1= -..__ll.'l.
V/__ Boosber N i g- of bt =51
“ia 55 :E— ——
5 —= . 5 - )
_h,-h, . 30999-h,
T = h. T T 30999 259044
~hs = 2692.33 kJ/kg
_hoh o 31487-h
T b, Th, O 31487 247309
~hs = 2574.43 kJ/kg
p M=l _ g 350853406
" h—h, h, — 3406

-.h; = 351.99 kJ/kg
g = (hz_ h3)+ (h4_ hS)_(hl_ he)
t (hz_h1)+(h4_h3)
(30999 269233 31487 25744B-( 35199- 3406)

( 30999 35199 ( 31487 269233
= 0.303 or 30.3%

~.SSC = 3.71 kg/kWh

Using Mollier-chart: b= 3095 kJ/Kkg, f= 2680 kJ/Kkg, h= 3145 kJ/kg
hs = 2475 kJ/Kkg, &= 340.6 kJ/kg (from steam tables)
Wp = 10.249 kJ/kg

2. Steam at 50 bar, 358C expands to 12 bar in a HP stage, and is dry saturated at the
stage exit. This is now reheated to 280 without any pressure drop. The reheat steam
expands in an intermediate stage and again emerges dry and saturated at a low
pressure, to be reheated a second time to 28D Finally, the steam expands in a LP
stage to 0.05 bar. Assuming the work output is the same for the high and intermediate

"T
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stages, and the efficiencies of the high and low pressure stages are equal, findm(af

the HP stage (b) Pressure of steam at the exit of the intermediate stage, (c) Total power
output from the three stages for a flow of 1kg/s of steam, (d) Condition of steam at exit
of LP stage and (e) Them of the reheat cycle. Also calculate the thermodynamic mean
temperature of energy addition for the cycle.

Solution:
5 '__f
f
4
/-
/g
— E o
P,=50bar £=350C PR =12bar t=280C, =280C
P;=7 R = 0.05 bar
From Mollier diagram
h, = 3070kJ/kg b= 2755 kJ/kg h= 2780 kJ/kg jh=3008 kJ/kg

h,—h,  3070-2780
h,—h, 3070-2755
=0.921

(&) n: for HP stage=

(b) Since the power output in the intermediate stage equals that of the HP stage, we have
hp—hg=hy—hs
i.e., 3070 — 2780 = 3008 s h
~.hs = 2718 kJ/kg

Since state 5 is on the saturation line, we find from Mollier chart, 26 bar,
Also from Mollier chart, bs= 2708 kJ/kg, = 3038 kJ/kg, iy = 2368 kJ/kg

Sincen) is same for HP and LP stages,
_ hs —h, _ 0921= 3038-h,
hg —h, 3038- 2368
~.At a pressure 0.05 bar; h hw + X7 hygz
2420.93 = 137.8 +:(2423.8)
S X7 = 0.941
Total power output =@+ hy) + (hy—hs) + (hs — 1)
= (3070 — 2780) + (3008 — 2718) + (3038 — 2420.93)
=1197.07 kJ/kg

n, ~h, = 24209%J/kg

"T
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.. Total power output /kg of steam = 1197.07 kW
For P, = 0.05 bar from steam tables,+137.8 kJ/kg;
W;p = 0.0010052 (50 — 0.05) 16 5.021 kJ/kg
=R—hs
~his=142.82 kJ/kg

Heat supplied, @ = (h— g + (ha— hg) + (hs — )
= (3070 — 142.82) + (3008 — 2780) + (3038 — 2718)
= 3475.18 kJ/kg

Wiet = Wr — We = 1197.07 — 5.021 = 1192.05 kJ/kg
W
oy =g 19205 _ 554
Q, 347518

T (273 329)
—1- 0 —q & =ed
M T

m m

3059

= 0343

0657=

m

~Tm=465.6 K

Or
T h, —h, _ 30706- 14282 _
" S,-S, 6425 04763
3600

SSC = = 302kg / KWh
119:.05

492K

3. A steam power station uses the following cycle: Steam at boiler outlet — 150 bar; reheat
at 40 bar, 550C; condenser at 0.1 bar. Using Mollier chart and assuming that all

processes are ideal, find (i) quality at turbine exhaust (ii) cychy (iii) steam rate.
Solution:

"T
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P,=150 bar £=550C P;=40bar $=550C
Ps=0.1 bar
From Mollier diagram i.e., h-s diagram

h, = h‘ = 3450k] / kg

15@ar 550°C

h, = h =356%J / kg

atvar 550°C
hs = 3050 kJ/kg
hs = 2290 kJ/kg
x5 = 0.876 kJ/kg

hs can not determined from h-s diagram, hence steam tables are used.

he =, | g1 = 1918kI / kg

Process 6-1 is isentropic pump work i.epW VidP
= 0.0010102 (40 — 01) ¥a0° = 4.031 kJ/kg
= (h.— he)
~.hy = 195.8 kJ/kg

(i) Quality of steam at turbine exhaust 5x0.876

W, —W,
(“) n ce — —_F
o Qy
Turbine work, W =W + W

=(h—hy) + (- )
= (3450 — 3050) + (3562 — 2290)

= 1672 kJ/kg

Qi=Q+ Q= (hr-h) + (u—-hy)

"T
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= (3450 — 195.8) + (3562 — 3050)
= 3766.2 kJ/Kg

_ 1672 4031 166797

= = = 0443
Teyoe 376€.2 37662
(i) Steamrate= 36_00 = 216kg/kWh
1667.97

4. An ideal Rankine cycle with reheat is designed to operate according to the following
specification. Pressure of steam at high pressure turbine = 20 MPa, Temperature of
steam at high pressure turbine inlet = 558, Temperature of steam at the end of reheat
= 550'C, Pressure of steam at the turbine exhaust = 15 KPa. Quality of steam at turbine
exhaust = 90%. Determine (i) the pressure of steam in the reheater (ii) ratio of pump

work to turbine work, (iii) ratio of heat rejection to heat addition, (iv) cyclen.
Solution:

I AP

P,=200 bar £=550C t=550C PR;=0.15bar x=0.9
From Mollier diagram,
h, = 3370 kJ/kg
hs = 2800 kJ/kg
hy = 3580 kJ/kg
hs = 2410 kJ/kg
x5 = 0.915

P;=P,=28 bar

39
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But given in the datase= 0.9
From steam tables i 226 kJ/kg
Pump work W = v/dP
=0.001014 (200 - 0.15) ¥00°
= 20.26 kJ/kg

ButWep=h — hs ~.h; =246.26 kJ/kg
(i) Pressure of steam in the reheater = 28 bar

(if) Turbine work Wy = (hp — hs) + (hu — h)
= (3370 — 2800) + (3580 — 2410)

= 1740 kJ/kg

~.Ratio of%= 00116 ie., 1.2%

T

(i) Qv = (hs — hy) = (2410 — 226) = 2184 kJ/kg
Qv =(hp—h)+ (u—hy)
= (3370 — 226) + (3580 — 2800)

= 3924 kJ/kg

% = 05565ie., 5565

H

(V) Toyge = Whe _ (1740 2026) | (iagaic  g3a%
Qo 3924

40
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Feedwater Heaters (FWH)

A practical Regeneration process in steam power plants is accomplished by extracting or

bleeding, steam from the turbine at various points. This steam, which could have produced more

work by expanding further in the turbine, is used to heat the feed water instead. The device

where the feedwater heated by regeneration is called a Regenerator or a Feedwater Heater
(FWH).

A feedwater heater is basically a heat exchanger where heat is transferred from the steam to the
feedwater either by mixing the two streams (open feedwater heaters) or without mixing them
(closed feedwater heaters).

Open Feedwater Heaters

An open (or direct-contact) feedwater heater is basically a mixing chamber, where the steam
extracted from the turbine mixes with the feedwater exiting the pump. Ideally, the mixture leaves
the heater as a saturated liquid at the heater pressure.

The advantages of open heater are simplicity, lower cost, and high heat transfer capacity. The
disadvantage is the necessity of a pump at each heater to handle the large feedwater stream.

Closed Feedwater Heaters

In closed feedwater heater, the heat is transferred from the extracted steam to the feedwater
without mixing taking place. The feedwater flows through the tubes in the heater and extracted
steam condenses on the outside of the tubes in the shell. The heat released from the condensation
is transferred to the feedwater through the walls of the tubes. The condensate (saturated water at
the steam extraction pressure), some times called the heater-drip, then passes through a trap into
the next lower pressure heater. This, to some extent, reduces the steam required by that heater.
The trap passes only liquid and no vapour. The drip from the lowest pressure heater could
similarly be trapped to the condenser, but this would be throwing away energy to the condenser
cooling water. The avoid this waste, the drip pump feed the drip directly into the feedwater
stream.

A closed heaters system requires only a single pump for the main feedwater stream regardless of
the number of heaters. The drip pump, if used is relatively small. Closed heaters are costly and
may not give as high a feedwater temperature as do open heaters.

In most steam power plants, closed heaters are favoured, but atleast one open heater is used,
primarily for the purpose of feedwater deaeration. The open heater in such a system is called
deaerator.

Note: The higher the number of heater used, the higher will be the cycle efficiency. The number
of heater is fixed up by the energy balance of the whole plant when it is found that the cost of
adding another does not justify the saving indD the marginal increase in cycle efficiency. An

N
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increase in feedwater temperature may, in some cases, cause a reduction in boiler efficiency. So
the number of heaters get optimized. Five feedwater heaters are often used in practice.

Characteristics of an Ideal working fluid

The maximum temperature that can be used in steam cycles consistent with the best available
material is about 60C, while the critical temperature of steam is %75which necessitates

large superheating and permits the addition of only an infinitesimal amount of heat at the highest
temperature.

The desirable characteristics of the working fluid in a vapour power cycle to obtain best thermal
n are as follows:

a)

b)
C)
d)
e)
f)

9)

The fluid should have a high critical temperature so that the saturation pressure at the
maximum permissible temperature (metallurgical limit) is relatively low. It should have a
large enthalpy of evaporation at that pressure.

The saturation pressure at the temperature of heat rejection should be above atmosphere
pressure so as to avoid the necessity of maintaining vacuum in the condenser.

The specific heat of liquid should be small so that little heat transfer is required to raise the
liquid to the boiling point.

The saturation vapour line of the T-S diagram should be steep, very close to the turbine
expansion process so that excessive moisture does not appear during expansion.

The freezing point of the fluid should be below room temperature, so that it does not get
solidified while flowing through the pipe lines.

The fluid should be chemically stable and should not contaminate the materials of
construction at any temperature.

The fluid should be nontoxic, non corrosive, not excessively viscous, and low in cost.

650°C

1.8 bar
3 2

= g

Fig -5 g 1or n Lchedil W tkuig Fhuid

Lt Wil Posi Ovele
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Numerical Problems:

1. An ideal regenerative cycle operates with dry saturated steam, the maximum and
minimum pressures being 30 bar and 0.04 bar respectively. The plant is installed with a
single mixing type feed water heater. The bled steam pressure is 2.5 bar. Determine (a)
the mass of the bled steam, (b) the therma of the cycle, and (c) SSC in kg/kWh.

Solution:
P
s P
- W ; L ./«"’"’ Fes
1 o 38
_3'-' % :ll__..--":|I Las gk
o =< ”r___.--""'rl:J 15
£ g r:g;-— _.-—rl'”{;- ]
Fi
5 —ar . 5 — T
P.=30bar PR=25bar BR=0.04bar
From steam tables, Fog P 30 bar, h=2802.3 kJ/kg, S=6.1838 kJ/kdk

ButS=Ss i.e., 6.1838 =1.6072 +X5.4448)
~X3=0.841

~.hs = 535.4 + 0.841 (2281.0)
= 2452.68 kJ/kg

Also $ =S i.e., 6.1838 = 0.4225 +X%8.053)
~X4=0.715

~hy=121.4 + 0.715 (2433.1)
= 1862.1 kJ/Kg

At P; = 0.04 bar, h=121.4kJ/kg,  y=0.001004 riikg
~.Condensate pump work =R h) = vs (P — B)

= 0.001004 (2.5 — 0.04) (X0

= 0.247 kd/kg

~.hg=0.247 + 121.4 = 121.65 kJ/kg
Similarly, bk =y + v (PL— B) (10°710°)

= 535.4 + 0.0010676 (30 — 2.5)*10
= 538.34 kJ/kg

"T
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a) Mass of the bled steam:

Applying the energy balance to the feed water heater
mhs+ (1 -m)R=1 ()
(h,—h,) (5354 12165)

m= = = 0177g/kg of steam
(h,—h,) ( 245268-12165) 9rg

b) Thermal n:
Turbine work, W =1 (h—hy) + (1 —m) (B —hyy
=1 (2802.3 — 2452.65) + (1 — 0.177) (2452.68 — 1862.1)
= 835.67 kJ/kg

Pump work, W (1-m) (Bs—hs) + 1 (hs— 1)
(1-0.177) (121.65 — 121.4) + 1 (538.34 — 535.4)

3.146 kd/kg

. Whet = Wr — We = 832.52 kJ/kg

Heat supplied, @ =1 (h—hy
= 1 (2802.3 — 538.34)
=2263.96 kJ/kg

W
Sy, =—2 = 83252 _ 0368 or 36.8%
Q, 226396
c) SSC:
SC = 3000_ 4324kg / KWh

net

2. In problem (3), also calculate the increase in mean temperature of heat addition,
efficiency and steam rate as compared to the Rankine cycle (without regeneration)
Solution: Tm (with regeneration} n, =y = 226396 = 49468k
S,-S (61838 16072
h,-h,  28023-12165

S,-S, ( 61838 04225

Tm, (without regeneration¥ = 46529k

~.Increase in Tmdue to regeneration = 494.68 — 465.229:39K
W (without regeneration) =k hy = 2802.3 — 1862.1 = 940.2 kJ/kg

W, (without regeneration) = (k- hs) = vs (30 — 0.04) 19
=0.001004 (29.96) %@ 3.01 kJ/kg

~hy=3.01 +121.4 =124.41 kJ/kg

N
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: W — 3
~.Mw (without regenerationy —= = (9402- 309) = 0349
Qy 28023- 12441
~.Increase im, due to regeneration = 0.368 — 0.349 = 0.018 l.e., 1.8%

Steam rate (without regeneration) = 3.84 kg/kWh

~.Increase in steam rate due to regeneration = 4.324 — 3.84
= 0.484 kg/kWh

3. Steam at 20 bar and 30%C is supplied to a turbine in a cycle and is bled at 4 bar. The
bled-steam just comes out saturated. This steam heats water in an open heater to its
saturation state. The rest of the steam in the turbine expands to a condenser pressure of
0.1 bar. Assuming the turbine efficiency to be the same before and after bleeding, find:
a) the turbine n and the steam quality at the exit of the last stage; b) the mass flow rate
of bled steam 1kg of steam flow at the turbine inlet; c) power output / (kg/s) of steam
flow; and d) overall cyclen.

Solution:

=1

, i A
|

‘ -+ ’
= rl bder

i Iy
- A1 T Ky 3 r
L

i i

& -
| ) g
| A . T AL TR

; ' |h|u.-‘I |.|'l s

P,=20bar {=300C P,=4bar R=0.1bar
From steam tables,
For R = 20 bar and;t= 300C
V> =0.12550 h=3025.0 $=6.7696
For B = 4 bar, = 2737.6,4= 143.63
h = 604.7, |y = 2132.9, §= 1.7764, § = 5.1179, $= 6.8943
For B = 0.1 bar, 45.83, 191.8, 2392.9, 2584.8, 0.6493, 7.5018, 8.1511
We have, $= Ssi.e., 6.7696 = 1.7764 +;X5.1179)
~X3=0.976
~.hss= 604.7 + 0.976 (2132.9) = 2685.63 kJ/kg

_hy-h 302527376 _ o,

T Ch, T 3025 268563
S5 = Sis i.e., 6.8943 = 0.6493 +X7.5018)

~.Xas=0.832

"T
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~.hus=191.8 + 0.832 (2392.9) = 2183.81kJ/kg

Butn; is same before and after bleeding izg.= :3 _:4
3~ s
ie., 0.847= 21310,
2731.6-218:81

-y = 2268.54 kd/kg
shai=hg+ x4 hfg4 ~.X4=0.868

b) Applying energy balance to open heaterg mkl — m) gs= 1 (k)
h7 B h6
m=—"—>
h3 - he
Condensate pump work,ed+ hs) = vs (P; — B)
=0.0010102 (3.9) 16 0.394 kJ/kg
~hss=191.8 + 0.394 = 192.19 kJ/kg

Similarly, s =h + v7 (PL— P)
= 604.7 + -.0010839 (16) 16 606.43 k/kg

m= 60_4.7— 19219 _ 0162
2731.6-192.19

c) Power output or W= (h, — hg) + (1 —m) (R — hy)
= (3025 - 2737.6) + (1 — 0.162) (2737.6 — 2268.54)
= 680.44 kJ/kg

For 1kg/s of steam, ¥\ 680.44 kW

net

d) Overall thermal efficiencyy, =

H
Wp  =(1-m)(gs—h)+1(hs—Hy)
= (1 - 0162) (192.19 — 191.8) + 1 (606.43 — 604.7)
= 2.057 kJ/kg

Wiet= 680.44 — 2.057 = 678.38 k/kg
Qu=1 (b — o = (3025 — 606.43) = 2418.57 kJ/kg

_ 67838 _ 02805

"o = S ae57
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Using Moiller Diagram

4. Steam at 50 bar, 358C expands to 12 bar in a HP stage, and is dry saturated at the
stage exit. This is now reheated to 280 without any pressure drop. The reheat steam
expands in an intermediate stage and again emerges dry and saturated at a low
pressure, to be reheated a second time to 28D Finally, the steam expands in a LP
stage to 0.05 bar. Assuming the work output is the same for the high and intermediate
stages, and the efficiencies of the high and low pressure stages are equal, findm(af
the HP stage (b) Pressure of steam at the exit of the intermediate stage, (c) Total power
output from the three stages for a flow of 1kg/s of steam, (d) Condition of steam at exit
of LP stage and (e) Them of the reheat cycle. Also calculate the thermodynamic mean
temperature of energy addition for the cycle.

Solution:
T
k
Ui
A
$—=

P,=50bar £=350C PR =12bar t=280C, =280C

P;=7? R = 0.05 bar
From Mollier diagram

h, = 3070kJ/kg k= 2755 kJ/kg b= 2780 kJ/kg h=3008 kJ/kg

h,—h, _ 3070-2780

a)n; for HP stage= =
@ 9, Th. ~ 3076-2755

"T
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=0.921

(b) Since the power output in the intermediate stage equals that of the HP stage, we have

hh—he=h—-h
i.e., 3070 — 2780 = 3008 5 h
~.hs = 2718 kJ/kg

Since state 5 is on the saturation line, we find from Mollier chart, 26 bar,
Also from Mollier chart, bs= 2708 kJ/kg, b= 3038 kJ/kg, fr = 2368 kJI/kg

Sincen; is same for HP and LP stages,

n :M: 0921= 3038-h,

=——_ 7 . h = 24209%J/k
" hy- 3038- 2368 & J

S

~.At a pressure 0.05 bar; b hy + X7 higz
2420.93 = 137.8 +:M(2423.8)
S X7 = 0.941
Total power output =@+ hg) + (hy—hs) + (hs — 1)
= (3070 — 2780) + (3008 — 2718) + (3038 — 2420.93)
= 1197.07 kJ/kg
.. Total power output /kg of steam = 1197.07 kW
For P, = 0.05 bar from steam tables,1137.8 kJ/kg;
Wp = 0.0010052 (50 — 0.05) 4 5.021 kJ/kg
=R —his
~.h1s=142.82 kd/kg
Heat supplied, @ = (hb—hg) + (ha— hg) + (hs — )
= (3070 — 142.82) + (3008 — 2780) + (3038 — 2718)
= 3475.18 kJ/kg

Whet= Wy — Wp = 1197.07 — 5.021 = 1192.05 kJ/kg

oy = Moy 119205 _ 15
Q, 347518
T, 273+ 329
0657= 3059
S Tm=465.6 K
Or
rohoh, 307014282 o
S,-S. 6425 04763
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3600
119:.05

= 302kg/ K\Wh

5. Steam at 30 bar and 35{C is supplied to a steam turbine in a practical regenerative
cycle and the steam is bled at 4 bar. The bled steam comes out as dry saturated steam
and heats the feed water in an open feed water heater to its saturated liquid state. The
rest of the steam in the turbine expands to condenser pressure of 0.1 bar. Assuming the
turbine m to be same before and after bleeding determine (i) the turbimg, (ii) steam
quality at inlet to condenser, (iii) mass flow rate of bled steam per unit mass rate at
turbine inlet and (iv) the cyclen.

Solution:

P,=30bar £=350C Py=4bar R=0.1bar
hs = hyat B = 4 bar, = 2737.6 kJ/kg

From superheated steam tables,

Mo = hy = hy| o s = 27376 kI / kg

h, =h =31175kJ/kgand $=6.7471 kJ/kg-K

P,=30bar &t,=350°C

Ny =Ny | oo = 1918k /kg

"T
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N, =Ny | e = 6047 K3 / kg

Process 2-3s is isentropic, i.€2,5%s
6.7471 = 1.7764 +3%(5.1179)
~X3s=0.971
~has = s + X3s hygs
= 604.7 + 0.971 (2132.9)
= 2676.25 kJ/kg
Process 3-4s is isentropic i.e3,5S;s
i.e., 6.8943 = 0.6493 +,x(7.5018)
. X45=0.832
~hss=191.8 + 0.832 (2392.9) = 2183.8 kd/kg
Given,n; (before bleeding) =\; (after bleeding)

We havey, (before bleeding}: h,—h, _ 31175-27376 _
h,—-hg 31175 267625

086

=Ny 27376-h, h, = 226133kJ / kg

- 086=""
h,—h, 27376- 21838

But hy = hs + X4 hega
2261.33 = 191.8 +,42392.9)
~.X4=0.865

i.e., Dryness fraction at entry to condenser, =8.865

iii) Let m kg of steam is bled. Applying energy balance to FWH,
mhg+ (1 -m)R=ty
We have W, = (hs — h) = \/dP

"T
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=0.0010102 (4 — 0.1) Ja0®
= 0.394 kJ/kg
~.he = 0.394 + 191.8 = 192.19 kJ/kg
Substituting,
m (2737.6) + (1 — m) 192.19 = 604.7
~m=0.162 kg
Also, We, = (hh — hy) = V/dP
=0.0010839 x (30 — 4) 10
= 2.82 kd/kg

~.hy =2.82 +604.7 = 607.52 kd/kg

_WT :WP _ [(h 2_h3)+(1_ m)(hs_h4)]_[(1_ m)(he_h5)+(h1_h2)]

e =0 (h,—h,)

ncyde = 031

6. In an ideal reheat regenerative cycle, the high pressure turbine receives steam at 20 bar,
300°C. After expansion to 7 bar, the steam is reheated to 3D and expands in an
intermediate pressure turbine to 1 bar. A fraction of steam is now extracted for feed
water heating in an open type FWH. The remaining steam expands in a low pressure
turbine to a final pressure of 0.05 bar. Determine (i) cycle thermad, (ii) specific steam

consumption, (iii) quality of steam entering condenser.

Solution:
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h,=h =3025%J / kg and s = 6.7696kJ/kg-K

2tar 300°C

Process 2-3 is isentropic
e, 9=S

6.7696 = 1.9918 +x(4.7134)

~X3=1.014

i.e., state 3 can be approximated as dry saturated.

Dy =My gy = 2762KJ/kg
Ny =H o ose = 30598K) /kg and § = 7.2997 k/kg-K
Process 4-5 is isentropic .84, SS

7.2997 = 1.3027 +5(6.0571)
~.Xs=0.99

~.hs = his + X5 hgs = 417.5 + 0.99 (2257.9) = 2652.9 kJ/kg

Process 5-6 is isentropic .85 S
7.2997 = 0.4763 +6{7.9197)
~.Xe = 0.862
~.hg = 137.8 + 0.862 (2423.8) = 2226.1 kd/Kkg
h7 = N, = | goepe = 137.8 k/kg
Neglecting W, hg = hy, Also neglecting W, hg = Iy
o hg=hy|, =417.5 kikg

Applying energy balance to FWH
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mhe+(1-m)R=ho
i.e., m(2652.9) + (1 -m) 137.8 =417.5 ...m =0.111 kg/kg of steam

(hz_ h3)+ (h4 — h5)+ (1_ m)(h5 — ha)

= 035
(hz - h1)+ (h4 - ha)

(i) 7=

3600

(i) SSC= — 357kg/KWh

net

(i) Quality of steam entering condenseg,~0.862

7. The net power output of a regenerative — reheat cycle power plant is 80mW. Steam
enters the high pressure turbine at 80 bar, 50€ and expands to a pressure £and
emerges as dry vapour. Some of the steam goes to an open feed water heater and the
balance is reheated at 40T at constant pressure P and then expanded in the low
pressure turbine to 0.05 bar. Determine (i) the reheat pressure,[(ii) the mass of bled
steam per kg boiler steam, (iii) the steam flow rate in HP turbine, (iv) cyclg. Neglect
pump work. Sketch the relevant lines on h-s diagram. Assume expansion in the turbines
as isentropic.

Solution:
.-/’ ¥k ‘,
X 4
T '.'I I-" |
T y f '.\
ez ]
P = 80000 kW P=80bar t=500C P=? § = 400C
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P;=0.05bar m="7? mg= 7 MNeycle = ?

h,=h = 33988kJ /kg and s = 6.7262

8bar 500°C
Process 2-3 is isentropic i.ep S = 6.7262 kJ/kg-K

Given state 3 is dry saturated i.6;~3.7262 :Sg‘ P

From table A — 1, for dry saturated steam, at P = 6.0 Qar 65575
and at P = 7.0 bary$ 6.7052

Using linear interpolation,

6.0-70

x( 67262 67052= 0402bar
( 67575 67052

AP =

~.()) P, = 6 + 0.402 = 6.402 bar

~hy=h P,=6.4bar

Fromtable A—1, ForP=6bar 427555 $=6.7575
For P =7 bar, glF 2762.0 $=6.7052

. For P = 64bar = wx( Op+ 27555= 27581kJ / kg

~.hs = 2758.1 kJ/kg

h, =h

7 edpar 400°C
From superheated steam tables, For P=6.0bar, h=32706 s=7.709
P=7.0bar, h=3269.0 S =7.6362
~.For 6.4 bar, h= 3269.96 kJ/kg
Sy = 7.6798 kJ/kg-K

Process 4-5 is isentropic, 4+8$

"T
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l.e., 7.6798 = 0.4763 +X7.9197)
~.Xs =0.909
~.hs =137.8 + 0.909 (2423.8) = 2342.41 kJ/kg

N = ¢ | opster = 1378K3 / kg

h; = hg (since W1 is neglected)

My = N | gaver = 6811k3 / kg

h; = hg (since W, is neglected)

(i) Applying energy balance to FWH,
mhs+ (1 -m)h=he

m (2758.1) + (1 — m) 137.8 = 681.1

~.m = 0.313 kg/kg of steam

(i) W1 = Wgp = (hp — hy) =(3398.8 — 2758.1)
= 640.7 kJ/kg
Wo=Wp  =(1-m)({-h)
= (1 - 0.313) (3269.96 — 2342.41)
= 637.2 k/kg
s Whet= Wy + W, = 1277.9 kJ/kg

Power 80000
W, 12779

..Steam flow rate through HP turbire = 626kg/s

(iV) Neyole=? Qi = (e —hy) + (1 —m) (A — he) = 3069.35 kJ/kg

W, 12779

= et = 042
Teyte Q, 3065

"T
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8. In a single heater regenerative cycle, the steam enters the turbine at 30 bar, XDGnd
the exhaust pressure is 0.01 bar. The feed water heater is a direct contact type which
operates at 5 bar. Find (i) thermaln and the steam rate of the cycle, (ii) the increase in
mean temperature of heat additionn and steam rate as compared to the Rankine cycle

without regeneration. Pump work may neglected.
Solution:

=
J

=1

P,=40bar 4£=400C P,=0.01bar P=5bar

From h-s diagram,

h,=h =323k / kg

30ar 400°C

hs = 2790 kJ/kg
hs = 1930 kJ/kg
hs = 29.3 kJ/kg
h; = 640.1 kJ/kg
Since pump work may neglecg hhs & h1 = hy
(1) Neycle =7
Let m = mass of steam bled per kg boiler steam
Applying SFEE to FWH,
mhy+(1-m)R=hy
m (2790) + (1 —m) 29.3 = 640.1

56
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~.m =0.221 kg/kg of boiler steam

Wr  =(h-h)+(1-m)(h-h)
= (3230 — 2790) + (1 — 0.221) (2790 — 1930)
= 1109.73 kJ/kg

Qi = (h—h)=(3230-640.1)
= 2589.9 kJ/kg

S M eye = \(/gV_T = 0428 Since W is neglected

H

. 3600
(if) steamrate = = 324kg/kWh

Qu
S~ S

(iii) Mean temperature of heat additioAT,, =

From h-s diagram ,s= 6.83 kJ/kg-K
From steam tabless; s 0.1060 kJ/kg-K

T o 298 _ agno0k
( 683- 0106)

Case (ii) Rankine cycle without Regeneration:

"T
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From h-s diagram,
hp = 3230 kJ/kg

hs = 1930 kJ/kg

hy = 29.3 kJ/kg
hy=hy

S, = 6.83 kJ/kg-K

S = 0.1060 kJ/kg-K

i _WT — (hz_hs)
O Tore =0, " (h,h)

_ 1300 _ 041
320C.7

(i) Steamrate= 3600: 2.76kg/ kWh

T

(i) Mean temperature of heat additioAT,, =

32007

( 683- 0106)

58
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Comparison ATh, Neycle Steam rate
Rankine cycle with 385.2 K 0.428 3.24 kg/kWh
regeneration

Rankine cycle without 476’K 0.41 2.76kg/kWh
regeneration

~.Increase w.r.t -0.19 0.044 0.174
Rankine cycle l.e., (-19%) (4.4%) (17.4%)
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INTRODUCTION OF STEAM NOZZLES

*  Nozzle is a duct by flowing through which the velocity of a
fluid increases at the expense of pressure drop. if the fluid is
steam, then the nozzle is called as Steam nozzle.

« The flow of steam through nozzles may be taken as
adiabatic expansion. The steam possesses a very high
velocity at the end of the expansion, and the enthalpy
decreases as expansion OCcurs.

« The maqjor function of nozzle is to produce steam jet with
high velocity to drive a furbine.

* Friction exists between the steam and the sides of the
nozzle; heat is produced as the result of the resistance to
the flow.

« The phenomenon of super saturation occurs in the steam
flow through nozzles. This is because of the time lag in the
condensation of the steam during the expansion.




INTRODUCTION OF STEAM NOZZLES

* The area of such duct having minimum cross-section is known
as throat.

« A fluidis called compressible if its density changes with the
change in pressure brought about by the flow.

« |If the density changes very little or does not changes, the fluid
is said to be incompressible.

«  Generdlly the gases and vapors are compressible, whereas
liquids are incompressible.



1. Convergent nozzle

Entrance / / /| Ext
— -
= —

2. Divergent nozzle

Figl: Convergent Nozzle

Entrance
—

3. Convergent-divergent nozzle

TYPES OF NOZZLES

« There are three types of nozzles

Entrance M

Exit

-

/11777777

Fig2: Divergent Nozzle
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Exit

—

77/

N/ 777777

Convergent

Divergent

region

region '
Throat

Fig3: Convergent-Divergent Nozzle




1.Convergent Nozzle

« A typical convergent nozzle is shown in the Fig.1.

 In a convergent nozzle, the cross sectional area
decreases continuously from its entrance to exit.

Entancy R Ll
7777/

Fig.1. Convergent nozzle

Exit
e
— —

« [tis used in a case where the back pressure is equal
to or greater than the critical pressure rafio.




2.Divergent Nozzle

« The cross sectional area of divergent nozzle increases
continuously from its enfrance to exit.

Enlmnm//ff//ff;ffff Exit

— —
— -

. LTI

Fig.2.Divergent nozzle

« |t is used in a case where the back pressure is less than
the critical pressure ratio.




3.Convergent-Divergent Nozzle

 In this condition, the cross sectional area first decreases
from its entfrance to the throat and then again increases
from throat to the exit.

- This case is used in the case where the back pressure is
less than the critical pressure.

« JAlso, in present day application, it is widely used in many
types of steam turbines.

Entrance EWZJ——Z— Exit
—._ ——
Convergent \ Divergent
region |+ if mg;an -
Throat

Fig.3. convergent-divergent nozzle




Flow of Steam through Nozzle

Super-saturated flow or metastable flow of in Nozzles:

As steam expands in the nozzle, the pressure and
temperature in it drop, and it is likely that the steam start
condensing when it strikes the saturation line. But this is not
always the situation.

Due to the high velocities, the time up to which the steam
resides in the nozzle is small, and there may not be
sufficient fime for the needed heat fransfer and the
formafion of liquid droplets due to condensation. As a
result, the condensation of steam is delayed for a while.

This phenomenon is known as super saturation, and the
steam that remains in the wet region without holding any
liquid is known as supersaturated steam.

The locus of points where condensation occurs regardless
of the initial femperature and pressure at the entrance of
the nozzle is called the Wilson line.

The Wilson line generally lies between 4 and 5 percent
moisture curves in the saturation region on the h-s diagram
in case of steam, and is often taken as 4 percent moisture
line.



Flow of Steam through Nozzle

The phenomenon of super saturation is shown on the h-s chart
below:

R )

Saturation
o line

Wilson line
(x=1096)

Fig 4. The h-s diagram for the expansion of steam in the nozzle




Flow of Steam through Nozzle

« Effects of Super-saturation:
The following are the effects of super-saturation in a nozzle.

1. The temperature at which the steam becomes supersaturated
will be less than the saturation temperature corresponding to
that pressure. Therefore, supersaturated steam will have the
density more than that of equilibrium condition which results in
the increase in the mass of steam discharged.

2. Super-saturation causes the specific volume and entropy of
the steam to increase.

3. Super-saturation reduces the heat drop. Thus the exit velocity
of the steam is reduced.

4. Super-saturation increases the dryness fraction of the steam.




Flow of Steam through Nozzle

« Effect of Friction on Nozzles:

Enfropy is increased.

The energy available decreases.

Velocity of flow at the throat get decreased.
Volume of flowing steam is decreased.

Throat area required to discharge a given mass of
steam is increased.



Continuity and steady flow energy
equations through a certain section
of the nozzle:

= Where m denotes the mass flow rate, v is the specific volume
of the steam, A is the area of cross-section and C is the
velocity of the steam.

= For steady flow of the steam through a certain apparatus,
principle of conservation of energy states:
CE C#
hy +?1+g21 +q=h; +?2+gzz +w

= For nozzles, changes in potential energies are negligible, w =0

and g=0.

= which is the expression for the steady state flow energy
equation.



INTRODUCTION

What is a steam nozzle????

A nozzle is a device designed to control the direction or characteristics of a fluid flow
(especially to increase velocity) as it exits (or enters) an enclosed chamber or pipe.

A nozzle is often a pipe or tube of varying cross sectional area, and it can be used to direct or
modify the flow of a fluid (liquid or gas). Nozzles are frequently used to control the rate of
flow, speed, direction, mass, shape, and/or the pressure of the stream that emerges from
them.Finally the goal of a nozzle is to increase the kinetic energy of the flowing medium at
the expense of its pressure and internal energy.



https://en.wikipedia.org/wiki/Fluid
https://en.wikipedia.org/wiki/Pipe_(material)
https://en.wikipedia.org/wiki/Liquid
https://en.wikipedia.org/wiki/Gas
https://en.wikipedia.org/wiki/Kinetic_energy
https://en.wikipedia.org/wiki/Pressure
https://en.wikipedia.org/wiki/Internal_energy

Types of nozzles

Three types of nozzles:-

» Convergent:- The cross section of nozzle tapers to a

smaller section allow for changes which occur due changes in
velocity, specific volume dryness fraction — as the flow
expands, it has lower expansion ratio and hence lower outlet
velocities.

» Convergent----- Divergent:- The nozzle which

converges to throat and diverges afterwards. It has higher
expansion ratio — as addition of divergent portion produces
steam of higher velocities.Eg— De—Laval Nozzle

» Divergent:- A nozzle whose cross section becomes
larger in the direction of flow is known as divergent nozzle.

CONVERGENT NOZZLE

CONVERGENT-DIVERGENT NOZZLE

>

I e ey § errateon | et
—— — |

DIVERGENT NOZZLE



WORKING IPRINCIRNEADF RIOFAAYALE NOZZLE
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A further lowering of the back pressure changes and weakens
the wave pattern in the jet. Eventually we will have lowered the
back pressure enough so that it is now equal to the pressure at
the nozzle exit. In this case, the waves in the jet disappear
altogether (figure 3f), and the jet will be uniformly supersonic.
This situation, since it is often desirable, is referred to as the
'‘design condition’.

Finally, if we lower the back pressure even further we will
create a new imbalance between the exit and back pressures
(exit pressure greater than back pressure), figure 3g. In this
situation (called 'underexpanded') what we call expansion
waves (that produce gradual turning and acceleration in the jet)
form at the nozzle exit, initially turning the flow at the jet edges
outward in a plume and setting up a different type of complex
wave pattern.



CRITICAL PRESSURE RATIO

For a perfect gas undergoing an adiabatic process the index - n - is the ratio of specific heats - Kk =c¢, /c..
There is no unique value for - n. Values for some common gases are

Steam where most of the process occurs in the wet region : n = 1.135
Steam superheated : n = 71.30

Air-n=1.4

Methane : n = 1.31

Helium - n= 1.667

Example - Air Nozzles and Critical Pressure Ratios
The critical pressure ratio for an air nozzle can be calculated as

pc/p1=(2/(1.4+ 1))/ 04-1
= 0.528

Critical pressures for other values of - n:

n 1135 1.300 1.400 1.667

pe/ P 0.577 0.546 0.528 0.487



steam transonic flows in Laval nozzles

Figure 1: Steam tunnel with auxiliary devices: 1) Control valve,

2) By-pass, 3) Stop gate valve, 4) Stop gate valve at by-pass, 5)

Inlet nozzle, 6) Test section, 7) Outlet elbow, 8) Water injec-tor,

9) Pipe, 10) Safety valve, 11) Condenser, 12) Suction line, 13) ™~
Throttle valve, 14) Desuperheater, 15) Condensate tank, 16)

Control system of condensate level, 17) Condensate pump, 18)
Discharge line, 19) Stop valve, 20) Water injector pump, 21)

Cooling water pump, 22) Condensate pump, 23) Pump




Construction of steam nozzle
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The flow nozzle was constructed based on the following specifications
and dimensions;

Throat Diameter60mm

The diameter of the duct pipe 140mm

The length of the up stream pipe 200mm

The thickness of the nozzle3.8mm

The length of the down stream pipe 200mm

The height of the nozzle820mm

The length of the nozzle690mm

The size of the pressure valves % inch

Furthermore, the selection of materials for the construction of this
flow nozzle was based on the factors which includes; ductility,
malleability, fabricability, mechanical strength and stability,
availability, corrosion resistance and lastly cost factor.



Effects of friction on nozzle efficiency

For stream flowing through a nozzle, its final velocity for a given pressure drop is reduces to:

 Friction between nozzle surface and stream

 Internal friction of stream itself.

e Shock losses.

Most of the frictional losses occur between the throat and exit in nozzle, producing following
effect.

e Expansion is no more isentropic.

e Enthalpy drop is reduced.

* Final dryness fraction of steam increases.(kinetic energy— heat, due to friction and gets
absorbed.)

e Specific volume of steam increases.(steam becomes more dry due to friction reheating)



Parameters of steam nozzle

% Foundation % IV (intercept value)

*» Rotor or shaft ** CRV(combined reheat value)
*»* Cylinder or Casing ¢ Turbine Turning Gear

*» Blades ¢ Turbine Bypass and Drains
*»* Diaphragm ¢ Lube oil system

¢ Steam Chest s EHC oil system

¢ Coupling * Gland steam systems

¢ Bearings +» Condenser

¢ Labyrinth seal % Steam jet Ejector

*** Front pedestal +* Vacuum Breaker

s TSI

s D-EHC(governor)
s MSV(main steam stop value)
*»» CV(control value)



SUPER SATURATED FLOW

Critfeal polnt

When dry and saturated steam is caused to expand in a
nozzle, the actual measured steam flow is found to be Sibrsatirted
greater than the theoretical calculated flow. This is due to s
the time lag in the condensation of steam and the steam
remains in dry state instead of wet. Such a steam is called
supersaturated steam. This time lag is caused due to the
fact that, the converging part of the nozzle is too short and
the steam velocity is too high that the molecules of steam
have insufficient time to form droplets.
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EFFECTS OF SUPERSATURATED

FLOW

v’ Final dryness fraction increases.

v Density of supersaturated steam is more than that for
equilibrium conditions(As no condensation during
supersaturated expansion => supersaturation temperature <

saturation temperature corresponding to the pressure). < =
p‘P.
v' Thus , measured discharge (=>mass) is greater than that ’ pe
theoretically calculated. YT'
e ' 2
' // - T
<< 4 G




MACH NUMBER

Mach number is the ratio of flow velocity passed the boundary to the local speed of sound.
It is a dimensionless quantity:— M=u/c

Where, "’ "
M= Mach Number. P18 f okt
u= Local flow velocity with respect to > 3
the boundaries.
c= Speed of the sound in the medium.
If

M>1, the flow is supersonic
M<1, the flow is subsonic
M=1, the flow is sonic

Figure 4: Calculated Mach number distribution (top) and
Schlieren pictures from experiment for D1 nozzle



APPLICATIONS OF STEAM NOZZLE

O To rotate steam turbine.

d Thermal power plant.
(d Steam nozzle are also used for cleaning purpose.

[ To produce a very fine jet spray.
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Steam Nozzles
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10 Physical Sigaificance of Criical Presssre Ratio. 11, Diaseters of Throat and
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Supermturation. 14 Seam lafector. [5, Seam Injecior Clraslafiin,

211, Introduction
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11,2, Types of Steam Kozeles
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Fig 21,1, Types of meam noazies.

2. Divergent nozzie, When the tnoss-section of & noxibe increases continuously from
enirance et it s called o divergent nozsle, s shown in Fig, 21.1 (B,

1, Canvergent-divergemt mozce.  When the cross-section of & nozzle firut decrenses from
ium_:mmml.mdmimmmhmmﬂl,nhﬂwnmmﬁm
porile 2= thewn bn Fig. 200 [r}mwurmﬂ:hwiﬂyndmathﬂmlwﬂi
siear harbines,

s



470 A Toear Boak of Thermd Engimeering

213 Flow of Steam through Convergent.divergent Narle

The steam emens the nouzle with o high pressare, bul with @ neglpible weloery, 12 1k
converglag porion (Le from e inles bo the thecar), thene e a drap in the Slesm pressane widli o (i
Imiis veldocity. There s afo adnop i the enthalpy or-ioial het of the sieam. This deop ol Beat 1s not
utilised imadmng some exsemal woak, bul s comvermed jmo kinetic energy. Tn 1he divergent porlioe
fie. T che throal broutles), there s farther deop of steam parssane wilh a fuether rise in s veloeily.
Again, ikere i i drog In the esthalgy or wlal Beat of sieam, - hich is converted inin kinelic enargy

It will be Froleresting bo Anow fhat e sicam eme o the nuzele with o high pressure and
negligitle sefaciry. Mut leaves ihe rerele with a kiph velocity and small pressire, The pressure, =
whichihe sieam leaves the nozle, is keown s back pressure. Moreover, no hent is supplies! or rejocted
by ihe dleaim diring Mow throogh a noesle, Therelore, i b condidensd ax isentropic Maw, and the
corresponding cxpansion is considered as an enlropic e passion
214 Frictbon I 0 Noebe ar Mozebe EMiciency

s amalier faci, when ihe steam (lows thacagh o soezle, some luas iniis enthalpy or sl hest
takes place: due o friction berwezq the novebe surface and the Nowing steam. This can be best
understod with the hielp af K- diagram or Molliee
chast, as shown fm Fig. 202, wisich cin be complétod
a5 discussed below

I Firatof all, kacase the paimst A for the initlal
conditions of the snaim 1 & poing, where 1he satura-
Yian line meets ke initial pressare { g, ) Tine.

2. Mow deaw s vertecal line theough A fomecl
ihe fimel pressine @) line This is dene oy che flow
throwsgh the marzde s isentropie, which is expressed by
a vertical line AR The heat drop (b — by} is known 25
iremtrapic hem drop,

3, Dhae w friction in the roxth ihe actual heat
deop in the atein will be less than G, — ) Let this 7213 s graph Tor nocsle efliciency.
heat deop be shown ws AC insicsd of AL

4 Asthe expansion of steamn ends at the pregsue p, therefore final coadiiion of seam is
ohiabnod by deawing o hordaontnl line through © to meet iho fnel pressure | o) line an &
5. Mow the actunl expassion of sieam in (be soiale (£ expressed by 1he curve AR (acdiahatic
;me'ﬂn] indte] ol A {isetinopic expansion). The actual heat drop Ok, = by B Krown as e fiul
I'ifrop
Mow (ke coefficsnt of norele or rozele elfsaency (usually denited by K is ch!'n:llu.'r the
ol nu"-l.rq'ill' Ml denypr fo e Feohfropic fem .;I'n:.llp Marhernatically,
K o Uelilbemdiop _ AC _ K—hy
Tsentropicheatdiop — A~ A -5,

Motesz 1. We yee Froms Fig. 21,2, ihat ihe dryn=ss fraciion of seam & 8 s greer than thed 2 K. 1§ is the
ehvimn, that she effery of fricion 5 0 incecase the dryness fraction of sicam, This s dee i the Toct B3l the
emriy lmiin friciion | imnafened s e, whick sends w by or seperbeal the sram

L i whericar effect s proshuced shem the viesm (v soperheated 22 e oorance of the nozele,

Ld Pl = Uselulhes drop, el PU = lisninigicbeai dinp,
FR

= Meoxle ellewncy. K o= =5
i

A I geaenal, i1 155% of the heal dop i fost in friction, then effciency of the nieale i5-equl o
FOLF = 18 = BS T~ (105
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atA. vmﬂmmmwmnﬂe
Cansider a wnlt mass Ao af steam through a noerle
Let ¥ = ?ﬂﬁlyﬂmuhmu{munm
¥, = H'gimilrnfmmﬂmmlum-dmm
by = Enshalpy or ioeal heat of sieam enlering the nozzle i kg, and
ﬁ,zmh-rprmmnuufmsﬂ::uMMﬂinm
W:lnwﬂﬁnrlﬂnﬂjﬂﬂrminlﬂﬂc,

ﬁ +._-I_ 1'1 _-I|-— P_:: *m
v ianl 2 | = Mt Tl 2
Nepglecting lusses in a noxzle,

B il B AL 1
mm{ o W Bk i,
¥, = { VT4 2000(h, ~ by = {7+ 2000 b, Lol
uthwi hd=EnM,p}mm:d1wduﬂl;|m|-ﬁmufmhlmh
=h1—,kl
smﬂumuwduﬁvum,ﬂmnﬂ[mh-ﬂﬂhkuwﬂmvr
therefare from equation (),
V,'w V000K, = 44727k v i)
Huu-;Iuﬂmp:mmhm;mﬁnmldlmhpﬂwﬂuﬂmﬂm

suifaces. This redaces, the heal drop by 10 40 13 percent ared Bt fhe gai velocky of sieemn |3 alao rdeos
vorrespondmgly. Thus e shrve relation may be wrinen as:

v, = T TKR,
mthumk#fﬁrhlumﬂdﬁ:hur.
Exansple 20,1 Dry saturated steam a1 3 bar with negligible veloriry expands iseamppically
in g gowvergenl mozle iv | par amd drynesi fraction .94, Determing the velocity af sheom leaving
the mazele,

Satution. ﬂl'l:l:plljhl.r;ptclhu;zlnﬂ.ﬂ
memuﬂu.mnphﬂqham:nf!h.uﬁdmwﬁmud
diry satoraled sieam,
o= by = 74T 5 Mg
asd comesporeding 10 8 pressure of | bar, we find thal
by = 4175 g, and A, = 2297 9 kg
+. Enchalpy o total heat af final steam,
by = Ayt aphy = 41754008 %2257 = 2540 KVig

wnd enihalpy of hest drop, &y, = ﬁl—hi:ﬂﬂ'j—ﬂﬂn TS5 Elkg
We know that welocity of stearm leaving the noazle,
V, = T2V, = ATVETS = Gl4mhs Ans,

. h'rhru:r'lllhall"pl-'=lu|-":-I.lltll'll":-!ﬂ]-—l ¥ [m= Likg
=N 2 T 2
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Example 20.2. Dry sateated steam af o pressare of 15 bar enters in o nogzle and &
wni‘nﬂ.ﬂ.ﬂu*ﬂ of 1.5 bar. Fird the final welociy of the steam, when the iniind vedogciy of
the rteam is negligible.

#’Jﬁnjl!}rhmdmpﬁfuphﬁkﬁm,ﬁ-dmrmmmmrhrprnﬂrﬂ-m‘rr.

Solution. Given:p, = 1itbar o 1.5 bar
Final velogiry of the cream
H From steam tables, coeresposding 1.4 pressune af 15 har, we fird ihat enthalpy of dry saiured

Eam,
by = 2TH99 kg
and comespanding 10 a pressure of 1.5 bar, enthalpy of dry saivenied sieam,
by = T34 kg
“ Heat drop, hy= hy=k = MEN9 - 26004 = 965 klky
We know that final velociny of the sieam,
¥y = 4720, = MTIV9RF = 4100 o A,

Fercennmpe redicnion in the faal velfmeriy
W kncr that hieal diop Ll @ Tnction
= 1% = 0] +o o [lER)
. Mozzle coefficient or noezle efficiency
K= |- =04
W know that final velocity of the sieam,
Vo= MT20KR = 72095965 = 4168 mh

& Percentage reduction in fimad velociny
_ AW - 4164
K ]
Example 213, Dy saturated rieam i 10 bar is expanded isentropleaily in o nogle s 0§
Mﬂwwmmﬁdﬂtmjm##mmmm,ﬁﬂmwmd

':.r;?:&huq:hmﬂr-m.i. initlesl velocity is meglipible, and 2. indtial veloeity of the steam ix

Solation. Given @y = 10 bar ; gy = 00 ) bar
dbvwrsx fromtdon af the stevam af esn

Len £y = Dyyness fraction of the sigom af exit,

From stesm tibles, cormespanding o & pressure ol 10har, we Teed that entrogy of dry sstursed
steam,

= (051 er %1% Ana

=g, = 03B kg K
and enrmespoading 1o a8 pressure of 001 har, e find thas
T = 0649 kMg K, and 2, = 7500 kinkg K
Sbnce the expansion of fleam is meniropse, therclon
Entropy of steam al inlet {x;} = Entrapy ol steamn sl exiz{ 1, §
BT = g bmae, = DB La R0
= T Ans,
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| Vil ey oof steeii bvrving iy Anssle shew i oeloiy & meghgih'e
Frien seam fbles, cancspeeding ba & pressure of 11 bar, we fini# that enshalpy of ioial heal
ifdry saturaied stedbii,
= .I'rI|I = I7T62 kg
wnd comesponding to o pressure of 0,1 bat,
By = |9LEKNKg and by, = 23929 kiikg
. Enthalpy or intal heat of sieam of exit,

III‘. = -'I‘j-l| ”]h.bt
= |PLE+DTH %2391 9 = 28d.60kkg
il heal deogp, k= hy=hy = ITHOZ =HEA 6 = B9 LGkl g

Wi knosw that welocity of sheam leaying the notele,
W= 14.Tl‘||'ﬂ_¥ = MTIVEILD = 11Thaws Ans

T Vidwiiry o atvatnt Gevsving v mozzle nben fmitind velocily, Vi o L3S auh
Wio knors that velocity of steaim keivieg the nocale,

Vy = VUT 200K, = V135 + 00 x 416 = | 164 v Ans.

Example 214, Dry tatwrated sivom ot @ previure of 1 bor is expanded in a nogele w0 o
preeure of (17 bor. With the help of Moilier diages find the vlocity and dyymess fracriea of ream
fusmimg frow the nagzle, if the friction is neglenied

Al find the welovity and drness fraction of the steam i 5% of the heat drop b lost in
[frrthe,

sobiliear. Gives:py=10%ar [ py =07 har
Weliviry and dryness frocives of ipew iomvng from she sazsle, [ oo i mrglected

The process on the Mollier diageans, 03 shown in Fig. 21, i drawn 8 discussed below :

I, First of all, hosiln he poant A on the
snluration fne (because the steam is initially dry
sniurmed) where the initkal pressoe lise {110 bha
meeds 1.

1. Simce the expansson in it nozahe is
fsentropic, therefore thaw o vertical lire theuugh A
i3 et she Tinal presawre line (7 baf ) ar poimt /1,

Haw from the Mollicr dagm, we fiml

{151

Ry = T2k
amd hy = T30 kikg

. Heat dmp,

hy = h—hy = 2772~ 210 = 462 klAg
W knivw thal welociny ul siesm issuing from ihe nozzle,
¥, = i 727h, = 472462 = 081 nis Ams.

From Mollker diagram, we alsa find that the drymess fraction of sieam issuing fromt5g nazthe
(£, o point BY is x, = 142 Ans,
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Vehuddtw and ehevmeas fvartion af weam i from e magzie oF 255 of she heat orop {5 et in
v Hia,
; Since |5% heat chrop i lost in friction, therelore pozele coelficient of nozele efficlency,
K= =15 = B5% = (LAF
arsd heat drop due 1o friction = 462w 015 = 69.3 kg
W' kmow that welocily of steam issuing from the nozzls,
¥V, = 4 TIVE R, = 44729085 X 462 = 886 mi Ans,
Mow let o complele the Malller diagmm as discuized befaw
I. Locaie poisd Con the vertical Ene AS, such that 8C =593 kg
2. Now iheough , druw & horicontal line ©8 to meet (ke final pressam bine (007 Bar) a &',

From the Mollier diagram, we find that the dryness raction of sieam issuing from ihe nozzle,
[ie af poinc & § s = (LETE Ams,

4. Mass of Steam Discharged throogh Nozzle
Wi have already discussed than | he flow of sseam, theough he noezhe & bsesample, which is

sppronimadely represented by the general law:
pif! = Cosstant
Wie kpow that gain in kinetic energy

‘f!
- —_}- .+ (Megkciing initial velocity of sieam}
and Hestdrop = Wik done during Rankise cycle

]
= i iArs)
Since palm im kinetic energy is equal so heat diap, thersfone

5o
3 Sasi A
- Aih
]!-Ip.n‘[l i e i)

We know that Py = g

u,w:l,[:—:] ] vr ki

Subskiuting, the value ol v, F e, inequaion (i,

. LR
?-mlplﬂl[l-;l o
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oo (3]
; ,;,zxjnﬁn,,,.,[.-[gﬁ o

Mive (B valusne of steam flawing per secosed
= Cros-seclional area of soczks = Velociiy of sbeam = A v,

and vebame of 1 kg of steaim Le. specihic volume of seam # pressice 1S

lill-'.‘-‘|

= u,m}ﬁ;
s Mass of sieam discharged I|:|prr|.|g_h moaile per spoomd,

Volume of sieam [awing per stcond
Valume of | kg of steam s pressize p,

r__l.
:.I‘kI = ﬁ{?!"""‘ ~swpw | | = ﬁ .
n o om | fhd i

Substiusting the walue of &, fron equation i,

; =1[ﬂ]'£_\,%“m[l_[£]_%]

W o=

Py

=4 %’%[[E]r[?]u] i

Example 21.5. Dy air @ o fempemtice of 377 © and retinre of 20 bar lnr-md.l'l;%i
ard dedtives at a presrare of § bar. Find e mars of nirdikcharged, ifthe area of the mazple i 200

Solution. Civen: T, =27"Cu 274 213 = 200K ; p, = D bur = 20 % 10" Nim? ; p, =4 bar
= d % 1P Nim® 5 A'= 200 men® = 200 5 1078 mt

Lea #, = Specific vobame of air in m Y.

We know thal p, o, = m R T, ’

whT .
o =—'=Mﬂﬂﬂ4]m'ﬂm Lol I o ol = 3T Mg KD

41 Fi 20+ 10
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We know that mass of steamn discharged theoapgh the nozzie,

V() a)]
eV )]

= 200 1070 3256 10F [ 01 - 006 ] = 072k Ans
21.7. Conditon for Mazimum Discharge throagh o Narzle | Critical Pressre Hatin)

A nozle is, noemakly, designed Formaximum discharpe by desigming a cestain froaf press
which prodaces this condition,
Let py = Ditial pressure of sieam in N,

py = Pressure af steam ad theeat In Nior',
v, = Vobane of | kg of steam at pressure { ) inm',
v, = Vobame of | kg of stesm st pressure{ p_) in m', and

A = Cress-sectinnal srea of nozzle s theat, in m'.
W'e Bave derived an equation in ihe previcus sriicle that the mass iof steam dischar ged through

- NHARTR]]

There ix mlr:-:n!-nfﬂ'llrlhp.ﬂ'p.. whach pmdisces maximum discharge from the
moszle. This miia p,  p,, bs obtained by differentiating Lbe right hand side of the equation. We see
froam this equation that except p, / p,, all other values are comstant. Therefore, only that portion af the
equation which containi g,/ p,, hdﬂ’:mm.dquun] fiv 2o Tof s |t dischaige.,

N HEEHE

3
Al i
i 2P _ntli & 0
=% Ll
1:I L] 4
A" el R
my np
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(%] e

Rilos s b The rafio g 4, s keows m erilical precure mils, and e peessun Py ol il il i knoown as
i pridiung

4 The mavirmunt vabeo of the dischange per socond is obtained by sbutisting the valie of g, f p, iin
equation [i].

=8
TR S .
""JHI#:.[HI] ==+l

L 'ﬁ'ﬁuzfm-lhﬁumﬂim!hlhlmmru:h.hﬂﬂlﬂ_ﬂtﬂup-
ke rzaal nazxie af throat nd the inial conditions of the steam (i ¢ peessure p, and vafume v, | Wisindependent
ol the exit condithom of the steam. 16 {5 fim obviown, thal the Sckargs remaie eonstant altsy the thioad (i, in
the drvergest porion of the narsle).

4. The equations decived above i tus for gaves alia
1K, ¥olnes for Maximum Dischange ilrough » Noale

I the lest article we have derived a relation fur the mavimm discharge fimugh & sacsle, ie.
1

e A2 pET
s = A r|+|I1:r|[J'I--I-1J

Maw we shall discuss the values of mazimum discharge For the fallawing shree conditions
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I Tven phe arwatr v ananalily iy aaifrarared
We know (haf Tor dry saturated steam, w=1.1 15, Therefone subsisiitng e value of a
relalion for maximam discharge, we have
'!,f L}
m,, = 06ITA v,
T When e e i dileelly sapesivarad
We keorw tiat fior superheated steam, m = 1.3, Therefore substiiuting the valie of & in the
relation for masimum discharge, we have

h-nma"\‘%
|
X For gt

We koow ihat for gases, n= | 4 Therefore sobstitufing the value of o in ke relation for
masimam discharge, we have
m = 0asAY 2
¥y

Exwmple L6, Dryairatapresoure of 12 bor and J00°C is expanded iventrapically through
a1 nozzie of o pretrure of 7 bar. Determine the maximum discharge throagh the nogele of 150 mm?®
i, Ta

Solution. Given -, = 12 bar =125 10 Wi 7, = 300°C = 30 + 273 = 13 K ., = 2 bae
A= 150 mm® = 150 % 10" *

Let v, = Specificvolume of ar o m'fkg,
Weknowthat  pv, = mRT,
_mAT, WIS
TR T = 0,137 m'/kg

W ko sl raximam d@scharge theoagh the sozzle,
A 4] 122 107
...,_,-u.m.l.'\JIb' f.685 = 1502 10 i W

= 11264 ks Ans
Fxnmple 107, e ot pressure of 10 bar and 210°C i supplied toa convergent divergenl
nazsle with a throat meea af 1300 mm, The exif is below crisical presture. Find the coefficient of
discharge, I the flow ix T200 kg of stewm per hour. b
Soludios, Given ; p, = 10 bar = Wi N ; T, =21FC ;A = [ SN}
= 150010 m? ;m= 7200 ko= 2 ks
From steam 1shies, for superheatod steam, comespoading o 8 pressare of 10 bar and 210 C,
we find that specific volume of steam,
v, = 02113 m'kg

We inow that For superbeated sieam. n = 1.3,

T
: E b e S S i
- Maximum discharge, m,,, = A n+tx“'|[rt-+| ]
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Shraim, |l|.I'.
[ L
z af2xi3 1ot 3 YO
T Nian u.:tu{:.::u

= 11T kgly
‘We know that coeflicient of discharge

o Actml discharge 2
Pl tichwrge 207~ DL AR

oy The mankmem discharpe for superheated aboam may abee be cadculaied by sing U relaion,

-...-DLHH"J‘.&

218 valos lor Critical Pressure Rotio
We have alsp discussed in Ari. 21,7 that ihe crisical pressuse mids,

p_f 2 Y
P [n+l
where Pyl py = Critical pressem rakin,
We shall now discuss the values of critical préssure ratio for the following conditions :

. i¥Rea e srvan iy soreraned
We know thal for dry satwrated sizam, = 135,

10
P 2 TF35=1
Fun[l.l'!su | PR 0

L Wk M arecom ax dnnsafly seperheaied

We knerw thal for superbeated steam, g = 1.3
L

P -1
B [LJ = 0546 o py = 05465,

13+

A Whew e stedm 11 llllJ.l.ﬂ'Hj' Wil
It has been experimentally found ihat the crtical peessire ralzo for wet sbeam,

E-Ujﬂ oopy = Mﬂﬁ

o, Frar puges

We know thet for pases, n o= 14,
id

L=
sﬂ=[lf+r_]. =053 o gy 0M8p,
e

& 0.0 Phosical Signilicanee of Crilical Fressure Ratio

I the prewious articke, we disoussed the values of critical pressure ratin for various forms of
stearm. But now we shall discuss the physical significance of the critical pressuee ratio.

Naw consider rwo vessels A and B connected by » convergent mozele s shown in Fig. 21.4
fah Let the vessel A eantains steam ol 2 high and steady pressure { p, ), and the vessed ¥ contains sieam
nf ancehier pressure { p,) which may be varisd st will
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First of all, et the pressure { g} in the vessel B be mads equal tothe pressure { g, ) is the vessel
A I this case, there will be o flow of steam through (he soezle. Now il the pressure [p,) in ibe
vessel 8 is gradually reduced, the iEscharge (brough the noszle will incresse scoordingly s showi
Inﬁ;ﬂju&Auhgmuﬂ[ﬁﬂMhuwdﬂqﬂmﬁhnmumminhnﬂtuuﬂﬂmhqu
will also approach its maximeam value. If the pressure { py) in the vessel B i Further reduced, it will
nist increase the mie of discharge st (e discharge will remain the same as that sl crifical pressane
ns shown in Fig. 21,4 (b}, The ratio of exit pressure to the inlel pressure is called critival pressuse

Fraia.
!
L]
i

— —

il ]

— oyt e —=

o) MurE b analind [) Tt AR - [TTTRasBe 11 COM W

Fg. 214
We kingvw that the veloclty of sseam a8 amy seclion in the nozile [Refer At 216 cqualion

v %m[*[‘*”r] i

and e critical pressure eatio for masimum ilischarge,

" —
o g L T o S
p.-[rnl] o [p.] Tkl

Swhsrivaling this value in equation (i},

().

n s i in -1
“z”\“ﬁ“ﬁ"n[";ﬁ =‘Jn-1=#uﬂ4[%~.“]
='l|—ﬁ—h:plﬂl-r.\ll-'-1-"-££l i)
m+l A+l p

. [ Volume {z) = uu_mlﬁu_n
We aken kenove thir for isenitropss e pansiom,

PV
nh P { 1
or o AL veefl T = u




St Mg oles 4RI

Subsiibaiing the wlue of pia, | in equatiai (i,

s ‘h[nil ]p,[nn_] \IJ'"P: . i)

This ia the valae ol vabodity of sound in the medram at pressare  and i known 2 sowicpelnciry.,
Sulew 1 1. Thecritical peesson gives the velocily of meas sl the throm agual io the velocily of soumd

L, The flow i the cnvergesl portios ol the noele |5 sub-wnic and in the divergent porticn e
NUpCTSIN K

i ruummumi,urm.mmmumhh-pnmhrmqmm&
critical presure, the divergent putin for the s B ey

2001, Diamecters of Throat and Exif for Masimum Dschargs
Coesider & comvergend-divergent nueele discharging sieam, a8 sbown im Fig. 305 (a),

—Ergy—
Loy Cumeepend sliveponi norele. {3 for graph fow aconvergrat-diorrpest AnETie.
Fig 215

Let py = Tmiitind presswve of steam,

hy = Enthalpy or tolal heal of steam at indel,
Py iy b by = Coresponding valwss 2t iheoat and outlet,

i, = Ddryness Fracison q{q{ﬂm af ghroat,
¥y = Welocily of sewrn o iheont,

= Specificvolumeol steam al ihroat comesponding
dor pemssurey, (from sicam tablos),

Ay = Arencd throat,
e W W Ay = Carmesponding values af exit, and
wm = Mass of steam discharped.
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First of all, firel the value of critical pressure { p.) & dscussed in Ant 21,7,
Mow complete the -1 diagram, as shows m Fig. 21 5 db), for the evpassion ol b hrisgh
e gonvergend-diverpent rords = decussed beliow |

I, Finnof ail, kocane the point A fior the initisl condifioes of vemn 11 s 2 poim, whers e
baturation hine meets (he initinl pressune § ) fine

1 Now idraw o verlical line through A 1o meet the critical pressure { ) fne o 8. This
Tepuesents the throal of the noezle,

A Naw extend the verical line A to mee he outles pressie { ) lime ol €. This repeesents
the outlel of the nozale,

A, Mow lind the values af by, &, &, r, and ¢, from the f-s pragh,

First a all, consider (he Maw ol sseam from the inker to the tmat, We knaw (hat

Enthalphy or heat drop, hoo=h=hy

< Welooty ol stesn ar throni,

Vy = 44729k, .. (Neglecting Iriciion)

We knaw ihist miss ol sieam dischorped per second,

oy = -——Jobeme of steam flowing at throat
Vodurme of | kg of steaim ai peessire o,

Ay, AW,
W e i [ =04
By AE, g E v
Similarly. For exit coeditions,
AV AW
- ——— o =
Lty LE,

K knorw g the valse of n, we can determene the area or dimmeter of throat s exit
. Example 208, Steow emtery i growp of noczles of o tiegm furbine at 12 bar and 28FC and
lewrver ot {2 bar. The aeani fechine dewelops 2200 kW with o iperific seom correumpnion of 115
kW, If the n'-iumrrr af noarsles of throwd is ¥ oim, cofewlete the aumber of sozsles
Soltion, iven - = | Lhar | T, = 120°C ;p, = 1.3 bar ; Prwer developed = 220 %W ;
wi, = 135 hlﬁwh,'dl= T mim
We: ko that fioe superheatel steam, pressuie of sicam
afl throal,
Py = 056 = 0546 % §E = #5352 b '
The: Medlier diagram o il ex pamivani seam thmugh E nlo
the noxele is stowm in Flg. 21,5, 5
From the Mollier dingram, we find ghal exthalpy. al -
stearmn at enlrance (e m 12 har and 220° C), 1
b, = 2060 KLy
Fenibalpy of sienm ai throal (e, o pressuce 6552 bar), ——Ey — -
by = FP50kNig

arsd dryness frocion of e ol thrnad,
- 53

Fig, 114



Stvarm Mozzles a3
Froem sheam thles, we Find that specific volume of dry sasurated sleaim b faoe (e, 3 pressure
B5.552 har},
By = 029 kg
Wi keerw that hest drop from entrance to (hroal,
by = b=k, = 2060 = 2750 = 110 kMg

2 Welocity of steam al thooai,
W= H.'J'I'J'h: = H4.TIVII0 = 470 mis
Area ol nozele sl themal,

A== ;..t,:l %7 = S mm’ = W Ix 107w

& Mass (Bow rale pei necele,
4% AV 3m8x10-8x400
m = -H: l_tlﬂl_! 0992 %019 .-{ltlﬂki."l
Wi kno gha (olal mass Mow raie
= 13.5% 20 = 2970hgh = DEES kgl

Vo] mass flowrse 08X
] = e 14 Ana.
.. Mumber of mozzles Mase flow £ e = 00 = X0 sy

Examphe 0.9,  Extimure the mays [ow rate of Shean in & nozsle widh e folloeng dei ;
{nler prevrure and temperciure = M) b and 3000 © ; Back preacare = 0.5 bar | Throat
ifameter = 12 pim,
Solutlen. T.Hnl.'p',:]l}hl.l:;TI=WELH=MMLi'ihi=ITUE
Wie kmerwv thist for superhested sream, pressure of steam af theoal,
oy o= b, m D346 10 = 546 bar

e Molier deagmim for the expoansion of stenm through
ihe et i sbown in Fig 21.7. From the Moller diageam, we
Find that

by = 1710 kNkg
andd 3, = DSR2
We know that heat drop,
by = by —hy = 2835 - 2700 = 1S kMg
& Welacity of meam sl theoat,
¥y = W32V, = 4.724115 = 4 Fig: 107

Frean seam l:hb.-.:.m:l:uﬂ[ulnl pressice of 548 har, we find that specifie vilame af
sAeam a theat,

I
by = 183 kg E.\,..,
3

Enimyy s

o, = 0345 mYkg
Aren of pozzie M (hroat,

Ay = ;Hﬂ‘ " %tm' = 13men’ = 1135004 o’
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& My Mow rase of wvesm,

_ Ay _ hax 10 * x JED
L 0983 w0345

= [L06 = 360 = 576 Eph Aps
Exnmple 21.10. Dy smiurpted rivcim erters o snzzle of a precsure of 10 bar aned wih g
imirbal veloiry of 0 més. The oupler pressure is 6 bar and the ourled welocity iy 435 mds, Th heat foc
from the magzle it B kg of steam flow,
Caleulnie the drynes froceion and the area ot the exit, {f the are of the inled i 1256 mm”
Saluibon. ﬂl‘lﬂ!p.'nlﬂhd;F|=gﬂm’!:p‘=ﬂhlr;'i’ill:d-'iﬁm!:'ll.im:gﬂﬂg.
Ay = 1256 mm® = 1256 % 105 n®

-ﬁnﬂnﬁn‘nmifﬂuﬁ
Led x, = Diryness fraction of steam at the exit

Frem mlahht,m_pud]q o peressune of 10 bar, we lind thal enghalpy ol dry savamie=d
wieam,

= 016 ks

by = TR ; aned v, = 01943 m'kg
amd coiresponding o & prossuse of 6 har, we find that
by = 6N kMg ; By, = A5kl and 1, = 03155m¥kg
Wll:mli.ufnruhﬂiri‘!uwhnu;hhmll.

wialT]v T

= h 4 [i", Vi) - Loazes

= 17762+ 30 07 - (135" | -9
= ITTR2 008 = DOTHG kMg
We alsa know that enttiadpy of wet sieam [A,),
Wik = byt ny b, = 6704 4 3, 2088

&y = 0961 Ans.
Ared o £xif
Rt Ay = Areaatenitinm'.
Welnowtat 2 Vi _AY  12sexiotxe A x4

By Bb, T IXDIMI O 0962x03155
v« (P ey saernin viears, £, = 1)
Ay = 406 10 ' = 406 mer® Ans.

WHJL Burw:muummqﬂbwmqmﬂm
napnle and leaves i s pressure af 1.5 bar, I the fToem s isentrapic, and the
jacfez ix | 135 ; fimd the robio of crom-sectionl e af exit o froo! for matimee dichargs.
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Sulution. Given - p, = S bar p, = 1 Sbar ; m= 1135
Let A, = Crosssectionalaces al hros,
A, = Cross-sectional apea at exét, and

m = Muss of stesm discharged per second.
We kaaw that for dry saturated sieam (ar whiey g =
1.1 35), qvitical pressiuce mo,

B o asm
Pi
my=05Tp, = 0577 % B = 4606 har
Maw caimplesa the Mollker diagram for the eapangion
of sigam twough the nozele, as shown in Fig. 21.8. g 213
From Muolfier diagram, we find 1hat

by = 3775 kIkg ; by = 2650 klikg | b, = 2465 kIVhg ; xy = 0965 | amd 1, = DAL

From sicsm tables, we also fnd that the specific wolume of steam af theal conesponding ko
4416 bar,

‘_—Enlmla-——

o,y = 0405 mkg
and specific volume of steam sl exit correspoading to |3 har,
By = 1,199 mikg
Hmdmplﬂnunmuﬂl_!ﬂdwlp
hg = hy=hy = 3775 = 2650 = 125 kdg

2 Wbty of sleam ai thooat,
¥, = 4T, = TS = 300 ms

A%
aml m=
Tyt
ME Ty PGS X 0408
o A, = - = (K000 TER m o=l
a3 FI m
Heat idrop beiween enlasce pnd exit,
by = hy=h, = 3775 =165 = 310k
2 Velnciey of steam al exit, ;
Wy = 4472k, = H.T2VIT0 = THT.Amvs

AW
. .ty
il T x0T 1,
o Ay » —?,’-'] o mXATRELID o 000 9 m el

2~ Bty oof crose-sectional anea at ex3t and throst,

A 0onsm

A, " 0000 7T86m | TAM



Example ZL1Y. A convergentdiverpent mozzle i required t discharge 2 by af team per
gecord The mozile lei.lnl'mﬁhl'nihdr I b o Iﬂf{-‘hdn‘fnﬁﬂl'ﬂﬂphru;.mnn
Tk prewmare of 1 bar, The erpention umo fireal i et od e frmiddna retsionee Beoween
e temad @nd enl 1 equimier to 68 Ll of mecm. Totmg appraack selocty of 75 w7 eed s
prrenzare of # har, exiimate -

! Swithle areas for. b throer and eaif mend 2 Overall eficiencs aof the mozzle Buimd e the
enflealpy drop beteeen Mo achid Inley precore ond femperaiure and the et presnre,

Eolulbon, Geven cm =2 kph . p, = Thar [ T = 1B Copy = | bar ; Frictonal resistance

= i3 khkg of steam ; ¥, = TS mfs | p, =4 bur

1. Suidabde areas for dhe thrmad med exdi
Lat A, = Areaal the theoal, and
Ay = Ares st ihe exil
Thnpﬂhﬁul'llnmhrmﬂhmm_kmhﬁ
Malller dingram [ shown i Fig. 21% From the Mollis g
dizgramm, we find 1ha £
By = JEN0 kMg by = 2680 KMeg ; b= 2900 Wl s
:J-I}.'I"J';:._‘-ﬂ'u-l
From steam tables, we also Find that the specific val.
ime af slesm al throat comespanding bo 4 har,
l!ﬂ-mn'lll'l:]
and specific valime of deam cormesponding 1o 1 har,
iy = 1654 mifig
We Know thint heat chrap between enirance and throai,
b= b=k = 210 - 2680 = [30kIAkg

. Velocity of steam ot throst,
Vy = VI 2000k, =V (75) + 20002130 = 515 m's

AW
S L
e - .l't“l"]
""'Fﬂ-'ﬂ 2% 047 = (462 -
o Ay Vv o = L Hxin-'m'
= |40 mm’ Ans.

Rinoe there b & fricional resistance of 63 EVkg of steam between the theoaland exit, therefore
hy=hy = 63 or by = b+ 63 = 270463 = 2530 kiikg
] el deop Betworn critande and oxit,
by = by —ky = 2610 - 2533 = 277 kg

». Welogify of st=am st exis,
V= YV 2000k, = (157 + 000 % 217 = 748 mis




Steeam Mogrier ART

A
L L] B,
o Bl = 6 "
W A,:—JL'&: 43 Z=dBxin " m
w AT M A

. {Fierml elfairwm v il e szl
W knre that eweall efficiency ol the nozile,

_ Usefulhestdrop _ By =Hy
0= lsentroges hestdiep A,

HI0-2533 %
= BiT— 410 DE1Y or K155 Ans

Example 21,13 Seeam o @ precore af 1) bar and 0.9 dry altecharges trosph a nocle
harving thr area of 450 s’ [ it Berck pressare in | bar, find 1. finel velocity of the steam, nmd
T rroar-vechival ared of e mosme o et for momee decharge

Solution, Given i, = Mibar ;v =09 A, m 430 mm’ =450 10" m® oy = | bar
Fuurd vwifeualy f Precan

Let ¥y = Finl velncity i sheam

Whe ke it len nis el | scharpe. pressure ml_,__..-_-_
ol sbzain 3t theom (For wet sfeam),
pyo = 05EZpy = L5210 = 5.82 bar

I fy
Waw compleie ihe Mollicr diagram for the ex- g
[ 4

panslon of steam through the noaele as shisen in Fig.
2110

===

Fromm the Mullier agrans, wee find tha
b, = JSHT RARGE . Ay = 2483 kg

hy = 2225 WdNg ; x, = OET
and :r‘_nlﬂ.l. Fige. 10 10
2 Heat diog from enirence o exil,
kyy = b=y = 25802225 = 333 hig
and velocity of sieam, ¥, = 44.724h, = #4724355 = B426mnk Ans,

e seriimmal iwne af phe mazzle ar el
Lst A, = Crosz-sectional ares of the nozebe at exil,

From sncm tabiles, we find that specilic vobhiime of sheam gl thisal comes ponding bo s pressuce
af 5 H2 ki

o0,z = 03254 m'ikg
arl specific vidwme of steam af exil comespoeading bo 8 gressere of | bar,
vy = 168 mkg

W ke that heat drop from entrance 1o thoat,
by = b=k, = TB0H- MBS = 95 klhy
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S Wiekocity af sBeam ol lhins,
V¥, = 472V, = 40T2405 = O6mhs

*Since b mass flow mie is same ol duoad and ex b, thomebore

A%

J,'Itr
450 % 10 % 2435

A ¥

OHta
A]:'.HJ.E.

TR

I:II.E::IE-I

Ay w 1110 m = 1114 mm” A

Fxample 2014, A gor expineds it @t convergeni-divergeal neccle from 5 bar fo 15 bar, the
indlial temperatare belng 7O O and the nozzly officiency is W05, All the fasser take ploce gfier the
throat For [ kpls maxs flow rate of the gar, find throat and exii arear.

Take n= /.4 and R = 287 1dg K.

Solution, Civen gy =S bar ;p, = 1. 5bor, T,o= T C = T+ 2773 =973 K ; K = 0%
=08 m=0kpli;n=014;R=287 Mg K
Thioat area

We knorw ithat pressuze ai the theoal,

p|=ﬂ_ﬁlpr= 538 % S = 264 bar

and heat drop between entmseze and fhroal,

by = by —hy = ;f—f:rp.u,[n[ﬁ]%l]

v 2]

-—I'Ln!xlnuﬂi[ (!E] 2 ]-lﬂl

(Refer Am 21 4)

Fa—1
= 163 00 Mg = 163 22 kg
< Welocity of gas at the throat,
V, = 472, = 472418030 = 571 3 mis
T, = Temgermure of gos ai the throa,
v, = Yolume of gas at the theoal, and

Let

-' This may afso Be found as discussed below
Wi uew than mass af seam dchagal per socond,
e Mele | %0107 2436
LA 0 &7 = 0154

OB = 4 IP:' L
J,Pl"

Ay = 4RI 0?

= 069) kg

Similary,

= [ 1dmm® Ams.
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.l, = fAraa of the throal.

el 14-)
We kow that %.[:—;]' :[%]" =13
Ty= T/ 12=973002 = BIDBK
el fYy = mRT,
- mRT, =287 k8108

= = = {| B&m"
= " M 164 x 10° i
'I‘IF'I
Ve know Heat m =
n;
mu _ IxOEN bl e
o A= o 154 %10 m* = 1540 mm' Ans.

Exiture
W know that heat drop between ertrance mnd exit,

werenereesi (3]

. djlmmxm[:-{ﬂ%]m

= 2B442000g = 26442 Kilkg

o Velcity of gas at exit,
Vy = 720K A, = 447209 x 242 = 7155 mis
v ool Ioases fakes place alies theoal)
Let Ty = Temperature of gas at exit whea friction is neghected,

7, = Temperature of gas a1 exit when friction is cossidered,
vy = Wolume of gas al exit, asd

A, = Arcsatexit,
1". 1=t ta-1
i 14
We know that ?L-[ﬂ] -[ﬁ] = 14l
T 5 -

T, =T,/ 140 = 973/ 14) = 630K

Since the pozzle efficiency v B0 (e, K= 091 therefore heat drop loat in fricton i
= (| =K hgy = (1 =09 28442 = 20442 klg



pial A Texr ok af Fheemd Ernsineesiag
oo Incrense jm temperature due o friction

= # 2LMIK
T, = 6004 20442 = TIRARZK
and Pty =R,
mRET, | I8T % 7IRA42
. i i g AR ARG )
] Il
AW
We know that m = ——
I
muy 1x137%

2L0E Supersaturatnd Flaw or Metasinhle Flow throwgh Soce

When dry saterated steam is expanded adinhatically or isentropically. it beconses wet snd is
snowm by 8 verlical line on Malber dingrain.

Shperaturaled Baturafion
i rogion I £
I' Bupetal A o op
T P
I lr-. - p-I
'Hlﬂ'll., .
]: g h" F -
"= ¥ E T
[ Decrosss:
| ] il i R e
o Ircraans in sntropy
[ S IFIHI'H A8 s dliagran
I1LEE 5 gturdled 1h Tl A-d dhagram
'Inl."uln-rulrudr 'w::;:;'hu;ﬁ;:mm’lunuh]rnuhum-mu

accompueied by mﬂmmumm!!ﬂehn it inifially superheated, the condensation should
start after i has become dry salariied. This is possible when the sieaim his procesded through some
distance in i pozrle and in & shoet brervid of thme. Bul from praciical poind of view, the sieam has
o gresl velocity (somalimes sonic aml even supersonic). Thus the plenamencn of condensation does
ne fake place wf the expecied raie. As @ result af his, equilibrivm between the liquid asd vapour
e is delnyed and the sesan contineestoexpand in s dry siwie. The sickm in such a st of conditicen,
i3 sadd 1o be superawurmed ar in melanable sate, It s alv called pupercooled deam, a5 ifs
temperalure 38 amy presiure is less than the saturation tempersture coresponding o the pressure. The
flaw of supersasursied steam, through the nozele (s called reperranrared fow or metmtbde fow,

® Wie ko 1hat Beat diop Inylin insiion
= Miss x Sp. I'ﬂ!lm;r:u:lnhmp.

- lhuﬂhﬂhll'rhhm
locreass imiemp = N ¢ Sp. hemt T _:!-B-H'.!IZ

{ . Sp hest o aken a0 g K)



Hipaim Wozzles 4491

Iaponments o supeesabusaled Mow af sieam kave shewn that there is o Hmal lo which the
supeisatsrsted Mow is possibde. This limit i represended by *Wikson ling an 7' - 5 and A-r dingram as -

J shown in Fig, 20,11 {s) and (&) cespectively. 1t may be noted that the Wiltson line closely fodlows the

057 dryness fraction line. Beyond this Wilson line, there 15 no supersaturation, The sieam siddenly
eondenaes and restnees its normal equilibrium st

T Fig 20,11 {#)is shown the isentropic expansion of sleum in a nozale. The paint A represents
the pasition of milial dey salursted seam at pressure p. The line AC repeescnis (he lsemropic
expasmins of steam o (b supersaturated region, The metasiahle mate (posat C) ks obdained by drawing
umﬂi:l“in:l:mulh.lllnmlmtvﬁul:-ﬁu. .H.!C,I]'ul'lnm:mhpqnlﬁﬂﬂjl,'{'hulh‘:{'ﬂ
represends the condérmation of sleam at conslant enthalpy. The point [ s oblainad by dwing o
hewizomial Hine thirough © to meel (b throst pressune { p,) of the nozzle, The line DF represents the
issntrapic expanséon of sleam in lhe Svengent portion
Budesr 1. The same theery & spplicable, if ds weam i inilially superbesiod,

1. The dhlference ol superiaburaled Emperatoe and sivaiion iemperature ai thal peesiure is knsis
i deprev if waderconling, Mathematcally, degme of unlermoling

=T=Ty

3. Tha ratie of pressares comesponding in temperaines T, and 75" |5 knowa a3 dreree of siypersotum-

tan, hlallemabcaliy, degron of superssuration
a Prensure cooespordiag 1o Ty o
Preasure cocresponding b0 T, '
4, The folicrsing relamon may be wsed in mlving problem o soparaioreted flow

til p:i}L-mi;:@ (i) gt = Cpmmeer;and (i) ?ﬁT.:-Umﬁ'rl

where v = Vakime of sieam In m*kg,
= Pressure of sieam in har,
& = Enthalpy o wotal beal of sieam i kg, snd
T = Absolae kempeasam of suporasimied heam i K.
2114 EMects of Supersaturation
The following effects in a nazzle, i which supersaturation occurs, are imporiant from the
subgect poind of wiew
I. Since the condensalion does not take place dering superssuraned expansion , so the
temperature o which the soperanmation occurs will be less than the saturalion tempenbane corre-
spanding i the pressure. Therefore, the density of sepersatursied steam will be more** than for the
equilibrism conditions, which gives the incremse in the mass of steam discharged.
2. The supersaluration increases the entrogry amd specific valume af the steam.
1 Tl_tmmhmﬂ!hulﬁq:hﬂ:uumﬂnﬂu]hhwﬂmh
thermal equilibium. Heace the exit velocity of the sieam is reduced,
4. The ssperesturation increases dryness fraction of siesm,
Example 21.15. The dry saturated steam is expasded is @ mozsle from prexare of 10 bar fo
a pressure of 3 bar. If the expansion iy supersaturated, find ; I, the degree of underconling ; and 2.
the degree of supersamration.

¥ The Hindrof pipersaraied eapiman wa ind shouwn by 1hac g3 periemens deme by CTH. Wilsen i [257
The sutvirquent weirk by HLM. Sartn has enshiled a curve which wis tormed by him it the Wikon line
F1 b et i thiatt the e niity ol sepeasaturatad vicam is s eipks imes that of ihe ordinary siurassd
wapour 2 the comespond ing pretene

32 -
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Solidien. Chiven : p, = 10 bar ; p, = 5 bar
I Begree of wederoosding

From sicam tables, comesponding o a pressure of |0 bar, we find thal ihe imital iemperature
i sleam,

T'I = |T9FC = I79.9+373 = 45159 K
Let Ty = Temperatuweat which supersaluralion oooan.
Wie know thet for supersabrated expansion,

2 il
e S Mt S £ S ].um
o O 75 o R P 0 ;
T, = T, 0851 = 4525 % 0,552 = I859K

= B39 -I1 = |125° 0

From steam inhles, cormesponding to o pressure off 5 bar, we find tht the satembion temper.
biife,

T, = 15k C
2. Degroe of underconfing = Fy=T," = 15191129 = 37 Ans

1 ﬂrgmqurﬂ.w:mruim

From steam tables, comesponding ina temperature of | 129 C, we find that

p:"- 1.584 kar i

*. Degres of supsrsaturstion

=pyfpy = 511588 = 106 Ans,

Exumple 2116, Find the prrrentage increase in dicharge from o comvergeni-divergear
mozfe prpanding steam from & 75 bar diy o 2 bar, whea ; . the expansion is taking place usder
thermal eguiihrium, and 7. pthe steam iz in mesaiabie s during par of iy expansion,

Take area of sopole ax 2300 m’,

Salutinn, Given 1 p, =875 bar ; g, = 2 bar : A, = 2500 mm’ = 2500 % 10~* m*

I Mo of steon dinchanged wiven She exmanston i imder iermnd cguliabrm
Let  mi, = Mas of steam discharged.

The expansion of steam under conditions of "tker- r .
mal eguilibrium s shown on Molleer diagram as fn
ig. 2112
Fram Muollier diagram, we find that
k= 210 Klikg s by = 2515 kMg | and 5, = 0.9 I
Fiom steam tablex, al & peessune of 2 bar, we find
it the specific volame of sieam at exit,

B = DEESmYkg

Fig. T0. K3

T ol e e Eeans thal the flow ol detm o Benorge
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We know that hiest drop from islet o exit,
Rp = Ry~ by = 2TT0- 2515 = 255 kMg

& Velporty of stesm o exil,
V; = MT2h, = MT2VES = Tidmis

-ﬂlﬁﬁlw-l“‘ﬂlﬁm

= T Te T, T 091x08ES
2. Maitof sean dizcharged when i in *mie ity phode
Let my = Mass of steam discharped.

We keow that valime of steam si inlet,

00023 (h, - 1943)  Q.0023(2770— 1943) _
W o= 5 = 875 0217 m'fig

and volwme of steam ab exdi,

b o= F'[‘E:] - ﬂil?[%]ﬁu -ﬁ.ﬁ'.l'jm“f;
o p = )

We knorw that wolume of steam at exit (1),
00023 (A, - 1943 0.0003 (hy ~ 1943)
- = = -
3 h, = 25Mkbg
We know that hest drop from inlet to exi,
e T T
-+ Velocty of steam at exit,
Vy = 4472k, = 44.72VHH0 = 603 mis

A Y 2500x 107* %693
ard m:- 1;|ll = mj -Eﬂky':: A,

.. Percentage increase in discharge

BT _ST=IN o 163% AR
- 730

n&7s

2108 Steum Injecior
The prisciple of & steam nozzle may slso be applisd to o steam injector. 1§ utilises the kincfic
energy of o steam jel for increasing the prexsure and velocity of water. It s mostly used for foecing
the feed water into slzam bollers undes pressure. The action of & seam injector is shownin Fig. 21,13,
The steam from the bailer is expanded to a high velocity by passing it throwgh a convergent
noazle A The sseam jer enters the mining cone and imparts its momentum Lo the incoming waser
supply from the feed tank®® The cold water causes the sieam 1o condensa. The resulting jed af B,

¥ The probloms on meisishle Row canno? be siolved by Molier diagrm unkss Wilkon e b doiwa
" The {ped tank may be e o helow the level of the stom Bsecio:
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fomed by the sieam and water is at aimospheric pressure, and has o large vefocity. The mixtare then
enters delivery pipe at C thaouph a diverging cone oo dilliser, bn which the kisstse enerpy i reduces!
and gonverted intg pressure energy. This peesssre enengy is sullicien o overcome the boiler pressare

IFig .13 Sigsm agcowm

ard o ift the water through a beight H,. The pressere of water on leaving the delivery pipe must be
absout 20°% higher tham (he Boiker pressure in order ko overcoms all resistances. The gap between (ke
mining comt and divesging cone i provided with as oullel threugh which nny exces water may
overilow thaing the staring of the injector

2115, Stesmi Injector Caloulations
‘Thie Tollowing colcubations of a steam infector are impontenl from the subject podnt of view |
1. Armouni of waler impecind
Let ri_, = Muisof water endering the mixing cone in kgfg of seam,
V, = Welogity of steam beaving the converging cone of nozzle,
¥_ = Velocity of wamer epsening the mizing cone, and
¥, = Yelocity of the miubae beavieg ihe mixing come

According ko the principle of conservaticon of mamentsm,
Mamentem of Sesm 4+ Momestum of waler = Momenlsn of miviue

lx'l',+ﬂll_.?.=1.|+ll“}v.- b'.-rqu‘F_ (i}
or V=V =m, (V- V)
¥,
m, = :ﬁ-=—';l'- kgkg of sieam

PMuie 1 In cone Ba food ik b bedow ihe lovel of iBe vieam infedior, e equation (0 may bo wilen an
12¥,—m ¥, = {l+m )V

: e



Steam Nozzle
3. Vilesciiy of steee leaving the wozile
TLet py = Dnitial pressans of sesm,
P, = Pressure of sieam leaving the nozzle st A, and
k= Isentropic heat drop,
& Welocity of steam beaving the nozile,
Vo= a2,
1 Walagiry of manier peatering dhe aniving coe
Let H, = Height of water in the faed wnk from the level of nizem inpecto
= Welocity of waer entering tho mixing cone,
¥, = ﬁﬂl
A Vot af wolottire faonimge e adring cone
Lei g, = Pressure of steamn in the baifer in bar,
P, = Pressure of the mixture baving the mixing coneat &f in bar,
= Density of the mistere ot # & kp/m’, &g
¥, = Velocity of mivure 20 8.
& Total energy per kg of wites al B
g, Vo
. *Tm]ﬂiﬁl S )

This energy must be sufficient in R e water through & height Hy metres and infect it inso
e boiler. The firal pressure head on keaving at €, must be somewhat greater than the helght i, ples
i hoiiler pressure. B B ks the necessary excess head in metres, then

Total energy per kg of waler af B
i1 .

' = P ) o) Lt
Eguating equations {i) and (i}

e ¥ 10p .

%+T= Rty 440

15 1F [ p, - :
i , = ﬁw*uwﬂm . i)

Wi have alresdy discussad that (he pressure ol the musiers leasang the mizing cona (8
itmodgherse. Thesefore, wking the vabue of p_ as 1013 bar and ssuming he demiity of the mixbare

an JENHD kgfm® (equal to densily of waler), we pel

\szxtﬁ"qp,—ml T,
= 44102 p, ~ 1013 + Hy+ H
Nilg: IV, isdhe mluril::lihﬂdﬂ.-u}pip:,m
iedi
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5. Mopile grem
Let A, = Anaol meam norzle al A,
A, = Arcaal combining nozzle (or miving cons) s 8,
¥, = Veloglty of ssoam leaving the converping cone,
v, = Specific volwme of steam after expansion in nozele at A,
m = Mass ol waler required io be dellivered in ks, and
wi_ = Mussof watcr epering the mixing cone ja kp/kg of siewm.
2 Mg of sream: supplisd,

A om
T T

mo B
. ATm,
Also m+m=A,Vp
3 n{!l-:I:]
L]
- A= TaT ~ o7 uss 20 = 1o kghir)
6. Mem balaare per ki of sream
Let # = Enthalpy or total hea of steam emering the imjector in kf,
' = Tempersture of water in feed tank in °C,

"'.nr = Sensible heat of water suppliad o the injecion comsponding
o & temperature of 1 in kg,
1 = Temperature of waler leaving the mixing cone at B in *C, and

by, w Sensible heat of water leaving the mixing cone & 8. comesponding
i & eemiperatine of I in KNkg.
Then heal spplied in steam + Hest supplied in water + Kinetic energy of water
= Heal s miziure + Kincte energy of mixbare

v {1 +m) V2

i, by £ - (w4 e
From this equation, the value of b, may be desermined and hence the lemperature uf the

milxpare 1, is known,

Noke : In the aborve equation plr sign 1 used when feed tari is sbovs the Jeved of the ueam Injector, white

mrpative BEn b5 vl when it 5 below the level of infecior.

Example 3117, An injecior 5 required te deliver 120 kg of water per misale from a fank,
whnse cansiant water favel i 1 m below the level of injecior, into a boiler in wikch the sieam presrare
ds 15 bar, The water lewel in the baller i 0.7 metre abowr the Level of the Injector. The steaem for the
imjecior is taken from the same boiler and it is axnumed fo be dry and saiurmied. The precnere of steam
Tesving stecm nagzle i .8 timen thar of the supply pressure. The remperniure of the waier in the feed
tank 1 257 C. [f the velocity in the delivery pipe is 15 ms, find :

1. Muss of waster injected per kg of steam, 2 Area af mixing cone, 3 Arva of nievs morzzie, and
4. Temperiiure of waler leaving the inferine



Kervani Nogales Lo
Solution Given 1 m = 120 kpimin = 2kgis i, =3 m below tiee lewel of inpocior ; p, = 15 bas ;
Hy=07 i alberve the Tovel of ingector ; p, =06p, = (6 X | 5= 9 bar {1 =20V, =15mh
I, Afuss of witer injecied per by of sivem
rmﬂullhdmlh:hﬂmrkhlt:hpm;ﬂﬂﬂtﬁhhlﬂih,
h, = by - by = 7795 - 2700 = 95 kikg
anel dryness fraction of seam afier expandion,
g, = 0.965
W kevw ihat velocily of sieam keaving the noezle,
V, = 4724k, = 472495 = 36mis
We knuw that velocity of waler emeting the mixing coso,
V, = VIgh, = {Ix 9B %3 = 167 ms
and velocity of minsom kaving the miving cone,
v, = 4434102 (p, - 13+ Hy+ H
= 443VIDI (15 = 1013+ 07+ TLAT = 55 mis

LA L
H'ﬂ'uﬂl = 1ATm
2, Muss of water injected per ky of sieam,
lIl_lru "3'6'-55
Yy, T SeTE T g A
2. Areir nf miging oone
We know that arep ol the mixing cone
nr(l+ 1 ] al [
¥ E gl
. 265
A= = ."Hxlﬂ‘-'.ﬂ#

o0V, 1000x3S
=423 mm Ans.
A, Ao oof sheoew ariole
Froun steam tables, comresponding toa pressure of 9 bar, we find that specific vahume of stetm,
v, = 02148 m'kg
Wi knoow that nnin of sieam nozzle,

S T R T L T
= 156% 107w = 156mm’ Ans
A, Temiprermhire of water frmrwg i e
Hnmunmuhlmmndthlmlpﬁﬂm;nfl_=lrc. w (ind thd
b = 1048 kMg

-V, (14m)¥)
T :F+HJ%+W‘

gt e m BV 2., 095xDHE

We know that & +m R, —
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608 (767 s 1 + 6.08) (55
mnmmm.:-—jni;%ﬂn{nﬁmaﬂi—hﬁjﬂi—f

iz = 704 h‘_i- iy

o by, = 4037 klkg
i Temperatire of wﬂhuﬂulh]n{ﬂ{fm“hﬂqmpuﬂlqb:ﬁli klfkg),
' L= 15C Ans.
EXERCISES
I Thﬂyﬂmd#uiupumﬁ}hi:umhmuqun]h-lnnmkuamum
el 112 bar. Find the velosty of steam leaving the soezle. ek, HENT mis]

i 'I‘qur_undmmﬂmni:rnmnllﬂih'uaqnﬂdhrﬂmﬂnﬂh;;nmkma
presaute of (7 bar. Deterning the firsl velecity of the sieam ivssing fiom the nezzic, whr ] friction s
mecglecind, and (h) 1P of the heai divp s i in frictinn

Thae inifis] welacily sof sicam may be fej bzl 1A, duj WIS mes, [0 B9 i

L Emmimdlihﬂmﬂhﬂpuﬂlnu“ﬁ'In:mmd’lh!l'r.l'hdmr

Timal veloriny snd dryness fraction of viem, if
{ux) Trieron is meglecacd : and (B} 103 of e Bzt devop it Dot I frdctioon,
BAmer ) DA i, IR - ) 0 R L] |

4 Emnhnnhﬂhnmuhuuhumﬁm.mmmmﬁ:-nnlru:ll-u-htln
presune drops i (L8 bar. Deteresine e velocily sl drpness: Foction of i sizam when i leaves the niate,

| Ams, 5455 b, 019]

4 Shnmnpnch:hrwjmhkih-,lmhudm:hhhuhnnmdtpuhuupimwpr”at
ﬂm:hnuhuprnpntuu-lmup-hllkm:&quhmmhnihwmmdﬂcmm
imcreases from 005 m' o 0.3 m’, I the entmance vefocity In B0 b, delermine the exl) welatiiy.

IAms 417 5 mis|
B Calculie the therat ares of aourle suppbed with sieam ot 10 bar asd 200°C. The raie of Plow of
sleamis | 2 kgh, Meglect fricton and assome the vebaily al inket o be smail [Ans, K7 inm"]

] e B Ewrhrqnndl[Iﬂll,p.ﬂ-_rirmIhﬂ-ﬁurlhruﬂlﬂ?ruljmhlumﬁmlfm
Hmkmmfhwmﬂﬂ.ﬂm.l‘-d:I.hmslmilydﬂn.ﬁﬁllfmhm;ﬁllhﬂl
arra of noazle. Fegloct the inled velociy of weam | s, A19T 1 5 L0 |

A S'Eﬂlhlﬁllmiwﬁmtmhlumufﬂhrﬂnﬂumm
dmtmgﬁlmnlwﬂhuwwumihﬁnFril:tin.'ntrnu!mwm:ilH:I
hﬁﬂﬂhmﬁ:mmhumﬂdﬂhhlh.ﬁhhh

B the theral e el velocilies, and 2. the thmat sad exil aress.
[Ana. 52 s, T8 ml . 3000 mm®, 580 min|

¥ The thruet dismeser af o nordde v S mm IF dry and salcaiad weam st B0 Bar in supplied o e
A, ealeulaie the mask Mow per second, The pxhaus pressure ia |4 har, Asveme Brirsion less sdisdatic lw
and bewdex of expamaon, n= 1134,

W 10 peicent of the Beaotopl biesst drop s oot i IricUon, whal shoukd be ihe enirect diasieler |
iiiled for steemy i iaue af fhe same cahasst pesue 7 A, HIAD kgt 702 mm|

10, Cakulnie the throat and exit diameters of 1 convergent divesgent nogele which will disc hage 820
iﬁn!'lnu-npﬂhul'nmwmdimHﬂhmdmmrfhhlmmhhﬁllmmur 15 bar.
The fricson fiass in Ihe divergent part of the nozele may be mken u 015 of the sl sadalpy diop,

(e 153 mm ; 206 mm |

1L A wegm naftbion develops 185 BW =i 4 comumpion of 165 kE AWl The ferisoe and
iemperdiung nf he Seans enfening i soeele are 17 harand 2307 C, The ateam leaves Uie magale at 1.2 Yar. The
dlameirg of o rorale ol thiost i T o, Fisd the nember af soezles



Stems Mazzhes 45
. IT8% of the botal enthalpy diop s s & frcsien |s ihe divergeag jart of the noezle, determss (he
dizmeter uf the exil of the norele asd the exii velocity of e leaving seam.
Bhoich the sheleinn Mollier dragram amd show on it the values of presare, lemperasses or drysen
fractien, enthaly and specific volume 22 Inket, throat and sail, T 1A T T e ; BAT i)
IZ. Steam eapands in mozel undes the Tolkowing conditcss : Inket presaure = 15 bar ; Inks rempersties
= 250 C: Fisal pressure = 4 bor | Mass flow = | kgfe g
Cakculaie the rquired throat and exit srem, wimg Mallier dagnm, whes [ the expandion is
fricticalesy, and 2. the friciion fnss ol any pessur: smowils bo 10 percent of the mois] head diep down lo that
et | s, A0 men, 606 mim” ; 08 ma?, 650 mm?)
i3, Ui eapand in g cosvergest divergent soazle from 3.6 bar sl 4357 C 10 & back pressure of | bar,
ol the rate of IS ki, I abe nocels eMcscy i 092, coleulaie he reguieed dvross ssd eail wress of ihe nozle
Meglect inkal velocily and [riction in he comvergent pant. For the gases, ke o, = 1UF kMg K and 3= 1 33
fAma, G0A2% = ; 0 m?)
14, Thqummﬂmtmﬂkin;muhirmumtﬂlhhlh-.lnltmpuimiu
reprasafuralnl. khmhs&mkpﬂdlﬂmﬂu]mnmd’;mm.im. [Ana, TT60°C 4 55|
18, Kigam 48 42 bar ahd 160 T eniers a nozele nnd keaven o T8 bas. Meglecting inliin] kinetc energy
uﬂmuihirglqﬂ-mﬁmﬁ::rrril:ﬂdimmi’u:lfhwuﬂl}!!ﬂtlm:djnnnhvﬂmhr
wnlFaicet of #h% [Ana. 2B ma
18 Compore the maw of dischags from aconvergend-diverges: nesste expanding From B buar ssd 2107
Cio kar, when %
I, the expansion fhes place pader Gemal epuilbmum, sd 1 te steam i in spe-siumied
condition deving a gt of its exassion,
Talke area of noezle as 2400 mm®. {Ans, 81%)
17, Animpctor it b delévor 100 kg of wwex per minuie from o tank, whose cosstan waer kevel is 1.7

im bk b Bewel of the injector il @ beller inwhich the stmam pressure iz 14 b, The seer leve] in e bofler
B 1.3 metrs wbows il bevel of the injecior, The sieam for the {nfeeior b taken from e seme bailer and it is
assamed o be dry and spuraied. The presmre of sieam leavisg seam noerle i 05 limes that of e supply
pressere. Bithe veloeaty in the defiveery pipe is 13,5 sy, fiad
I, Mass o wites pemiped per kg of steam ; 2. Ares of mixing cone + 1 Area of jieam pozrle ; and
4 Temperanire of waler leawing e irgector, if the iemperanire of water in the feed wnk i 15 C,
[Ans. 29 kg 35,5 men' 2 1074 mer ; BT 470

DUESTIONS

L. Esplain the function of mazles used with steam turbénes,

2. Discuss the fusciions of the convergent portion, the throal and the divergent partion of o
compprgent-divergent nozzle with reference o fMow of steam,

3. What is stoady Now erergy equation s applied bo steam nozeles 7 Explais its uie fn the
ealculaton of steam velocity st e esil of a nozzle.

4. Discuss the effect of friction ducing the expansion of sicam though o convergemi-diver-
PENt poeele when

(1) the sbeam af endry 1o (b nocxle s saturated, ad
(ify  tha stenm ol eniry i superbsaled.

Assame the pressure of sieam Io be initially same in both the cases, Mack the procestes on &
sketch of esthalpy-entropy diagram.

5. Explain what is meat by crilical pressuee mtio of o nozzle. )

fi. Slarting from fusdsenenials, show that for maninuem discharge through a nozele, the ratio

of throst peessuse 0o inlet pressure b given by [ ;ET ]- T e e B iseniropic

eapansion thriugh b poele
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7. Derive an expresaton for maximum discharge (hoagh convergent divergent nazle for
sieam.

8, Draw the “dischusge’ versus ‘ratio of pressures at oullet i inlet” curve for 4 comvergent
stenrn nozzle. Discuss the physical significance of critical pressure rafio.

9. Explain the sopersstursted or metnstable flow of steam through a nezzle and the signifi-
cance of Wilzan's Hne.

10, What are the effects ol supersaturation on dischacge and heat drop 1

ORIECTIVE TYPE QUESTIONS
1. The sieam legves the norzle ot a
[ hijgh pressiare and low velocily {6 high pressore and high velooty

() lovw prressure and low velociny () low pressire and bigh veloclty
2. The efect of friction n & noazle ... dryness fraction of sieam.
[a} ncieases (&) decemmes
1, The velocity of sieam leaving the noxzle (V) is given by
fa) ¥ = HITKh, BV = MTIK AR,
)V = 472VER, (W) V = M.T24, 4K
where K = Noazle coefficient, and

b = Enthalpydrop duringexpasdion.
4. The crisical pressure ratio for initlalky dry sabarated steam [s
() 0.318 () 0.546 () 57 {a) 0.582

5. The critical pressure ratio for initiafly superheated steam is ... as commpared £ indtially
iry salurated steam,

[} e i) hess
& The Mow of gleam is super somc
{a] al the esirancs o ke pozzle {b) at the throal of the noxide

() in the coeverpend prtson of the sorzls {afy i 1P diverpeni postion of e nozle
7. The dfference of supersaturnted teniperature and saturation lemperalioe i that pressang
i known ns
iz} degree of nepereaturation ) degren of muperhzal
{e) degree of undereosling () none of these
i, Innnozzle, the effect of supereaburation is io
fia) decrease the dryness fraction of steam () decrease 1he specific valume of Heam
f) increase the entropy {f} increase the enthalpy drop
9, ‘The density of saperasturated steam is aboal . 1kt of the ondinary gaturated vapour ¢
the corresponding pressure.
(@) smime na () 2 tirmes {] 4 wimex () B emes
I, 'l.l'hmmhlrtp':smtullmu]ui:bddwhﬂﬁlpdﬂh:nrg-mwuni:-i
noerke, the noezle i said o be

{a} ehoked (b} under damging (c) over damping
ANSWERS
1. 2. {n) 3. (e} 4. (e} 5. (bl

b {al) 1.4} B i) 4 () b (&)



Definition

A steam turbine 1s a prime mover 1n
which the potential energy of the steam
1s transformed into kinetic energy and
later 1n 1ts turn 1s transformed into the
mechanical energy of rotation of the
turbine shatft.



Classification of steam turbines

According to the action of steam:

>

Impulse turbine: In 1mpulse turbine, steam coming out
through a fixed nozzle at a very high velocity strikes the
blades fixed on the periphery of a rotor. The blades change
the direction of steam flow without changing its pressure. The
force due to change of momentum causes the rotation of the
turbine shaft. Ex: De-Laval, Curtis and Rateau Turbines

Reaction turbine: In reaction turbine, steam expands both in
fixed and moving blades continuously as the steam passes
over them. The pressure drop occurs continuously over both
moving and fixed blades.

Combination of impulse and reaction turbine



According to the number of pressure stages:

>

Single stage turbines: These turbines are mostly used for
driving centrifugal compressors, blowers and other similar
machinery.

Multistage Impulse and Reaction turbines: They are made 1n
a wide range of power capacities varying from small to large.

According to the type of steam flow:

>

Axial turbines: In these turbines, steam flows in a direction
parallel to the axis of the turbine rotor.

Radial turbines: In these turbines, steam flows 1n a direction
perpendicular to the axis of the turbine, one or more low
pressure stages are made axial.



According to the number of shafts:
> Single shaft turbines
> Multi-shaft turbines

According to the method of governing:

> Turbines with throttle governing: In these turbines, fresh
steam enter through one or more (depending on the power
developed) simultaneously operated throttle valves.

> Turbines with nozzle governing: In these turbines, fresh steam
enters through one or more consecutively opening regulators.

>  Turbines with by-pass governing: In these turbines, the steam
besides being fed to the first stage 1s also directly fed to one,
two or even three intermediate stages of the turbine.



According to the heat drop process:

>

Condensing turbines with generators: In these turbines, steam at a
pressure less than the atmospheric is directed to the condenser. The
steam 1s also extracted from intermediate stages for feed water heating).
The latent heat of exhaust steam during the process of condensation is
completely lost in these turbines.

Condensing turbines with one or more intermediate stage extractions: In
these turbines, the steam 1s extracted from intermediate stages for
industrial heating purposes.

Back pressure turbines: In these turbines, the exhaust steam 1s utilized
for industrial or heating purposes. Turbines with deteriorated vacuum
can also be used in which exhaust steam may be used for heating and
process purposes.

Topping turbines: In these turbines, the exhaust steam is utilized in
medium and low pressure condensing turbines. These turbines operate at
high initial conditions of steam pressure and temperature, and are mostly
used during extension of power station capacities, with a view to obtain
better efficiencies



According to the steam conditions at inlet to turbine:

>

Low pressure turbines: These turbines use steam at a pressure
of 1.2 ata to 2 ata.

Medium pressure turbines.: These turbines use steam up to a
pressure of 40 ata.

High pressure turbines: These turbines use steam at a
pressure above 40 ata.

Very high pressure turbines: These turbines use steam at a
pressure of 170 ata and higher and temperatures of 550°C and
higher.

Supercritical pressure turbines: These turbines use steam at a
pressure of 225 ata and higher.



According to their usage in industry:

> Stationary turbines with constant speed of rotation: These
turbines are primarily used for driving alternators.

» Stationary turbines with variable speed of rotation: These
turbines are meant for driving turbo-blowers, air circulators,
pumps, etc.

» Non-stationary turbines with variable speed: These turbines
are usually employed i1n steamers, ships and railway
locomotives.



Advantages of steam turbines over steam engines

()

o R N5

10.

The thermal efficiency is much higher.

As there 1s no reciprocating parts, perfect balancing is possible and
therefore heavy foundation 1s not required.

Higher and greater range of speed is possible.
The lubrication is very simple as there are no rubbing parts.

The power generation i1s at uniform rate & hence no flywheel is
required.

The steam consumption rate 1s lesser.
More compact and require less attention during operation.
More suitable for large power plants.

Less maintenance cost as construction and operation 1s highly
simplified due to absence of parts like piston, piston rod, cross head,
connecting rod.

Considerable overloads can be carried at the expense of slight reduction
in overall efficiency.



Methods of reducing rotor speed
(Compounding of turbines)

> If high velocity of steam is allowed to flow through one row of moving blades, it
produces a rotor speed of about 30000 rpm which is too high for practical use.

> It is therefore essential to incorporate some improvements for practical use and
also to achieve high performance.

> This is possible by making use of more than one set of nozzles, and rotors, in a
series, keyed to the shaft so that either the steam pressure or the jet velocity is
absorbed by the turbine 1n stages. This is called compounding of turbines.

» The high rotational speed of the turbine can be reduced by the following methods
of compounding:

1)Velocity compounding
2)Pressure compounding, and
3)Pressure-Velocity compounding



VELOCITY COMPOUNDING
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Velocity compounding



It consists of a set of nozzles and a few rows of moving blades which are fixed
to the shaft and rows of fixed blades which are attached to the casing.

As shown 1n figure, the two rows of moving blades are separated by a row of
fixed blades.

The high velocity steam first enters the first row of moving blades, where some
portion of the velocity is absorbed.

Then it enters the ring of fixed blades where the direction of steam is changed to
suit the second ring of moving blades. There is no change in the velocity as the
steam passes over the fixed blades.

The steam then passes on to the second row of moving blades where the
velocity is further reduced. Thus a fall in velocity occurs every time when the
steam passes over the row of moving blades. Steam thus leaves the turbine with
a low velocity.

The variation of pressure and velocity of steam as it passes over the moving and
fixed blades is shown in the figure. It is clear from the figure that the pressure
drop takes place only in the nozzle and there is no further drop of pressure as it
passes over the moving blades.

This method of velocity compounding 1s used in Curtis turbine after it was first
proposed by C.G. Curtis.



Advantages
1) The arrangement has less number of stages and hence less initial

cost
2) The arrangement requires less space

3) The system 1s reliable and easy to operate
4) The fall of pressure in the nozzle is considerable, so the turbine

itself need not work in high pressure surroundings and the
turbine housing need not be very strong.

Disadvantages
1) More friction losses due to very high velocity in the nozzles

2) Less efficiency because ratio of blade velocity to steam velocity is

not optimum
3) Power developed in the later rows 1s only fraction of first row.

Still all the stages require same space, material and cost.



Pressure compounding
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> It consists of a number of fixed nozzles which are incorporated
between the rings of moving blades. The moving blades are keyed
to the shaft.

» Here the pressure drop is done in a number of stages. Each stage
consists of a set of nozzles and a ring of moving blades.

» Steam from the boiler passes through the first set of nozzles where
it expands partially. Nearly all its velocity is absorbed when it
passes over the first set of moving blades.

> It is further passed to the second set of fixed nozzles where it is
partially expanded again and through the second set of moving
blades where the velocity of steam 1s almost absorbed. This process
1s repeated till steam leaves at condenser pressure.

» By reducing the pressure in stages, the velocity of steam entering
the moving blades 1s considerably reduced. Hence the speed of the
rotor 1s reduced. Rateau & Zoelly turbines use this method of
compounding.



1)

2)

3)

4)

In this method of compounding, both pressure and
velocity compounding methods are utilized.

The total drop 1n steam pressure 1s carried out 1n two
stages and the velocity obtained in each stage is also
compounded.

The ring of nozzles are fixed at the beginning of each
stage and pressure remains constant during each stage.
This method of compounding 1s used in Curtis and
More turbines.
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Pressure-Velocity compounding




Simple impulse principle

» It primarily consists of a

nozzle or a set of nozzles, a
rotor mounted on a shaft,
one set of moving blades
attached to the rotor and a
casing.

A simple impulse turbine 1s
also called De-Laval
turbine, after the name of its
inventor

This turbine 1s called simple
impulse turbine since the
expansion of the steam
takes place 1in one set of
nozzles.
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Basics of impulse turbine

» In impulse turbine, steam coming out through a fixed
nozzle at a very high velocity strikes the blades fixed on

the periphery of a rotor.

» The blades change the direction of steam flow without

changing its pressure.

» The force due to change of momentum causes the rotation

of the turbine shatft.

» Examples: De-Laval, Curtis and Rateau turbines.



The 1mpulse turbine consists basically of a rotor
mounted on a shaft that 1s free to rotate in a set of
bearings.

The outer rim of the rotor carries a set of curved
blades, and the whole assembly 1s enclosed 1n an
airtight case.

Nozzles direct steam against the blades and turn the
rotor. The energy to rotate an 1mpulse turbine 1is
derived from the kinetic energy of the steam
flowing through the nozzles.

The term impulse means that the force that turns the
turbine comes from the impact of the steam on the

blades.



» The toy pinwheel can be used to study some of the basic principles of
turbines. When we blow on the rim of the wheel, it spins rapidly. The
harder we blow, the faster it turns.

> The steam turbine operates on the same principle, except it uses the
kinetic energy from the steam as it leaves a steam nozzle rather than
air.

» Steam nozzles are located at the turbine inlet. As the steam passes
through a steam nozzle, potential energy is converted to kinetic energy.

» This steam is directed towards the turbine blades and turns the rotor. The
velocity of the steam 1s reduced in passing over the blades.

» Some of its kinetic energy has been transferred to the blades
to turn the rotor.

» Impulse turbines may be used to drive forced draft blowers, pumps, and
main propulsion turbines.



Construction and working of impulse turbine

>

The uppermost portion of the diagram
shows a longitudinal section through
the upper half of the turbine.

The middle portion shows the actual
shape of the nozzle and blading.

The bottom portion shows the variation
of absolute velocity and absolute
pressure during the flow of steam
through passage of nozzles and blades.

The expansion of steam from its initial
pressure (steam chest pressure) to final
pressure (condenser pressure) takes
place in one set of nozzles.

Due to high drop in pressure in the
nozzles, the velocity of steam in the
nozzles increases.
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The steam leaves the nozzle with a very high velocity and strikes the
blades of the turbine mounted on a wheel with this high velocity.

The loss of energy due to this higher exit velocity is commonly known as
carry over loss (or) leaving loss.

The pressure of the steam when it moves over the blades remains constant
but the velocity decreases.

The exit/leaving/lost velocity may amount to 3.3 percent of the nozzle
outlet velocity.

Also since all the KE 1s to be absorbed by one ring of the moving blades
only, the velocity of wheel is too high (varying from 25000 to 30000
RPM).

However, this wheel or rotor speed can be reduced by adopting the method
of compounding of turbines.



Disadvantages of impulse turbine

1.

Since all the KE of the high velocity steam has to be absorbed
in only one ring of moving blades, the velocity of the turbine 1s
too high 1.e. up to 30000 RPM for practical purposes.

The velocity of the steam at exit 1s sufficiently high which
means that there 1s a considerable loss of KE.



Velocity diagram / velocity triangle

inlef velocily riangele

Vy — Absolute velocily ol stcam at inlet 1o we's
o, = Morele mlet angle

8 = Blade velocily 1m ey

Vo~ Relanve vielocity of stemm al todet snomes
Moo — Tangential velocity of steam at inler in s
Ve — Axaad veRooiTy of steam AF anlet in mes

£ = Blade inlet angle

&, — Blade ontlet angle

P Relative velooity ol sieam ot oniled inome's

Vew — Tampentyal velocity of steam at oanler o ms

onrlet velociny triangle ) )

V. = Axial velocity of steam at outlet in m/'s
o ¥

A — Blade velooiy coethicient %

4

F, = Absolute velociiy of srensm at ontlos i m's
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Combined velocity triangle
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WORK OUTPUT, POWER,
BLADE EFFICIENCY & STAGE EFFICIENCY

Force in the tangential direction = Rate of change of momentum in the tangential direction.
= Mass per second X change in velocity Newtons
= m( V.,xV, ) Newtons

wl —

Force in the axial direction =Rate of change of momentum in the axial direction.

(axial thrust) = m(Va =V, ) Newtons
Work done by steam on blades = (V =1 % )u N -m/s
Power developed by the turbine = (VWJ £V, )
1000
+ +
Blade efficiency = Work done. on the blade(s) _ m(Vw Pl sz)u _ Zu(VW s V. ,u
Energy supplied to the blade(s) 1 s v,
1

Energy lost due to blade friction = % m(VﬂZ — V,,22) N -m/s
Work done on the blade(s) m(V

wil —

VW2 ) (le * Vw2 )l/l

Stage efficiency = : =
Total energy supplied per stage (H ,—H 2) H,

where H, =H, —H, =Heatdrop in the nozzle ring



MAXIMUM WORK &
MAXIMUM DIAGRAM EFFICIENCY

From the combined velocity triangle (diagram), we have
V.,=Vcosa, =V cosf +u and V ,=V,cosa,=V_cosf,—u

J ., V,c08 B, U

OV, +V,=V, cosB +V,,cos, =V, cos B+ (= V., cos 181(1 t KC)
0 Vacosf [
where K = £ and C = cos 5,
Vi cos f5,

(OI') le +Vw2 :(I/lcosal _M)(1+KC)
Rate of doing work per kg of steam per second = [V cosa, —u)(1+ KC)u

. . _ (V1 cosQ, —u)(1+KC)
[ Diagram efficiency, /7, = e
1

Let, p = % = Blade speed ratio
1

Then, Diagram efficiency, n, = 2(,OCOS a, — ,O2 )(1 + KC)



MAXIMUM WORK &
MAXIMUM DIAGRAM EFFICIENCY

From the above equation, it 15 evident that diagram efficiency
depends on the tollowing lactors:

) Nozzle angle. &,

21 Blade speed ratio, £

3) Blade angles. g & f,

4y Blade velocity coethicient, K

» If the values of a,, K and C are assumed to be constant, then diagram

efficiency depends only on the value of blade speed ratio, p

» In order toadetermine the optimum value of for maximum diagram
m,
— 2 =0

0
p cosqQ,
» Then, p becomes, p= 5

efficiency,




MAXIMUM WORK &
MAXIMUM DIAGRAM EFFICIENCY

laximum diagram efficiency =

2 2
(r]b)max (1 Kc)%ﬂ cosqa, _cos 4, E:(l"'KC) cos 4,
0 2 4 2

Note: If the blade 1s symmetrical & friction is absent, then, we have
B=F,and K=C=1

Then, maximum diagram efficiency, (I]b) = cos°a ]

max

Work done/kg of steam/second(

V,cosa, —u)(l +KC)u

Then maximum rate of doing work/kg of steam/second = 2u’



2. Reaction turbine

> A turbine in which steam pressure decreases gradually while expanding
through the moving blades as well as the fixed blades is known as reaction
turbine.

> It consists of a large number of stages, each stage consisting of set of fixed and
moving blades. The heat drop takes place throughout in both fixed and moving
blades.

» No nozzles are provided in a reaction turbine. The fixed blades act both as
nozzles in which velocity of steam increased and direct the steam to enter the
ring of moving blades. As pressure drop takes place both in the fixed and
moving blades, all the blades are nozzle shaped.

» The steam expands while flowing over the moving blades and thus gives
reaction to the moving blades. Hence the turbine is called reaction turbine.

» The fixed blades are attached to the casing whereas moving blades are fixed
with the rotor.

> It is also called Parson’s reaction turbine.



Enthalpy (H ) —>»
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Isentropic expansion in Reaction Turbine
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Work output & power in reaction turbine

The work done per kg of steam 1n the stage (per pair) =
M(le + Vw2)N —-m

The work done per kg of steam per second in the stage (per pair) =
mu(le + sz)N —-m/s

where, m = mass of steam flowing over blades in kg/s

Power developed (per pair) =

work done per kg of steam in the stage per pair

Lfficiency,n =
I i Enthalpy drop in the stage per pair
S U %)
LI Efficiency, ] = 10100 H : where, H = Enthalpy drop in the

stage
per pair in kJ/ke



Degree of reaction in reaction turbine

DEGREE OF REACTION
The depree of reaction is defined as the ratio of isentropic heat drop in the moving blades to the 1sentropic
heat drop in the entire stage of reaction tarbine. It 1s denoted by .
R Enthalpydropinthe moving blade  dH,

Enthalpydropinthe stage dH, +dH,
v T v, »

Where, «dH, =Enthalpy drop m the fixed blade per kg of steam =

H’J&EZH]._'HE

2 g 2
dH, =Enthalpy drop in the moving blade per kg of steam = %H:‘ kg=H,—H,
Also, daH, vdH, = Enthalpy drop in the stage per kg of steam
= H,-H;
= Work done by the steam in the stage
= ullV,, +¥,,)

Fﬂl B P;'I

Zu(rﬂ ¥ Vﬂl)
Note-1: In Pearson’s turbine, the degree of reaction, R=0.3, then, o, = f,and o, = . This means tho

maving blade and fixed blade have the same shape.
Note-2: If degree of reaction, R=0, then the turbine is a simple impulse turhine.
Note-3: If degree of reaction, R=I1, then the turbine is a pure reaction turbine,

)
. Degree of Reaction, R =




Work done & efficiency in reaction turbine

BLADE EFFICIENCY AND STAGE EFFICIENCY
The condition for maximum efficiency 18 calculated considenng the following assumptions:
» The degree of reaction, R =0.5,1.¢. @, = f,anda; = B,
o The fixed and moving blades are symmetrical, 1.e. V) =V, &V, =V,
X
The kinetic energy supplied to the fixed blade per kg of steam = %

F 2
The kinetic energy supplied to the moving blade per kg of steam = £ ; Vi

AT R
Total energy supplied in the stage per kg of steam = é+ = > r

Since blades are symmetrical, ¥, =¥, &V, =V, & from velocity triangles, ¥, =¥, +u* — 2.7, -u-cose,

v, +u' 2.V -u-cosa,
2

Therefore, total energy supplied in the stage per kg of steam = l"lI -
Work done per kg of steam 18 given by,
Work Done = u{V,, +V.,)
= ul¥;cosa, +¥,,cos f, ~u)
= w2V, cosay—u} (+ @ = f,andV, =V,,)



Work done & efficiency in reaction turbine

=irrd-

Work done per kg of steam
Total energy supplied per kg of steam
u{2¥; cos g, —u)
3 W s’ —2-V, -u-cosiy,
‘ 2
ZH{H{ cu:-scr.l—u:]
V} —u® +2-V;-u-cosm,

Eﬂﬂ[icﬂs-ﬂl —;]
1

___2pl2cosa; — p)
‘ 1-p'+2- pcose)

where p=-F =Blade spead ratio



dﬂﬂ

The efficiency is maximum when the term (1 p +2-p-cosa )15 minimum or when —= 7
D

d

ﬂ'—(l—p2 +2-p-cusai): 0

(o) (-2p+2cosa,)=0
(or) |p=cosy,
Therefore efficiency 18 maximum when | 0= cose,

Then, .. (17,),., =

2cosa, (2cosa, —cose, ) 2c08” @,

ll—f.:m.1 a, +2-cosa -cn‘sal): [1+msza,)

_ B ’ZCDSZ o,
N (U'a) (1+ms2 .tx]}
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Impulse turbine vs Reaction turbine

Impulse turbine

Reaction turbine

The steam completely expands in the » The steam expands partially in the

nozzle and 1ts pressure remains
constant during its flow through the
blade passages

The relative velocity of steam passing
over the blade remains constant in the
absence of friction

Blades are symmetrical
The pressure on both ends of the
moving blade is same

For the same power developed, as
pressure drop 1s more, the number of
stages required are less

The blade efficiency curve is less flat

The steam velocity i1s very high and
therefore the speed of turbine is high.

YV V

Y VY

nozzle and further expansion takes
place in the rotor blades

The relative velocity of steam passing
over the blade increases as the steam
expands while passing over the blade

Blades are asymmetrical

The pressure on both ends of the
moving blade 1s different

For the same power developed, as
pressure drop is small, the number of
stages required are more

The blade efficiency curve 1s more flat
The steam velocity 1s not very high
and therefore the speed of turbine is
low.



IMPULSE TURBINE VS REACTION TURBINE

Impulse Turbine = Reaction Turbine

“t

Steam Pressure

=%




Governing of turbines

» Governing is the method of maintaining the speed of the
turbine constant irrespective of variation of the load on
the turbine.

»A governor is used for achieving this purpose which
regulates the supply of steam to the turbine in such a way
that the speed of the turbine is maintained as far as
possible a constant under varying load conditions.

» The various methods of governing of steam turbines are:

1) Throttle governing
2) Nozzle governing
3) By-pass governing
4) Combination of (1) & (2) or (2) & (3)




Throttle governing
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Throttle governing
WILLIAN'S LINE
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Efficiency
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2. Nozzle governing

Steam

inlet
- -

Nozzle Control governing



3. By-pass governing

By-pass valve
- By-pass steam
A T e
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- To lower
T — L — stages
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Shaft

Throttle
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By-Pass Governing
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[Losses 1n steam turbines

Residual velocity loss

Losses 1n regulating valves

Loss due to steam friction in nozzle
Loss due to leakage

Loss due to mechanical friction
Loss due to wetness of steam
Radiation loss



Eftect of blade friction 1n steam turbines

Condition
line

Saturation
line




overall efficiency & reheat factor

Reheat factor:

It 1s defined as the ratio of cumulative heat drop to the
adiabatic heat drop 1n all the stages of the turbine. The
value of reheat factor depends on the type and
efficiency of the turbine, the average value being 1.05.
Cumulative heat drop _ A,B, + A,B, + A,B,

Adiabatic heat drop A.D
Overall efficiency:

It 1s defined as the ratio of total useful heat drop to the
total heat supplied.

Total useful heatdrop _ A,C, + A,C, + A,C,
Total heat supplied H, -h,

Reheat factor =

Overall efficiency =




1 9 Steam Turbines

19.1. Introduction. 19.2. Classification of steam turbhines. 19.3. Advantages of stoam turbine over
the stoam engines. 10.4. Description of comman types of turbines, 10.5, Methods of reducing

wheel or rotor speed. 19.6. Difference between impulse and reaction turbines. 18,7, Impualse
turhines—VYelocity diagram for moving blade—Wark done on the blade—Hlade veolocity

co-efficiont— Expression for eptimum value of the ratio ofblade speed to steam speed (for maximum
efficiency i for a single stage impulse turbine—Advantages of velocity compounded impulse turhine.
19.8. Reaction turbines—Velocity diagram for reaction turbine biade—Degres of maction

(R, —Condithon for maximam efficiency, 19.9. Turbines elficiencies. 19.10. Typea of power in
steam turbine praction. 18,11, “State point locus™ and *Roheat factor™, 19,12, Roheating steam.

19.14. Bleeding. 19.14. Energy losses in steam turbines. 19.16. Sleam turbine governing and
control. 19,18, Special forms of steam turbines—Highlights—Objective Type Questions—
Theoretical Questions—Unsolved Exnmplea

n INTRODUCTION

The steam turbine iz o prime-mover in twhich the potential energy of the steam is trans-
formed into kinetic energy, and latter in its turn is transformed into the mechanical energy of
rotation of the turbine shaft. The turbine shaft, directly or with the help of a reduction gearing, is
connected with the driven mechanism. Depending on the type of the driven mechanism a steam
turbine may be wfilised in most diverse fislds of industry, for pawer generation and for transport.
Transformation of the potentinl energy of steam into the mechanical energy of rotation of the shaft
is brought about by different moenns.

nmnmuﬂ OF STEAM TURBINES

There are several ways in which the steam turbines may be classified. The most important

and common division being with respect to the action of the steam, as :

(a) Impulse.

(h) Reaction.

() Cambination of impulse and reaction.

Other classification are :

1. According to the number of pressure stages :

i) Single stage turbines with one or more velocity stoges usually of small power caopacities ;
these turbines nre mostly used for driving centrifugal compressors, blowers and other
similar machinery.

(i) Multistage impulse and reaction furbines ; they are made in a wide range of power
capacities varying from small to large.

2. According to the direction of steam flow :

() Axigl turbines in which steam flows in a direction parallel to the axis of the turbine.

B28
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{ii) Radial turbines in which steam flows in a direction perpendicular to the axis of the
turbine ; one or more low-pressure stages in such turbinea are made axial.

3. According to the number of cylinders ;
(i) Single eylinder turbines.

(i} Double cylinder turbines.

{1ii) Three eylinder turbines.

(iv) Four eylinder turbines.

Multi-cylinder turbines which have their rotors mounted on one and the same shaft and
coupled to a single generator are known as sifgle shafl furbines ; turbines with separate rotor
shafts for each cylinder placed parallel to each other are known as multiaxial turbines.

4. According to the method of governing :
(i) Turbines with throttle governing in which fresh steam enters through one or more
(depending on the power developed) simultanecusly operated throttle valves.
(1) Turbines with nozzle governing in which fresh steam enters through two or more
consecutively opening regulators,
(i) Turbines with by pasa governing in which steam turbines besides being fed to the first
stage is also directly fed to one, two or even thres intermediate stages of the turbine,

5. According to heal drop process :

(i) Condensing turbines with generators ; in these turbines steam at a pressure less than
atmespheric is directed to a condenser ; besides, steam is also extracted from intermediate
stages for feed water heating, the number of such extractions usually being from
2-3 to as much B-9, The latent heat of exhaust steam during the process of condensation
is completely lost in these turbinea.

(ii) Condensing turbines with one or two intermediale stage extractions at specilic pressures
for industrial and heating purposes.

{1ii) Back pressure turbines, the exhaust steam from which is utilised for industrial or heating
purposes ; to this type of turbines can also be added (in a relative sense) turbines with
deteriorated vacuum, the exhaust steam of which may be used for heating and process
pUrposes.

(iv) Topping turbines ; these turbines are also of the back pressure type with the difference
that the exhaust steam from these turbines is further utilized in medium and low pressure
condensing turbines. These turbines, in general, operate at high initial conditions of
stenm pressure and temperature, and are mostly used during extension of power station
copacitics, with a view to obtain bettor officioncios,

{v) Back pressure turbines with steam extraction from intermediate stoges at specific
pressure ; turbines of this type are meant for supplying the consumer with steam of
various pressures and temperature conditions.

(vi) Low pressure turbines in which the exhaust steam from reciprocating steam engines,
power hammers, presses, etc., is utilised for power generation purposes.

(i) Mixed pressure furbines with two or three pressure stages, with supply of exhaust
sleam Lo its intermediate stapes.

6. According to steam conditions at inlet Lo turbine @

(1) Low pressure turbines, using steam at a pressure of 1.2 to 2 ata
(i) Medivm pressure turbines, using steam at pressures of upto 40 ata.
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(i) High pressure turbines, utilising pressures above 40 ata

i) Turbines of very kigh pregsures, unlising steam at pressores of 170 ata and higher and
temperatures of 550°C and higher.

i) Turbines of supereriticnl pressures, uding steam at pressures of 225 ata nnd nbove.
7. According o their usage in industry :

(1) Starionaery turbines with ronstant speed of rofation primarily used for deving alternators.

1) Stationnery gteam furbines with variable speed meant for driving turho-blowers, air
circulntors, pumps, ete.

i Non-atotionary turbines with veriable speed ;) turbanes of this type are usually employed
in steamers, ghips and rallway locomotives.

vamaﬁﬁs OF STEAM TURBINE OVER STEAM ENGINES

The following are the prncipal advantages of steam turbine over steam engines :

1. The thermal efficiency of a steam turbine 15 much higher than that of a steam enmine

2. The power geperation in a steam turbine is ot a uniform rate, therefore necessity to use
a flywheel (as in the cnse of steam enmine! 1= not felt,

4. Much higher speeds and greater range of speed is pﬂuibln than in case of a steam
ongine.

4. In large thermal stations where we need higher outputs, the steam turbines prove very
suitable as these can be made in big sizes

6. With the absence of reciprocating parts (as in steam engine) the balancing pruhll:ln is
minimised

f. No internnl lubrication is required as there are no rubbing parts in the steam turbine.
7. In n steam turbine there is no loss due to initial condensation of steam

B, It enn otifise high vacuum very advantapgeously,

9. Considernble overlvads can be carned at the expense of slight reduction in overall

efficiency

mDEﬂRIFTIﬂH OF COMMON TYPES OF TURBINES

The common types of steam turbiner are
1. Simple impulse turhine
2. Renetion turbine

The mnin differenee betweon those turlines lies fa tae teay tn which the sfeam i3 expanded
while 1t moves through them. In the former bvpe steam eapands in the nozzles and its pressure
does not alter ox i moves over the blodes while in the (atter type the steam expands continuously
as it posses over the blades and thus there is gradual fall in the pressure during expansion.

1. Simple impulse turbines

Fig. 1.1 shows a simple impulee turbine diagrammatically. The top pertion of the figure
oxhibits a longitudinal section through the upper half of the turbine, the middle portion shows one
aet af nozeles which (s followed by a ring of moving blades, while lower part of the dingram indicates
npproximately changes in pressure and velocity during the flow of steam through the turbine. This
turbane i called wimple” impulse turbine since the expansion of the steam takes place in one sel of
the apzzlex.
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As the steam flows through the nozzle its pressure falls from steam chest pressure to con-
denser pressure (or atmospheric pressure if the turbine is non-condensing). Due to this relatively
higher ratio of expansion of steam in the nozzles the steam leaves the norzle with a very high
velocity. Refer Fig. 19.1, it is evident that the velocity of the steam leaving the moving blades is a
large portion of the maximum velocity of the steam when leaving the nozzle. The loss of energy due
Lo this higher exit velocity is commonly called the "carry over loss® or “leaving loss®

Boller
slanm

Initial Staam

&
e
: =t

B
Fig. 19.1. Simple impulse turbine.

The principal example of this turbine is the well known “De laval turbine” and in this
turbine the ‘exit velocity' or ‘lesving velocity’ or ‘lost velocity’ may amount to 3.3 per cent of the
nozzle outlet veloeity, Also since all the kinetic energy i= to be absorbed by one ring of the moving
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blades only, the velocity of wheel is too high (varying from 25000 to 30000 r.p.m.). This wheel or
rotor speed however, can be reduced by different methoda (discussed in the following article),

2. Reaction turbine

In this type of turbine, there is a gradual pressure drop and takes place continuously over
the fixed and moving blades. The function of the fixed blades is (the same as the nozzle) that they
alter the direction of the steam as well as allow it expand to a larger velocity. As the steam passes
over the moving blades its kinetic energy (obtained due to fall in pressure) is absorbed by them.
Fig. 19.2. shows a three sfage reaction turbine. The changes in pressure and velocity are also

shown there in.
-

SR T g L SR _.-,."_,:.-';‘..-.-_.-
Bailar I_',"r‘i.. M|l L
steam |
Jiiiiilii
o L R
i Egaga =
in - ;j""'* o
e
[F|M ﬁﬂ?zﬁ M
: | |: '
| | ;, | ‘ Iﬂtm“‘dﬂ“
(S s
» ™ | ii | | | |
| ! | ™ |
g E ! "\l { | 'I |
! " ik ik
i:g 1l .rﬁ:\" -“ .I'- rll \ Lost velocity
i 22 1Y |1"}h:"\ulj"' 1 GM:T
o 1L | | pra
$ -t [ L | 11\:‘ ]
t a

Fig. 192 Henction turbine (thres stage).

As the volume of steam increases at lower pressures therefore, the diameter of the turbine
must increase after each group of blade rings. It may be noted that in this turbine since the
pressure drop per stage is small, therefore the number of stages required is much higher than an
impulse turbine of the same capacity. .
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LLE

nmnnanrmucmﬂwamun ROTOR SPEED

As already discussed under the heading ‘simple impulse turbine’ that if the steam is expanded
from the boiler pressure to condenser pressure in one stage the speed of the rolor becomes
tremendously high which erops up practical complicacies. There are severnl methods of reducing
this speed to lower value ; all these methods utilise a multiple system of rotor in series, keyed on a
common shaft and the steam pressure or jet velocity is absorbed in stages as the steam flows over

the blades. This is known as ‘compounding’. The different methods of compounding are :
1. Velocity eompounding.
2. Presaure compounding.

3. Pressure velocily compounding.

4. Heaetion turbine.

1. ¥Yelocity compounding

Steam 15 expanded through a stationary nozzle from the boiler or inlet pressure to con-
denser pressure. So the pressure in the nozzle drops, the kinetic energy of the steam increases due
wo increase in velocity. A portion of this available energy is absorbed by a row of moving blades. The

Fixed blados
Moving biades

Fig, 19,3 Velocity compounding.



steam (whose velocity has decreased while moving over the moving blades) then flows through the
second row of blades which are fixed. The function of these fixed blades is to re-direct the steam
flow without altering its velocity to the following next row moving blades where again work is done
on them and steam leavea the turbine with a low velocity. Fig. 18.3 shows a cut away section of
such a stage and changes in pressure and velodity as the steam passes through the nozzle, fixed
and moving blades.

Though this method has the odvantage that the initial coat in low due to lesser number of
stages yet its efficiency is low.

2. Pressure compounding

Fig. 19.4 shows rings of fixed nozzles incorporated between the rings of moving blades. The
steam at boilor pressure enters the first set of nozzles and expands partially. The kinetic energy ol
the steam thus obtained is absorbed by the moving blades (stage 1). The steam then expands
partinlly in the second set of nozzles where ita pressure again falls and the velocity increases ; the
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repeated in stage 3 and steam finally leaves the turbine at low velocity and pressure. The number
of stages (or pressure reductions) depends on the number of rows of nozzles through which the
sleam must pass.

kinetic energy so obtained is absorbed by the second ring of moving blades (stage 2). This is

but it is expensive owing to a large number of

This method of compounding is used in Rafeau and Zoelly turbine. This is moat efficient

turbine since the speed ratio remains consiani

afagen.

This method of compounding is the combination of two previously discussed method, The
total drop in steam pressure is divided into stages and the velocity obtained in each stage is also

4. Pressure velocity compounding
compounded. The rings of nozzles are fixed at the beginning of each stage and pressure remains

constant during each stage. Tho changes in pressure and velocity are shown in Fig

19.5.
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Fig. 19.5. Preasure velocily compounding.

This method of compounding is used in Curits and Moore furbine.
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4. Reaction turhine
It has been discussed in Article 19.4.

8 Ne. Particulars Impulse turbine Reaction turbine

L Pressure drop Only in norzles and not in moving In fixeed hindes { nozzles) ns well

blades as in moving blades,

2 Arva of blade channels Constant. Varying lconverging type).

i Blodes Profile type. Aerofoll type.

4 Admission of steam Not all round or complete. All round or complete.

5. Nozzles | fized blades Disphrum contains the nozele, Fixed blades similar to moving
blades attached 1o the casing
serve as norzles and guide
thie stoam.

B Power Not much power can be developed. | Much power can be developed.

T Space Roquires less space for samo power, | Requires more space for
RIS Porwer,

B Efficiency Low. High

. Suitability Suitable for small power require- | Suitable for medivm and higher

ments power requirements.

10. Rlade monufacture Not difficult. Difficult.

nmmﬂnm

19.7.1. Velocity IHagram for Moving blade
Fig. 19.6 shows the velocity diagram of a single stage impulse turbine.
C,; = Linear velocity of moving blade (m/s)
C, = Absolute velocity of steam entering moving blade (m/s)
€, = Absolute velocity of steam leaving moving blade (m/s)

Cy, = Velocity of whirl at the entrance of moving blade.
= tangential component of C,.

= Velocity of whirl at exit of the moving blade.

= tangential component of C,;

= Volocity of flow at entrance of moving blade.

= axial component of C,.

= Velocity of flow at exit of the moving blade.

= axial component of C.

C,, = Relative velocity of steam to moving blade at exit.

« = Angle with the tangent of the wheel at which the steam with velocity C, enters.
This iz also called nozzle engle

C, = Relative velocity of steam to moving blade at entrance,
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B = Angle which the discharging steam makes with the tangent of the wheel at the
exit of moving blade.
8 = Entrance angle of moving blade.

# = Exit angle of moving blade.

Fig. 19:6 Velosity diagram for moving biade.

The steam jet issuing from the nozzle at a velocity of C, impinges on the blade at an angle
a. The tangential component of this jet (Cy, ) performs work on the blode, the axial component
(Cy ) however does no work but causes the steam to flow through the turbine. As the blades move

with a tangential velocity of C,, the entering steam jet has a relative velocity C, (with respect to
blade} which makes an angle 8 with the wheel tangent. The steam then glides over the blade
without any shock and discharges at a relative velocity of C,, at an angle ¢ with the tangent of the
blades. The relative velocity at the inlet (C,, ) is the same as the relative velocity at the outlet (C,, )
if there is no frictional loss at the blade. The absolute velocity (C,) of leaving steam make an angle
B to the tangent at the wheel.

To have convenience in solving the problems on turbines it is a common practice to combine
the two vector velocity diagrams on & common base which represents the blade velocity (C,) ns
shown in Fig. 19.7. This diagram has been obtained by superimposing the inlet velocity diagram
on the outlet diagram in order that the blade velocity lines Cy, coincide.



19.7.2. Work done on the Blade

The work done on the blade may be found out from the change of momentum of the steam
jet during its Nlow over the blade. As earlier discussed, it is only the velocity of whirl which performa
work on the blade since it acts in its (blade) direction of motion.

From Newton's second law of metion,
Force (tangential) on the wheel = Mass of stoam » acceleration
= Mass of steam/sec. x change of velocity

= m,(C, -C,) .A19.1)

The value of C,, is actually negative as the steam is discharged in the opposite direction to
the blade motion, therefore due consideration should be given to the fact that values of €y, and
C., are to be added while doing the solution of the problem, iie., when i < 80%)

Work done on blades/sec. = Force x distance travelled/sec,

- n'rl,lﬂq + h}xﬂu
Power per wheel = m(Cp +C, 1 xCy
- E’l%;%“kw .(19.2)
(e Cy=Cy +C,)
Work done the blade
Energy supplied to the blade
l".l"I.l’.l'.:-'-'..|I +ﬂ.'l.l:'u
mey*
2
g 2 Cuiﬂ.rl; Cuy)
Cy

Blade or dingram efficiency =

-{10.3)
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If b, and h, be tho total heats before and after expansion through the nozzles, then (A, — k)
is the heat drop thu;h a stage of fixed blades ring and moving blades ring.

Wark done on blade per kg of steam
Stage efficiency, 7n,,.~ s
3 Total energy supplied per kg of steam
EHEE.I +5I]
= w194
(hy ~ ) i
EI
et i
Now, nozzle effidency 2hy —hy)
Also Nytage = Blade efficiency x nozzle efMliciency
Eﬂuiﬂ-,’*'ﬂ..!' c,? CulC,, +C,.)
L =
c A -hy) -~ Oy -hy)
The axial thrust on the wheel i3 due to difference betwean the velocities of flow at entranco
and outlet.

Axial foree on the wheal = Mass of steam x axial acceleration

= iy (Cp ~Cp,) ~.(19.5)
The axial force on the wheel must be balanced or must be taken by o thrust bearing.
Energy converted to heat by blade friction

= Joas of kinstic energy during flow over blades

= m,(C,2 -G -(18.8)
19.7.3. Blade Velocity Co-efficient

In an impulse turbine, if friction is neglected the relative velocity will remain unaltered as
it passes over blades. In practice the flow of steam over the blades is registed by friction. The effect
of the friction is to reduce the relative velocity of steam as it passes over the blades. In genernl

there is a loss of 10 to 15 per cent in the relative velocity. Owing to friction in the blades, ﬂ,i is less
than C, and we may write

C, = K. C, ~(19.7T)
where K is termed a blade velocity co-efficient.

18.7.4. Expression for optimum Value of the Ratio of Blade Speed to Steam Speed
(for maximum efficiency) for a Bingle Stage Impulse Turhine

Refer Fig. 19.7.
E_:PQ:.I{F+HQ=Q1 cos O+ C, cos g

] C-',.l ool B [11-%%:]
cos §

=C,con0(l+K.Z2)whereZ = —y wlf)

Generally, the angles @ and ¢ are nearly equal for impulse turbine and hence it can safely
be assumed that Z is a constant.

But, Choos@=MP=LP-LM=C, cosa~C,
From eqn. (i), C,=Cieonm~-C X1+K.2Z)




We know that, Blade efficiency, 1, = Eg'Tﬂt i)
1
s 20,10 cos iz -~ Cyy K1+ KZ)
cr
= 2ip cos @ - p*K1 + KZ)
= 2ploos @ - p1 + KZ) o fE2E)

whmp-%ﬂ ia the ratio of blade speed fo steam speed and is conimonly called ns “Blade speed

ratio”.

For particular impulse turhine o, K and £ may assumed to be constant and from equation
(iii) it can be seen clearly that ny depends on the value of p only. Hence differentinting (i),

dng . :
dp =2 ieos o= 2pil « KZ)

For a maximum or minimum value of 1, this should be zem

cs-2Pp=0 . p= m;u
Now, ﬂ-m-zunmu-unm

dp”
which in a negative guantity and thus the value so obtained is the maximom,
Optimum valoe of ratio of blade speed to steam speed 1s

R A19.8)

Substituting this value of p in eqn. (i), we get

Nyl =22 n:“[tmn—n:“] i1+K.Z)

o
. '?F!"'i %1+ KZ) ..(19.9)

It is sufMiciently accurate to assume symmetrical blades (8 = &) and no friction 10 Mud
passage for the purpose of analysis,
Z=zland K =1
N, = cos ~(18.10)
The work done per kg of steam 12 given by

W= (C,, +C,.) Cy
Substituting the value of €, +C, (= C )

WeiC, cosa-Cy¥l + KEW, =2C,(C,ens - Cylwhen K=1and 2 =1

The maximum value of W can be obtained by substituting the value of cos a from
equation (19.8),

5 S
2 c,
W, =20, @C,-C,)=2C"* -(18.11)

cos x=2p =
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It is obvious from the equation ( 19.5) that the blade velocity should be approximately half of
absolute velocity of steam jet coming out from the nozzle (fixed blade) for the moaximum work
developed per kg of steam or for maximum efficiency. For the other values of blade speed the
absolute velocity at outlet from the blade will increase, consequently, more energy will be carried
away by the steam and efficiency will decrease.

Furnqwhn:u]urhlndnﬁmmﬁi:ﬁmlmmﬁpﬁmﬂm“hnur%ﬂ—m#htha
case, when the cutlet abeolute velocity is avial as showd In Fig. 198,

r C.: -
it NG L e Ml = '::T Lo
5 o 0 + f=90°
c‘r& L c‘.ch
| c, %
8 ' Fig. 10K N
Since the discharge is axial B = 80°, 2 Cy= Cy, and C,, =0,

The variations of 1 or work developed per kg of steam with EEH' is shown in Fig. 19.9. This
figure shows that : '

{ﬁ“‘]mn*%ﬂ- = {, the work done becomes zero as the distance travelled by the blade (Cy,) is
zero, even though the torque on the blade is maximum.

i ior wiork

L 4
ojp
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(if) The maximum efficiency is coc? @ and maximum work done per kg of steam s 203,
when EEH = cos o/l
1
{iif) When %H- = 1, the work done is z2ro as the torque acting on the hlade becomes zero even
though the distance travellod by the blade is maximum.

When the high pressure steam is expandad irom the boiler pressure to condenser pressure
in a single staze of nozzle, the absolute velocity of steam becomes maximum and blade velocity also
becomes tremendously high. In such a case, a velocity compounded stoge 15 used to give lower
blade speed ratio and better utilization of the kinetic energy of the steam. The arrangement of
velocity compounding has already been dealt with.

r c., re——oc,
Pi=

M L

i — - - i i [

A

X,
o

I e e
.----—-!-—-‘—--—-'--

Fig. 19.10

Fig. 18.10 shows the velocity dingrams for the first and second row of moving blades of
velocity rompounded unif. The speed end angles ore such that the final sbeolute velocity of the
steam leaving the second row is axicl. With this arrangement, the KE. carried by the steam is
minimum, therefore, the efficiency becomes maximum,

- The velocity of blades (C,,) is same for both the rows since they are mounted on the same

Congider first row of moving blades :
Work donc per kg of steam, W, =C (C, +C,.)

= Cy[C, cos®+C, cosél
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If there is no friction loss and symmetrical blading is used, then
E"I - I':,.. and O0=¢
8 wl'cutzﬂ',‘ﬁla-m‘ﬁclm ﬂ-cul rn{IBrIEI

The magnitude of absolute velocity of steam leaving the first row and enlering into the
mmdrmufmhgbhdu is same and its direction only is changed.

C,'=C,
Emuklw second row of moving blades :
Work done per kg, W,aﬂupﬂ",‘uﬂ"t = () because discharge is axial and ' = 90*

Alternately, Wy = Cy I, con ' +C°, cond’|

For symmetrical blades & =4
and, if there is no friction loss, then C°, = €',

‘i-+ wl-mﬂc"l Mﬂ'
Ll mﬂ {El’mi-cul nlili.ln'}
Hml n'm.lsrhnqu.l.'ltnjl.

= E'l cos B - EH =(C,oma-Cyl=-Cy
=C, cos a - 2C,,
Substituting the value of C,’ cos a’ in eqn. (19.13), we get
Wy =20, [(Cycos a-2C,))-Cy)
= 2C,, (C, cos a - 3Cy) .419.14)
Total wark dane per kg of steam passing through beth stages is given by
W, =W, + W,
= 20, IC; cos a - Cyl + 2C, [C, cos o = 3C ]
=20, (2C, cos @ = 4C,)
=40, (C, cos @ - 2C,) -.{18.15)
The blado eficiency for two stage impulse turbine is given by :

'H'l"
= o =4y IC,cos @, ~20,) x =
..L :
2
] Eﬂ _a S
= Bp (cos @ - 2p) ...{19.186)
where p (velocity ratio) = =2 Cy
=
The blade efficiency for two stage turbine will be maximum when %— =0

d
s ﬁiﬂnmu-lﬂp’]-n
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- Buosna-32p=0
From which, p = —om .{19.17)
Substituting this value in eqn. (19.16), we get
Co8 o Cof 1
{“Hj-ﬂ-'u‘ 'T ﬂlﬂ-!.T] = CO8® O 11818}
The maximum work done per kg of steam s obtained by substituting the value of
= Cy _ tosa
€y 4
4C,
or C,= % in the eqn. (19.15).
; Ly  wsa-
L] lﬂ'i]._-iﬂu [ﬂ-ﬂ +eona - 20y,
= !CHI d-ut linln}

The present analysis ls done for fuwo stages only.The similar procedure {s adopted for ana-
Iysing the problem with three or four stages.

In general, opiimum blade speed ratio for maximum blade efficiency or maximum work
Iane in given by

pu NG .419.20)

and work done in the last row = f;;- of total work «18.21)

where n is the number of moving/rotating blade rowas in series.

As the number of rows increases, the utility of last row decreases. In practice, more than
two rows are hardly preferred.

18.7.5. Advantages of Velocity Compounded impulse Turbine
1. Owing to relatively large heat drop, a velocity-compounded impulse turbine requires a
comparatively small number of stages.
2. Due to number of stuges being amall, iis cost is less,

3. As the number of moving blades” rows in a wheel increases, the maximum stage effi-
ciency and optimum value of p decreases.

4. Sinee the steam temperature is sufficiently low in a two or three row wheel, therefore,
cast iren cylinder may be used. This will eause saving in material cost.

Disudvantages of velocity-compounded impulse turbine :

1. It has high steam consumption and low efficiency (Fig. :0.11 on next page).

2. In n single row wheel, the steam temperature is high so cast lron cylinder cannot be
usod due to phonemenon of growth | cast ateel cylinder ‘s used which ia costlier than
eoat iron.

Example 19.1. A stage of a steam turbine is supplied with steam al a pressure of 50 bar
and 350°C, and exhausts at a pressure of 5 ba=. The isentropic vfficierzcy of the stage is 0.52 and
the steam consumption is 2270 kg/min. Determine the power ouipui of the stage.



Tl
&
‘//— Sngio stage
.r'/_ Two stage
Throe stage
r S
Cy
Fig 19.11
Solution. Steam supply pressure, py = 50 bar, 3507
Exhaust pressure Py = 5 bar

Isentropic efficency of the stage, Mg = 052

Steam consumption, m, = 2270 kg/min
Power oulpul of the stage, P ;

Refer Fig. 19.12

h
&

/

1@'1:
//_\Z h"-_,

Fig. 19.12
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From Mollier chart ;
hy = 3130.7 ki/kg of steam
hy = 2640 kJ/kg of steam
Isentropic heat drop =hy —hy = 3130.7 - 2640 = 490.7 kl/kg
Actual heat drop = hy = hy
hy = hy’
But, Misen. agnt = 3 _h,
ar um-i'!ﬁﬁ;:-mﬁl-h,*-u.ahmj-mzmm
~ Power developed =m,(h, = hy)
2270

w 402.4 kW = 15224 kW. (Ans.)

Example 10.9. In a De Laval turbine steam issues from the nozzle with a velocily of
1300 m/s. Tha nozzle angle is 20°, the mean blode velocity (s 400 m/s, and the inlet and outlet
mwhufbhdu are equal. The mass of steam flowing through the turbine per hour is 1000 Ag.

(i) Blade angles.
(i} Relative velocity of steam entering the blades.
(i) Tangential force on the blades.

(iv) Power developed.

(v) Blade efficiency.

Take blade velocity co-efficient as 0.8.

Solution. Absolute velocity of steam entering the blade, C, = 1200 m/s
Nozzle blade, v oa=200

Mean blade velocity, €y = 400 m/s

Inlet blade angle, 8 = Dutlet blade angle, ¢

Blade velocity co-efficient, K=08
Masa of steam flowing through the turbine, m, = 1000 kgh.

Refer F'g. 19.13. Procedure of drawing the inlet and outlet triangles (LMS and LMN)
respectively is as follows ;

C, = C-I'-i- C= 1310 ms

P Hi“-ﬂﬂ‘*mﬂ

5
Npmem——ge ===

Fig. 19.13



Selec .':j; Iﬂﬂ;llﬂ draw line LM to reprosent C, (= 400 ms).
~ Join MS. Prudnﬂ.:fl mﬂmﬂm E‘mﬁhfﬁﬂi‘iﬂﬂ from s'ﬁ P. Thus
By measurement : 0= 307, €, = MS « B30 m/n

0=d = 0" fﬂi""’lﬂ}
Gy, = KC, = 0.8 x 830 = 664 m/a

i

o At paint M make an angle of 30° () and cut the length MN to represent ©, (= 664 m/s).

Join LN. Produce L to meet the perpendicular deawn from N at Q. Thus outlet triangle
i# completed.

i) Blade angles 6, ¢ ¢
Az the blades are symmetrical (piven)
A H=0=230" (Ans.)

ti) Relative velocity of steam entering the blades, Ce, :
Ll

I

= M5 = B30 m/s. (Ans.)

i) Tangential foree on the blades :
' : : L
Tangential force = m 0, +C, | o — (1310} = 3638 N. (Ans.)
! ) 0 = Gl

vl Power developed, 1" :

o - L0 1310 = 400 =
P=miC, +0C, 0T ' kW = 145.5 kW. (Ans.)

MlSW S B0k B0 1000
gl Blade efficiency, n,, ¢

2000, +C, ) 2x400x 1310 :
My = ; = = T2H8%. (Ans.)

o 1200°
; Example 19.3. The velocity of steam exiting the noz2le of the impulse stage of a turbine is
400 mis. The blades operate close to the maximum blading efficicicy. The nozzle angle is 20°.
Considering equiangular blades and neglecting blade friction, caleulate for a steam flow of

08, kgls, the dingram power and the diagram efftciency, (GATE)
Eﬂl“tjnn_ {r‘.;rl'” X {rl = -I-ﬂ" H'I.".'i.| (I = E” i Q= i i r"' = "_“ k“'lﬁl
: Cig CO8 (1
For maximum blade efliciency, p = €, - -
¥ = A

Cy i Ll or Oy = 187.9 mvs

ALMN s

l'.'.'“_ - {"L o o= <K coa 20" = 37565 mis

'”.I" = (!, 8in 1 = 400 sin 207 = 1368 m's

s 136 8
an 8= g, -Cu ~ 3769-1879

8 = tan-! (0.727) = 367

= 0.727




Fige 19,14

e o _ 1368

Now, Cpsin0=Cp or G, = sin@’ N T gingg

= 232.7T m/s

Now neglecting friction, C, =€, =232.7 m's

T
Since the blades are equiangular, therefore,
H -l B —- HEE

Cy, = €, cos 36° - C,
= 237.7 cos 36° - 1879 = 0.96 m/'s
- C.= Gy, +C, = 375.9 + 0.36 = 3T6.26 m/s

Diagram power, P = m(C, +C, )0y %107 oy
= 0.6 % 376.26 x 187.9 x 10° = 42.4 kW. (Ans.)

. & EH"EH +Cu !
EBlade or diagram efficiency, n, = — FJ"" .
=

ZX187.9 x 376,26
e {400 ]2 - = H-EE‘; ur BH.‘:‘.-.F {Ans.)

Exuample 19.4. A single stage steam turbine is supplied with steam at 5 bar, 200°C at the
rate of 50 kgimin. It expands into a condenser at a pressure of 0.2 bar, The hf:;;ﬁ: ;a;“:i s 400 mus
The nozzles are inclined at an angle of 20° to the plane of the wheel unld the outlet Enﬁ:m:.EI ngle 15
30", Neglecting [riction losses, determine the Poler dm_'r.*fu;.lr'ri. blade efficiency, q_r;[; stage :;';Tcﬁ'ﬂﬂ'-

W -

Solution. Given : p =0 bar, 200C ; ny = 0.2 bar, m, = 50 kg/min, O, = -:[:Lu Im"i{ ; :ﬂ:;:l

#=30°; C, =C, (because friction losses nre neglectud) 8 ' .

Refer Fig. 19.15

From steam tables : Af 5 bar, 200°C ; hy = 28654 kdkg ;. s, = 7.0502 kdikg K

At 0.2 bar ; hy, = 251.5 kdfkg, hg, = 2358.4 kl/kg
¥ =082 kg K s, = 70773 kikg K

e
Ll




m expanaion takes place isentropically,
ll = lﬂ
70602 = 08321 + x, = 70773
70602 - 08321

i M 717

-.-. Enthalpy of steam at 0.2 bar,
h:l - ‘Jl.ﬁn + &y hﬂ':
= 25015 + (.88 x 23584 = 2326.9 kl/kg
Enthalpy drop = ."l - h._., = 2R6G.4 - 2326.9 = 528.5 kd/kg :
Velocity of steam entering the h!mim,
Cy =447 Jhy - h, =44.7J6285 = 1028 m/s
The velocity dingram is shown in Fm. 19.15

Now, Cy, = 1028 cos 20° = 966 m/s
ﬂn = 128 gin 20° = 351.6 m/s
Cy 4516
tan 6 = — fi e i = (6212
Cy eos 207 - Oy, 1028 cos 20° - 400
2 0= tan! (0.G212) = 31.85°

! Fig. 19.15

C, win 41.85% = C, = 3516

dhl.b
Gy = aina18ae = 466 /s
O, = Cp, vos 30" = Oy v Cp =C,)

= 6t con 307 ~ 400 = 177 n's
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Power developed, P = m,(C, +C,) C,
= 50 (966 + 177) x 400 x 107 kW = 381 kW. (Ans)

60
0LIC, +C. )
Blade efficiency, 1, = ”CE:; =
2 x 400 x (966 + 177)
= ['lﬂﬂﬂ.]’ = 0865 or B6.6%. (Ans.)
Since there are no losses, therefore,
Stage efficiency = blade efficiency = B8.5%. (Ans.)
Example 19.5. The following data relate to a single stage impulse turbine :
Steam velocity = 600 mfs ; Blade speed = 250 m/s
Nozzle angle = 20° ; Blade outlet angle = 25°,

Neglecting the effect of friction, calculate the work developed by the turbine for the steam

flow rate of 20 kg /s Also calculate the axial thrust on the bearings.

Solution. Absolute velocity of steam entering the blades, C, = 600 m/s

Blade speed, Cy = 250 m/s ; Nozzle angle, a = 20°
Blade outlet angle, ¢ = 25° ; Steam flow rate, m, = 20 kg's
Refer Fig. 19.16.

# Triangle LMS is drawn with the above data.
o Then angle LMN ie., ¢ = 25 is drawn such that NM = MS (because effect of friction is to

bo neglected ie, K = 1L

e Join LN by vector €, which represents the velocity of steam at outlet from the whoel,
This completes both inlet and outlet triangles.

l: C,=C,, +C, =655 ms

o

A
O

Mg ===t —== =
F R
[ =]

Fig. 19.16

By measurement :
C,=C,+C, =60ms;C, =200ms; C, =160 mle
Work developed, W :
We J'i'l.{ﬂ'wl -I-'E,,.]' I‘:-'H-E'!Eﬁﬁlﬂﬁﬂ
= 3275000 Nm/s. (Ans.)
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Axial Thrust :

Axinl thrust lﬁi‘f{:ﬁ -le-:l' = 200 = 1600 = B0D IN:  (Ans.)

Example 19.8. A single row impulse turbine develops 1324 kW at a blade speed of 175 ms,
using 2 kg of sieam per sec. Steam leaves the nozzle al 400 m/s. Velocity coefficient of the blades
18 0.9, Steam leaves the turbine blades axially.

Determine nozzle angle, blade angles at entry and exit, acssuming no shock,

Solution. Power developed, P = 132.4 kW

Blade speed, Cy = 176 m/s

Steam used, m, = 2 kpfs

Velocity of steam leaving the nozzle, C, = 400 m/s

Blade velocity co-efficient, K = 0.9

e +C_mxC,
Power developed, P=m,— ll];] -
EIIE_l +C, 1x176 1324 = 1000
1324 = 1000 or tﬂ.l +ﬂ...i = W = 378 mfs

C,, = 0, sinee the discharge is axiol.
Construct the velocity diagram as shown in Fig. 19.17.
[y
]nthild:i.n;ﬂmEq’» = 0.9, f = 90", since the discharge is axial ; and
fi
Co, + Co, = PL = PQ = 378 m/s.

C.=C_+C_=378ms -
(PR S |1 T —
= 3 M L.Q
e b | - (E——
: )’ U = E’h
\ ; M,_:}-__f--
; e = .
H [ 4 o -, ¥
' - = Cp=Cy
"-"rn.T / __‘Eﬂ__;d :—'I:'“-x
o fx"f:ff . Ny
L N
s
Fiar. 10:17
From the diagram (by measurement) :
Nozzle angle, a= 21 (Ans.)
Blade inlet angle, 0 =38 (Ans.)
Blade outlet angle, ¢=33". (Ans.)

Exnmple 18.7. A simple impulse turbine has a mean blade speed of 200 m/s. The nozzles
are inclined at 20° to the plane of rotation of the blades. The steam velocity from nozzles is
600 mis. The turbine uses 3500 kgih of steam. The absolute velocity at exit is along the axits of
the turbine. Determine ;
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(iid) The diagram efficicacy.

{iv) The axial thrust {per kg ateam per second).

Assume inlet and outle! angles to be equal. (UPS.C., 1998)
Solution. Given : Cy=200mi ;a=20";C, =600 mis ;m = 3500 kg ; P=90" ;0= ¢
(i) Inlet and exit angles of the blsdes, 6, ¢ :

Refer Fig. 19.18
C.=C, +C,, +
La
P *-H---*--"_'ﬁ—-- — -

i Jp=s0r

i

i

G,y % 16 Ce
5

: “eo

] C\v™

- N

E ¥

Fig 1918
Cy, = C, sin 20" = 600 sin 20" = 205.2 m/s
Ly B = SP = ﬂﬂ - et = 0.064
PM " C,cos20°-Cy = 600cos20°-200 ~
b 8 = tan™! (0.564) = 29.4". (Ans.)
Also G=¢ o Given)
4= 204". (Ans)
(i) The power output of the turbine, P :
P=mylC, +C.)C,

= 3500 (500 cos 20° + 0) x 200 % 107 kW = 100.6 kW. (Ans)

(C,, =0, since the discharge is nxinl)

{iif) Tha blade or disgram efficlency, n, :
EHEE 'l*ﬂ }
My = "ll By .
c

_E:Eﬂﬂ{ﬁ::;‘_ll!ﬂﬂ}l - 0.628 or £2.69 A )

{iv) The axial thrust (per kg sicam per second) @
The axial thrust per kg per second
=] {Eﬁ -E;.JI N

where Cy, = C, sin 20" = 600 sin 20° = 205.2 ms.
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whers {,.',.: = f.:". gin 20° = 600 sin 20° = 205.2 m's.

Now, —= = tan 29.4°

€, = 200 x tan 20.4° = 112.69 m/s

Substituting the values, we get
Axial thrust (per kg steam per second)
= 1 »{(206.2 - 112.69) = 8251 N. 4.0

A Example 19.8, Steam with absolute velocity of 300 m/s is supplied through a nozzle to

a single stage impulse turbene. The nozzle angle is 25°. The mean diameter of the blade rotor is
I metre and ot has a speed of 2000 r.p.me Find suitable blade angles for zero axial thrust. If the
blade velocity co-efficient i= 0.8 and the steam flow rate is 10 kgls, calculate the power developed.

Solution. Absolute velocity of steam entening the blade, €, = 300 m/s

Nozzle angle, a = 25*
Mean diameter of the rotor blade, D=1m
Speed of the rotor, N = 2000 r.p.m.
Blade velocity co-elficient, K=008
Steam flow rate, m, = 10 kg's
Blade angles :
aDN  nx1x 2000
Blade O,m = = 1056
Epeed, ” &0 &0 105 m/s.
= C, =306 m/s
¢, T
=1
: Y it L
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Fig. 18.18
With the above data (ie., C) = 300 m/s, C,; = 105 m's and o = 25°) draw triangle LMS
iFig. 19.19). From 8§ draw perpendicular 8P on LM produced. Measure f-'-'.-l .



THERMAL ENGINEERING

— From S draw a line parallel to LP (v Cp =Cp) and from point M draw an are equal to
G, (=08C, ) to get the point of intersection N, Complete the triangle LMN. From N

draw perpendicular N@ on PL produced to get C, .
Measure 8 and ¢ (the blade angles) from the velocity diagram.

B=37 and ¢ = 42°. (Ans)

Power developed, P :

Pu

m,(C,, +C,, 1xCy N 10 = 306 x 105

= ﬂlvﬂ k-W|

10400

1000

(Amns.)

 Example 19.9. In an impulse turbine (with a single row wheel) the mean diameter of the
blades iz 1.06 m and the speed is 3000 rpp.m. The nozzle angle is 18°, the ratio of blade speed ta
steam speed is 0.42 and the ratio of the relative velocity at outlet from the blades to that at inlet
iz 0.84. The outlet angle of the blade ix to be made 3° lezs than the inlet angle. The steam flow is
10 kgls. Draw the velocity diagram for the blades and derive the following :

(i) Tangential thrust on the blades

(iii} Resultant thrust on the blades
(v} Blading efficiency.

(i) Axial thrust on the blades
(fv) Power developed in the blades

Solution. Mean dismeter of the blades, D = 1.05 m

Speed of the tugbine,
Mozzle angle,
Hatio of blade speed to stenm speed,

Ratio,

Outlet blade angle,
Steam flow rate

Blade speed,

But

With the data,

N = 3000 r.p.m.
a= 18°
po=0.42

Jlﬂ.ﬁl

iy

é¢=0-3"

m, = 10 kg/s
:DNH:HLDE!MHD
G0 B0

0.5

Cy= = 164.5 m/a

p= [—é”- = (0L42 (given)
1
Cy _ 1645

Cl'u_.ﬂ 042 = 192 m/s

C, = 392 m/s ;

o = 18° complete ALMS
0= 30° (on t)
o=030"-3= 27"

Now complete the ALMN by taking ¢ = 27° and Era = (.84 C,'

Finally complete the whole diagram as shown in Fig. 19.20.
(i) Tangential thrust on the blades :

Tangential thrust

(P.1.)

= m,(Cy +Cp) = 10 x 390 = 3800 N. (Ans.)
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i1 Axial thrust -
Axial thrust = m A0 —Cp ) = 10 (120 - 95) = 260 N. (Ans.)
) Resultant thrust :

Resultant thrust = ((3900° +(250)° = 3908 N. (Ans.)
10t Power l:lr_-.t'-l'rln[u:l], I*

] 00 [ 5 O Al Ao 1K :
e e lIH.].lrII_'_:-_ i 10-% ]1:::’11”5 - 641.55 kW, [Ans.)
iri Blading efficiency, 1,
RO Oy v Gl 23 1645x 390
My = r.",'-’- = L = B3.5%. (Ans.)

Example 19.10, In a stoge af impulse reaction tuchine provided with single row wheel, the
mean digmeter of thi blactes tn 1o B oruns af 3060 ropom The steant issues from the nozzle at a
celocity of 350 m/s and the nouzzle angle ix 207, The rotor blades are equiangular. The blode
friction factor is 0,86, Deterniine the powver teveloped if the axial thrust on the end bearing of a
rotor is 118 N.

Solution. Mean diameter of the blades, [1=1m

Speed of the turbine, N o= H000 r.pom.

Velocity of stepm igsuing Trom the nozele, ) = 3500 m/s

Nozzle angle, =20

Blade angles, 0=

Blade friction factor, K = .8t

Axial thrust = 14N

Power developed, P ;

Blade, velocity, i DN Itxl!:tdﬂﬂﬂ - 157 m/s

Bl &0
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- 6.

C,=C, +(-C,)=020ms———*
r—l:"- 167 mis

M!.. -

.F'Er’i

N
5
Fig. 19,21
= With the data, C; = 167 m/s, C, = 350 m/s, a = 20°, draw the ALMS (Fig. 19.21),
By measurement, 8 = 35°
Sinee the blades are equiangular, 0 = & = 35"
— Now with ' ¢ =35 and C, =086 Cr» complete the ALMN.
On measurement ; E'f_ = 120 m/s, €, = 1025 m/s
Also, axial thrust mAC; =Cp) = 118
118 118
A g = Eﬁ‘{:j’, .”?ﬂulﬂlﬁl.ﬁ.?‘ kg's
Further in this case, Co= G, +C,, =G, +*(-GC,) =320 m/s (*[ > 907}
. m,lC,, +C, 1xCy
Now, potver developed, P —""—-——"f—l 500 kW
6.74 x 320 x 167
= = (Ans.)
1000 338.6 kW.

Example 18.11. A simple impulse turbine has one ring of moving blades running at
150 m/s. The absolute velocity of steam at exit from the stage is 85 m/s af an angle of 80" from the
tangential direction. Blade velocity co-efficient iz 0.82 and the rafe of steam flowing through the
stage is 2.5 kg's. If the blades are equiangular, determine :

(i) Blade angles ; (i) Nozzle angle ;
(1if) Absolute velocity of steam izsuing from the nozzle ;
fiv) Axial thrust.

Solution. Blade velocity, C, = 150 m/s
Absolute velooity of steam at exit from the stage, €, = 85 m/a

Angle, p= 80"
C,
Blade velocity co-efficient, K = E"- = .82
.|

Rate of steam flowing through the stage, m, = 2.5 kg's
Blades are equiangular, ie., 8 = &,
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— With the above given data velocity triangle for exit can be drawn Lo a suitable scale.
From that, value © = 8 can be obtained. Also the value of T, enn be obtained which

halps ta get the value of IT..] with the help of given value of 'K, With these values having
being known the inlet velocity triangle of the velocity diagram can be completed to got
the value of C,, the absolute velocity of steam issuing from the nozzle and value of axial
thrust can also be calculated. The Fig. 19.22 g;m the velocity diagram of the turbine
stage to a suitable scale.

— From the outlet velocity ALMN

=

c G,

4
e L pp—

S
Fig 1922
By measurement, C,, = 186 m's
C. 186
2 E,.=E—“-'-§ = 2268 m/s

(i) Blades angles 6, ¢ :
By measurement f = ¢ = blade nngles » 27°. (Ans.)
(11) Nozzle angle, o ;
By measurement ; nozzle angle, ¢ = 16°. (Ans.)
(iii} Absolute velocity, C, :
Absolute velocity of steam issuing from the nozzle,

€, = 366 m/s (by measurement). (Ans.)
iir) Axinl thrust :

Cy, = 84 m/s
Also, ﬂ:ﬂ =102 mfal By measurement.
&  Axinl thrust = m,(C; =Cp )

=25(102-84)=46 N. (Ans)

Exnmple 19.12. One stage of an impulse turbine consists of a converging nozzle ring and
one ring of moving blades. The nozzles are inclined at 22° to the blades whose tip angles are both
35°, If the velocity of cteam af exit from nozzie s 660 mfs, find the blade speed so that the steam
paases on without shock. Find the diagram efficiency neglecting losses if the blades are run at
this speed. {U.P.8.C.)
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Solution. Given : 0= 22° ;0 = ¢ = 35° ; C, = 660 m/s.

Fig 18.23
In case of impulse turbine, maximum blade efficiency,
|
% I— ""'T“u + K2) .[Eqn. (19.19)]
where K (= hlade velocity co-efficient) = 1, (v Losses are neglected)
cos 9 v T .
zlmn-l i+ Blades are equiangular)
M= g (14 1) = con? @ = (con 22°% = 0.88 or B6%. (Anw)
NS
Also, P = T 1-|qu'l-. (19.81]
- ' Cu _ 0822 _ o 1636
c, 2

Cy = C) x 0.4636 = 660 x 0.4636 = 306 m/s. (Ans.)

ﬁ'ﬂ:nmpln 18.13. I'n a single stoge impulse turbine the mean diameter of the blade ring
hlmdnmﬂthtruhtmnﬂ:pudu.ﬂﬂnp.m The steam is issued from the nosele at 300 m /s
and nozzle angle is 207, The Mlades are equiangular, If the friction loss in the blade channel is 19%
af the kinetic energy corresponding to the relative velocity at the inlet to the blades, what is the
power developed in the blading when the axial thrust on the blodes is 88 N |

Solution. Mean diameter of the blade ring, D =1m
Speed of the turbine, N = 3000 r.p.m.
Absolute velocity of steam issuing from the nozzle, €, = 300 m/s
Nozzle angle, a = 20°
Blade angles are equiangular, =@
Friction losa in the blade channel = 19%
i.e., C, =(1-019) !'.'.',.I =081 C,

Axial thrust on the blades =88 N



Power developed, ' :

Blade speed, o

Alsn

rDN o« | <000

157.1 mia
]l i s AR

= i Cmvend

Now, velocity dimzram s deawn to o suitablo senlo as shown in Fig, 19,24,

P 2

' -”
cl." E:I- i

. 5
e

i L e

] -_'_-

-

Bv measurcment |from diagrim

Axizl thrust

Pouir et l'i'-lfpr'l.ll_

I".:.H.lll":l!l BB Sfuiii Phioed B preecp e F"”“‘""I" “'-llji"' fatl
Phvdduiee the firnida wsed

BB.3% when nozele angle 1 20

Solution. Maximum possible efliciency, 0

Nozzle angle, o = 20
Maximum possible efliciency ol a
nozzle angle.

b Mgy = 08T 20° = (0.93890)% =

(LERE = HMAE.

ey — : _1

G, = 157.1m's -
e
3 Q| Saliil 1
6 20" B/
- _f'f
l:.
1- s
0 G
'5"&;
M
R A 0o = o m's

= [{HLS =
R

T

s

= i, TN = 1 or ™ 100.5 - 81

T [ O Sl C £ |
Y

5020 (283.5 ~ M x 157.1

[T

o

= 181.2 KW.

o B LR

. b 1 -
Uhe-Laivaid turbine Cunpulse turbine) = cos® o where i is the

i Peinvaead b,

For derivation of the formula used refer Article 19,7,

= 5.025 kg

(B B, L

oy of @ Dy Laval steam turbine 4



In a simple impulec turbine the nozzles are inclined at 20° to the direction
of mofron of the moving blodes. The steam leaves the nozzle at 375 m/e. The blade velocity iz
165 mis. Calculate suitable inlet and outlet angles for the Blades in order that the axial thrust is
grro, The relative velocity of steam as it lows over the Blades in reduced by 15% by friction. Also,
determine the piucer dﬂvfuped for a ﬂ'i:l.l' rafe of 10 .l-#.h.

Solution. Nozzles, = 20"
Veloaity of steam issuing from the nozzles, C; = 375 m/s

Blade speed Cy; = 165 m'a

Axial thrust = zero ie., U =Cp

[

EE = (1 - 0.15) = 0.85, ie., 15% loss due to friction, steam flow rate, m, = 10 kg'a,
L

Inlet and outlet angles :
With the above given data, draw veloeity dingram to n suitable seale as shown in Fig. 19.25.

§
- e il

s
Fig. 1825
By measurement (from velocity dingram),
0=35
=42 ;. (Ans.)
fi = 100
Power developed, P :
Also, Cy, =364mis; C, =24 mh By measurement)
m,[C,, +C, 1=xC
Power developed, P= T

m, 1C, +i1-C,_H=C, 101354 + 1- 241 = 165
R s (bl = = G445 KW. (Ana
1000 " 1000 i
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Example 10.16. In a single stoge impulse turbine noz=te angle is 20"

. s \ . zle angle 18 20" and blade angles are
qMLI ﬁﬂﬂ W’Fu:,. ""-'ﬂw;r"r for blade 15 0.85, Find moximum hlade cfficiency possible. If the
aetun e efficiency 1s 92 of the moxtnum Blade officie I : ; R
speed o steam speed, adde officivncy. find the possible ratio of blade

Solution, Nozzle angle, i = )
Blade angles are equal 1o, 0=8
: : I .
Blade velocity eo-eMiciont, K = AL n
’1-'. J
Actual blade efficiency = 927 of maximum hlade efficiency

. 3 o
Ratio of blade speed to steam speed, p= ¥

C;
Maximum blade efficiency is ivern by ¢
11,1 a .=I.1IH! ) g I"- i
b e = p 1+ K& «sLgn. (19.19)]
|'-r--: i . e RER )
- TR e e
2 cus &
cos" 20 'z
(¥].0) = G4 4 oD = (L E ] o 85165

LR ETT T i}
“

The actual efficiency of the turbine
= {1,048 » 0EiG = (.75
The hlade efficicney of u single stage impulse turbine s piven by be relation,
Noe=201+ K¥p xcos = p°)
070 = N1 + (hEGip » eog 200

3=l

TH =2 x 1L.EA0:D v - po)
(L2083 = 0.94 p - p*
p* — 094 p+ 0200 = 0
054 = 10817 —4x 0203 094 + 0267
y = ——— = —7~ or o= 0603 or 0.336

Herpwe Ir.li.-q.'|r..£'|' Fiaflda, = 06000 or L6, (Ans)

¥ Example 19.17. The fidlowing data refer to a single stage impulse turbine

Isentropic nuzele heat drop = 261 kd'hg ; nozzle efficiency = 80% ; nozzle angle = 20° ; ratio
ﬂr biﬂdr B il fa “_'_||r”.|I rrur:‘nln'h'.l‘nl' i.ll,I'. ST o = Lo lr'l.llih.fn' vifoeity L'n:'l--'..rf-ri‘ri-'flf w L& the
velocity of steam entering the nozzle = 20 mis

Determine @ G The bade augles of et and outlet if the sicam enfers tnto the blades
WI-.-I'.I'.IIJM afcak aned fecpes the Blades (0 an aveal dirvetion,

L) Blade efficiensy

i) Power developed and axial thrust if the steam flive 1s 8 kgis

Solution. lsentropic heat drop = 261 kl/kg
Nozzle efliciency, Mirate = SIS
MNozzle angle, = 2

Ratio of blade speed to whirl component of steam speed = 0.5



Blade velocity co-eflicient.
Velocity of stoam entoring the nosele
1 Blade angles :

K =10
= "N A

Uaelil heal drop

_— |

Noeele eMicioncy s given by Masle = I..r'-ir-ll.I.l'|l|H.1- heat dreoge
Uselul heat dop
4 |1 et
251

Usoful heat drop =08 % 251 = 225.9 klkg

Applving the energy equation to the nozzle, we get

{ -L' ‘.'.III.'I:
)

= #2549 x 0K

[.I'_' = 9y 95 g w 1000 + A = ARZ2 N

. ;= 6724 mes
- e LBy
Other data given = 20, : i | PR = (K3
1 rl_
and U = 0, as the steam laves the Blades cexiclly.
o =L
—eeee —_— — C"‘ _-_'
— e C, —
P . .. L.Q
il o . =1
. =21
- - L'| = Eu"
— ' —1
") G\ a =S
r .~
‘J i & 1 l:JE "'\-\.,\_\_ |
[ Gi H"H._,
M
E—F

With the above dota construct the velogity trisingles as follows -
& Selecl o suitakile scnle, say 1 em = 50 m's -
® Draw u horeantal Lipiar Lhieiig)
phoa pot L and angle o < 90 Mark

A == Mark the point along LS as
N R | " nd
. fill
® Draw a line through 8 whicly 1s Perpendicular to g

cuts @l the point P, Measure the distance 1§

IS = L = G724 1 = = LA em

hllt‘i:untul i
s hedciniy ing through L and it

Cop = €, = 12.7 ¢m,

= Cy=05C, =085x 127, 6.35 em
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Mark the point M as LM = C,, = 6,35 cm
Join point MS and eomplete the inlet velocity triangle LMS.

Measure MS (C,) = 7.7 em, G, =09x%77=693cem

Draw a perpendicular line through point L to the line LM. From M cut an arc of radius
6.93 cm o cut the vertical line through L and mark the point &N and jein MN which
completes the outlet trangle LMN,

Now find out velocities converting lengths inlo velocities :
C, = 6724 m/s
C, =127 x 50 = 635 m/s
Cy = 0.6 C_ = 0.5 x 635 = 317.5 m/s
C,, =7.7cem = 7.7 x 50 = 385 m/s

C, =08 C, =09 x 385 = 346.5 m/s

Eﬂ = 445 cm = 4.45 = 50 = 2226 mfa

7, = 26 em = 26 x 50 = 130 m/s.
Blade angles measured from the diagram :
=35 ¢ = 22° (Ans.)

2C, 2= 317.6 = 635
My = —-ﬂf—""- - = 0.89 or BO%. (Ans)
=Sy - (672.4)°
liti} Power developed, P and axial thrust :

miC, +C, 1xCy  Bx(636+0)x317.5

1000 = 1000 = 16129 kW. - (Ans.)

Axial thrust = M0 =Cp) = 82225 - 130) = 740 N. (Ans.)

iii) Blade efficiency, 7, :

B Example 19.18. In a single stage steam turbine saturated steam at 10 bar abs. is

supplied through a convergeni-divergent steam nozzle, The nozzle angle is 20" and the mean
blade speed in 400 m/is. The steam pressure leaving the nozzle is 1 bar abe Find :

(i) The best blade angles if blades are equiangular,

{it) The maximum power developed by the turbine if a number of nozzles used are 5 and
area al the throat of each nozzle is 0.6 cm?,

Assume noczle efficiency 88% and blade friction ev-efficient of 0.87.
Solution. Supply steam pressure (to nozzles) = 10 bar abs.

Nozzle angle, a = 20°

Mean blade speed, C,, = 400 m/'s
Stenm pressure leaving the nozzle= 1 bar nbs.
Number of nozeles used =5

Aren of throat ot ench nozzle = 0.6 cm?*
Nozzle efficiency, Mperse = BER

Blade friction co-efficient, K= E—' = (.87,

Cr,



S THERMAL ENGINEIRING

The velooity of steam ot the sutlet of nozele is found representing the expansion through
norzle on fi-s charl as shown in Fig. 1927,

h {kiwg)
i

» 5 (kJkg K)

From A-s chart,

Bba’ _oss
A hy — by = 0.88 x 402 = 353.76 kg

Alsn = m bk =Ay

ar Cy = J2h ~hy') = J2x 35576 % 1000 = B41.14 m/s
i) Blade angles :
Construct the veloaity triangles as per data given as shown in Fig. 18.27,
Ry measurement, 8 (= &) = 365° (Ans.)
(e Maximum power developed, P :

For finding out the maximum power developed by the turbine let us first find out the
maximum mass of stenm pazsing through the nozzle,

The required condition for the maximum mass (low through the nozzle is given by
I
Bn s
n-lrl
where, p, = Preasure of steam al mhtnl'l.hennu.h.
py = Pressure of steam at the throat of the nozzle, and
n (index of expansion) = 1.135 as steam is saturated.



= oss

LIE-E+1
o p,ll!ﬂnﬂ.ﬁ&-ﬁ.ﬁhr
From A-s chart (Fig. 18.27)
hy—hg = 106 ki/kg
end hy—hy = 0.88 x 105 = 92.5 kl/kg
vy (specific volume at point 27) = 0.32 m¥kg
Tho maximum velocity of steam at the throat of the nozzle is given by
C= 2k - by") = 2% 92.4x 1000 = 429.88 m/s
Using the continuity equation at the throat of the nbzzle, we can write
m .ty = A x C whers A is the area of the nozzle.
- mx032=06x= 10" = 420.88

0.6x107* % 429.88
m= 032 = 0.0806 kg's.

Total mass of steam passing through 5 nozzles per second is given by
m, = 0,0806 x 5 = 0.403 kg/s

Piwas developed by tha Skl ﬁffu%u& KW

From velocity diagram, C_ = 750 m/s (by measurement)
0403 = THO x 400

& Power developed = 1000 = 120.9 kW. (Ana)

EF Example 10.10. The firs! stage of an impulse turbine is compounded for velocity and
has two rows of moving blades and one ring of fixed blades. The nozzle angle is 15* and the
leaving angles of blades are respectively, first-moving 30°, fized 20° ; second-moving 30°. The

EI.
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velocity of steam leaving the nozzle in 540 min. The friction losn in each blade row is 10% of thy
relative velocity, Steam leaves the seconed rone il Frieaiia g Wlaeles axially.

Find : ) Wade velieity ; (il ) I8lecde efficiency |
U Specafic slvam consuailion
solution, Relor Mg, 19,29,

Norrle angle, = 15" ;u' =20
I = 90 Iwinee the steam leaves the blades axially
s = ﬂr - .:‘H}'

Velocity of steam leaving the nozzle, €, = 540 m/s nul ',,r' = (1.3

Wb l‘__'l "
o R [ - =04
1II .l‘J
- e o5 = : —-]
- [:' Ca R T
i c; 1 |
=} o
. . , =
i GI. I
e
C,
n, [ TE'_
- = .
S . . |
) , i
: "4 ' “a
P _ M Cyy L o N
g ; a ' moving blades
-iL: r I I
& B

Second row ol
moning Bliades

Second row of moving hlades ;

The velocny trimngles should be drown starting from the second row of moving blades.

The procedure is s fillows @ Befer Figo 19249

o Drow LM w any copivendent actale 1say 00 ciml os 'I'.' i red known

¢ Draw ¢ = 307 and dreow porpendicalioe theough the poant L tor ) to LM as [ = 90°,
This meets the line MA at A, This completes the outlet triangle LAMN.

& Measure O, " = MN" = 4.6 em



? P'l-l £l q'l ;

First row of moving bindes :
The following steps are involvisd in denwi i bled,
\ ’ wingt veloeily trinngle for firnt row of meving
e Dhraw LM =, (= 3 cm) b s
Y Y
w2 e
(111} .49
@ Draw 26 = 30% through the point M to the line LA

e [haw an are of radins 7.92 ¢em with o : ‘ ' r
et 87.22 mire L. This are cuts the line LV at LN..
MN, Thas I:'i'lll1|l-||1_1_|.ng Ll iikid et ."I.Ln‘i.'.alpr, FErn N. Itiin

= 7.22 em.

e Measure Cr o MN =97 em
i 07
J.rﬁl = f.-. = o, - = r' = -
12008 0

— ‘.Drl'ﬂﬁ H_” =0 = 1", through a point L. Draw an are of radius of 10,8 em with centre at
ML LNEs are euts the line LS ot S, Join MS. This completes thy inlet velocity triangle.
Measure LS from the velocity Lrinngle
IS = 138 cm = € = 540 mis.
The zeale is now caleulated from the above,

= ol
acale 1 em = - =491 mis

138
! Blade veloeity, €, :
Meusure the following distances from the veloeity diaprom und convert into velocities -
[..',". = LM =3 om =3 %3901 = 1173 m/s. (Ans.)
i) Blade efficiency, n,,

C,=M) =188 em = 188 % 39.1 = 735.1 m's
C =P =62em=062x39.1 = 2424 m/s
'-'ll_
20 117.:304735: 1 + 242.4)
— 0.786 or 78.6%. (Ans.)
T I
il Specific steam consumplion, m
G, O Ty m (T35 + 2424) x 1174
TSR [1T1 T 600 x 1000

SR L]
76,0+ 24240 % 117.3

Example 10,20, The fallineing particelars relate to g fuo-roge velocity compousded impulze

m, = = 3139 kg'kWh. (Ans)

wheel ;

atearn vefocity af nozele outles FRTLRTTRC
Mean blade velocity = JO85 mis
Nozzle outlet angle .

Outlet angle, first row of moving bludes = 18
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oOutlet angle, fixed guide blades = 29
Cutlet angle, second row of moving blodes = J5°
Steam flow =25 kgls

The rotio of the relative velocity at outlet to that at inlet is 0.84 for all blades.
Determine the following :

{f) The axial thrust on the blades ; (i) The power developed,
(tii) The efficiency of the wheel. (AMIE Winter, 2001)
Solution. With given data, Cy = 125 m/s, C, = 650 m/s, a = 16°,

first row inlet velocity dingram 1= drawn.

o C. +C, =924ms >

e ———

o
.
T
£,
£ P
:
S

Now with given,

first row exit diagram s drawn.

With C,'=0Ch; a' = 22°
second row inlet velocity diagram is drawn

With EPIJ =84 C‘l. s =367,

second row exit diagram is drawn.

The values read form the diagram are as follows :
Cy, = 180 m/s, Cp = 138 m/s,
Cr’ = 122 m/s, Cp.’ = 107 m/s,

C, +C,, =924mis, G, +C. =324ms
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if) Axial thrust on the hlades
= I'I-'I,l‘l:“::'lr'l - Er-? + fﬂh’ - cr_ i
= 2.6 [(180 — 138) + (122 - 107)] = 1425 N. (Ans.)
M e, +C, 1+(C, ' +C, NCy
) 1000
25024 + 3241 %125
- 1000
(024 + 3240 x 125 (024 + 3241 x 1256
- c,%2 T es0% 2
= 0.738 or 73.8%. (Ans.)

Example lul.mﬁrﬂﬂngeu:fun impulse turbine umptun&dﬁ;rﬂlnﬂ!jﬂnd!m
fwa rings of moving blades and one ring of fized blades. The nozzle angle iz 20° and the leaving
angles of the blades are respectively as follows :

First moving 207, fized 25° and second moving 307, Velocity of steam leaving the nozzles
is 600 misec and the steam velocity relative to the blade (s reduced by 10% during the passage
through each ring. Find the diagram efficiency and power developed for a steam flow of 4 kg per
second. Blade speed may be taken as 125 m/sec. (M.U.)

Solution. Cy = 126 m/s, C, = 600 m/s

a=20° ¢ = 20°
o’ = 25°% ¢ = 30"
10
JC= [1 ﬁ] = H'H
I'I:I. = 4 'ks,l"l
With these values velocity triangles can be drawn (Fig. 19311

{ii) Power developed

= 380 kW. (Ans.)

(1ii) Efficiency

C,=C_ +C,_ =B50m's

H
L L

Fig 193]
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From diagram (By measurement) ;
Ci, = 565 m/s, Ce, =285 mh
Co,” = 260 m/s, Cay' = 20 mfe
Now, C_ = Cy + G, =565 + 285 = 850 m/s
C)=0Cy' + Gy =260 + 20 = 280 m/s

Poirei developed LY 1;mT

= 4 % (850 + 280) x 125
1000

1
E ]
Diagram efficiency -—.{—f:'l}:;—cﬂ'

& "“‘mﬁ*m’ = 07847 or T8A7%. (Ans)

Example 190.22. The following data relate to a compound impulse turbine having two
rows of meving blades and one row of fixed blades in between them.

The velocity of steam leaving the nozzle = 600 mls

= 566 kW. (Ans.)

Blade speed = ]25 mis

Nozzle angle = J0*

First moving blade discharge angle = 20*

First fized hade discharge angle = 25°

Second moving blade discharge angle = J30*

Friction loas in each ring u J0% of relative velocity.

Find : ({) Diagram efficiency ;

(if) Power developed for a steam flow of 6 kg/s.

SBolution. Refer Fig. 19.32.

First row of moving blades :

To draw velocity triangles for first row of moving blades the following procedure may be
followed :

Select a suitable scale.

¢ Draw LM = blade velodty (Cy,) = 125 m/s.

o Make ZMLS = nozzle angle, o = 20",

e Draw LS = velocity of steam leaving the nozzle = 600 m/s.

e Join MS to complete the inlet triangle LMS.

e Make ZLMN = outlet angle of first moving blades = 20°.
and cut MN =09 MS, since K = 0.9.

— Join LN to complete the outlet ALMN.,

Second row of moving blades :

The velocity triangles for second row of moving blades may be drawn as follows :
e Draw LM = blade velocity (Cy) = 126 m/a.
o Meke ZMLS = outlet angle of fixed blade = 25°

and cut LS" =09 LN. (+ K=08)




Second roww of
mcving bades

@ -Jil:rl. .!-IH'. The inler vel LY rl"li'll"ll':fll' LAMS" 15 enmploted
o Make ZLMN" = ouwter angle of second moving blades = 30

and eut MA = 0.9 M5
e Join LNT. The outlet velocity trinngle = completad
The following required dota may now be scaled ol from the diagram
=R ""._ :f'ﬂ'li"!"\-tﬁ T =
& FYCY =280 mis.
AL AL HIE
i1 Dingram efficiency, Ty = s
|
3w 125 B4h -+ 2K
: 781 ore Th.1%. L;\nhl
.
T I. t l'_ |

) Power developed = L
I - TR

HAS « K00 185 iy
Hods UIx IS RE0TB KXW, (Anad)
HIALE

La Example 1020, The firat sfuge of a furbone 2 i faw
wheel, The steam velocity af inlet (s GONT
angle is 16° and the exit angles for the
second row of moving blades are 187, 217 and 357 respectively

(i) Caleulate the blade infet angles fior cach rne,

First row af
maving bladas

K =09)

rot vefocity compotndad impulse

i iemal thar preiR hlinife celinefy s 120 m /s The nozzle
ll'rru! Fuidi® ||l|f' LT Y blades, the ﬁ.'l't"l-iI hlades, and the



(i) Calewlate s fior vach row of moving blamies, the driving foree and. the HM'M
the wheel for a mass T of T ks, .
.i;Hi'I T T diagram effiviency for the wiliewl pned the diagrom poiver per w"hhﬁ .
(it) What woudd be the mavimum possible diogrom efficiency for the given steam inley
reloctty amd moassle angle ¢
Tuke the Made velocity eo-efficient aw 0.8 for all blodes,
Solution. Hefer Fig, 1955
= 16%, ¢ = 18°, (I, = G0 m/s, (), = 120 mfs
o= 217, 0" = 35, m_ = 1 ks,
Rlade velooity co-efficient, K = 09
With the above data velocity triangles can be drawn.
From the diagram iby measurement)
C. =0, -C,_ =8Ems;C =0+, =204 mia

€, = 168 mis, €, = 145 m/s ; € = 106 m/s, C; =97 m/s.

! Blade inlet angles :

Firat row : 0 =201 imaviing blade
= 245" fixed binde

Seeond rote 1 W = 305 imoving blado)




First row of moving blades < i€, 1000 <m0 o 1« BI6 = B76 N, (Ans.)
Second row of moving Bodes o m C VO 00 w07 w1« 204 = 204 N, (Ans.)
Axinl thrust :

First rve of moving Mades

mAC: "+ Cplhe 12 (168 = 136) = 33 N
Saovomd roae of moving hlivdes = Ml =0 = U (106 < 87) = N

Toted evial thrust = 304 0 = 42 N per kg/s, (Ans)
vt Power developed = (G, + G e
1000
1 % (875 + 204) % 120
e “mm: T L 14028 kW per kgs. (Ans.)
Diagram efficiéncy = :%f-."lr1'* : ““ S o {;I_d_”_m';.' ! ﬂ'l.lh!j
i G (GO0

.779 or 77930, (Ans)
v Maximum diagram efficiency
= cus® o = cost 167 = 0.924 or B2.4%. (Ans.)

Example 19.24. An impualse stoge of a turbine hos teo rows of moving blodes separated
by fixed blades. The steam leaves the nozzlis ol an angle of 200 with the direetion of mation of the
blodes. The blade extt anpdes are 2 Ted moving 05 fived 227 0 2 meoving 307,

.’f fﬂ:' ﬂ:f.‘.ﬂﬁ”ff-il .’u'u.f u’r'ulf.l "'rn" |'|rr4' F.-r.r_'_‘lrl' I feGe _I-.,f",i-Ll rmn’ -f-llli' JrHJ-t"n’l" l',f,-r:l-l“l;l"'ﬂi:l' Hr.’r.‘l"'. ﬁ-ﬂd

the blade speed necessary (f the finel velocity of the ateam i to be axil, Assime a loss of 16% in
relative velocity for all Wade passopes, Final alza the Wade officiency and the stage efficiency.
(P.A.)
Solution. Steam veloeity, €0 = 4472 0 iy = 4472 OB %1862 = 79 m's.

T]-“. \-{-[rlrll'\' 1[[;|;_'r;|:lr| II'.ln'.l' axril If.|1.."l"lril:r}.:'l' tuehine g graen fn Fepersy direciion (Eea
Fig. 19.34)
e The blade velocity (€0 LM 15 drawn to any converient seale,
o As discharge is axial LN is drawn perpendicular to LM,
e Knowing the outlet angle of the second moving ring (&7 = 7L N 18 located.
MN' represents relative velooly at autlet (€771,
® Helative velocity at inlet 1o the second miving blade is
MN" | l;
nEs | K
® The triangle at inlet to the second moving bilanides ring
discharpe angle ZMLS' (' = 22°), whitre L5 (0} 18 the
ring.

(= MS'

LM i obtained by drawing the
exit velocity of the second blade

Gf L8

2 assuming a loss of 15% (Eiven).
AD (L.Kf

® Now, O, =LN =
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® With compass at centre L and rodius LN are is drawn and the velocity trinngle at the
exit of the first moving blade ring LMN is completed, knowing the exit angle of the first
moving blada ring (§ = 30°).

C./=C,'+C, '=C, —
(-3

. -]
1
[
I
I
[
]
I
i
I
i
I
&
]
1
1
[
I
[
]
1
i
1
I
[
i
]
[
i
i
|
o

1
| |
! I
Gy tG,
; \
| i
8 N
First row ol
maoving blades
Fig. 19.34
C MN
e Witha=20"and G, = MS= n—;'E = 085 the inlet velocity triangle is completed.

Now LS is the absolute velocity from the nozzle. Since this velocity is known, scale can be
calculated. It is

Absolute velocity at exit from the nozzls
3 Length LS
and then the blade velocity, ete. can be calculated.
From the diagram :
Cy (= LM) = 117 m/s

Cﬁq.-c.‘ = T62 m/s
C.."*-C_.*'C.: = 294 ms (- Cg'=0

_ (G, +C, 1 Cy _ 1762+ 234)% 117
Blade efficiency, T é‘lﬂ T

= 0.6852 or 80.52%. (Ans)




. !E._", +E“.'.I:Cﬂ___f'lﬁi+254'_lx 117

by 1862 x 1000
= 0,628 or BL6%. (Ans.)

Stage efficiency, Mo

mm TURBINES

The reaction turbines which are used these days are really impulse-reaction turbine.
Pure reaction turbines are nof in general use. The expansion of steam and heat drop oceur both in

fixed and moving blades.

18.8.1. Velocity Dingram for Reaction Turbine Dlade

Fig. 19.35 shows the velocity diagram for reaction turbine blade, In case of an impulse
turbine blade the relative velocity of steam cither remains constant as the steam glides over the
blades or is reduced slightly due to friction. In reaction turbine blades, the steam continuously
expands sl it flows over the blades. The effect of the continuous expansion of steam during the
flow over the blade is to increase the relative velocity of steam.

-

Y

Fg. 18,05, Velocity diagram for reaction turbine blade.

C,, >C, for reaction turbine blade.
(Cy Sl'.',t for impulse furbine blade).

18.82. Degree of Reaction (Hy)

The degree of reaction of reaction turbine stage is delined as the ratio of heat drop over
moving blades ta the total heat drop in the stage.

Thus the degree of reaction of reaction turbine is given by,
Heat drop in moving blades
Heat drop in the stage

Ah
ﬂ_ﬂ_ i u "
iy + Ay ns shown in Fig. 19.35,

The heat drop in moving blades is equal to increase in relative velocily of steam passing
through the blade.

Ry

2 1
E. M = u

" 2



{a) (B)

Fig. 18.36

ﬁntnu!hutdmpi.nthnlugﬂd.‘lr*ﬁh | is equal to the work done by the steam in the
stage and it is given by

Mr“ A = C, h:‘."lﬁ +ﬂ,,_j

C, -C,*
Rjm —— -119.22)

204(C,, +C,)
Referring to Fig, 19.36,

G, = Cy cosecpand C, = Cp cosecd

and (C,, +C,,) = Cp, cot8+ Cp, coto

The velocity of flow generally remains constant through the blades.

o ‘Ci" = E.f = Er

Substituting the values of €, C, and (O, +C, ) in eqn. (19.22), we get

C;” (eosec” §— cosee® B) €y |(cot® 6+ 1)—(eot® 0.+ 1)

20, Cp (cot B + cot ) 2Cy cotB 4+ cot ¢
ﬂ; |:m1'. §— m'ﬂ]

Ry

2Cy| cotd+cold

C
= ! "
ac, (-t @) (19.23)

If the turbine is designed for 50% reaction (Ah, = Ah ), then the eqn. (19.23) can be written
1

S x
2 = E:" (cot & = cot @)



STEAM TURRINES 8

Cy = C;lcot ¢ - cot 8) A 19.24)

Also Cy; can be written as
Cy=Cplcot ¢ —cot ) -..{19.25)
and €y = Cpleot o — cot B) ..(19.26)

Cr, =Cp, = €y in assumed in writing the above equations.
Comparing the eqns. (19.24), (19.25), (19.28)
Bmfiand ¢ = o
which means that moving blade and fixed blade must have the same shape if the degree of reaction
is 50%. This condition gives symmetrieal velocity diagrams, This type of turbine is known ns
“Parson’s reaction turbine”. Velocity dingram for the blades of this turbine is given in Fig. 19.37.

Cs
Plﬂ‘-i——l--l—‘——i--i——l-'rr —_ - e, — 1 = = = — e - Iu

| ]

i ]

] ]

[ ]

¢,y e

i i

| ]

| i

| i

5 N

Fig. 18.37

Example 19.25. Define the term ‘degree of reaction’ as applied to a steam turbine. Show

that for Parson's reaction turbine the degree of reaction is 50°%. (AMIE Summer, 1895)

Solution. Refer Fig. 19.38.

=]
I i
.‘ | G=0C,
i I =

':"'T Tﬂ‘_‘cﬂ_c’ﬁ
i i =g
i ,  8=p
5 N

Fig. 19.38
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The pressure drop in reaction turbines takes place in both fixed and moving blades. The
division generally is given in terma of enthalpy drops. The erilerion used is the degree of reaction.
It is defined ns

Enthalpy dropin rotor blades =~ AR,
Total enthalpy drop in stage Ak, + AR,

A special case is when the degree of reaction is zero ; it means no heat drop in the moving
blades. This becomes a case of impulse stage. Other common case is of Parson's turbine which has
the same reason for both the fixed and moving blades. The blades are symmetrical, i.e., the exit
angle of moving blade is equal to the exit angle of the fixed blade and the inlet angle of the moving
blade is equal to the inlet angle of the fixed blade. Since the blades are symmetrical the veloaty
dingram is also symmetrical. In such a case the degree of reaction is 50%.

Applying the steady flow energy equation to the fixed blades and assuming that the veloaty

of steam entering the fixed blade is equal to the absolute velocity of steam leaving the previous
moving row, we have

(Refer Fig. 19.36)

Similarly, for the moving blades

1 i
ah _G ;Cn

But C,=C,, and Cy= G,

. .:ulu = Ah_

Hence degree of reaction —A‘:EM— ;

This is a proof that Parson's reaction turbine is a §50% reaction turbine.
Example 19.28. (a) Explain the functions of the blading of a reaction turbine.

{h) A certain stage of a Parson’s turbine consists of one row of fixed blades and one row of
maving blodes. The defails of the turhine are az below : -

The mean diameter of the blades = 68 em

R.P.M. of the turbine = 3,000

The maoss of steam passing per sec = 13.5 kg

Steam velocity af exit from fived blades = 143.7 min

The blade outlet angle = 20"

Calculate the power developed in the stage and gross efficiency, assuming carry over co-

efficient as 0.74 and the efficiency of conversion of heat energy into kinetic energy in the blade
channel as 0.92. iM.U.)

Solution. (a) The blades of reaction turbine has to perform two functions :

1. They change the direction of motion of steam causing change of momentum, responsible
for motive foree.

2. The blades also act ar nozzles causing pressure drop ns steam moves in the blade passage.
b D=068m N = 3000 rpm., m = 13.5 kg's

C,, = 143.7 m/s, o = 20°, w = 0.74, 0 = 0.92
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Blade velocity, c,, = :mmu ; ""“:u"“m = 106.8 m/s

Cy, +Cy, = 185 m/s (Fig. 19.39)

+ E,,-C_,I-':ﬁ-'lﬁm'l

* C.,‘ C.,
C,= 106.8 m/s
pL_ Q

““_p" __

5 N
Fig 19.99
Powmdinhpid o)
1000
=135 x %ﬁ-mmtm (Ans.)
In Parson turbine blades are symmetrical, Le.,
a=4,68=§
Cl-'ﬂ'mﬂ
Enthalpy drop -2 EII_:&'FE: -l [“:;:":;:':::uz" = 19.83 kl/kg

Work done/kg (C, +Cs, ) Ciy
" Enthalpy drop/kg 1983 x1000

166 x 1068

Example 19.27. (o) Discuss the factors that influence the erosion of turbine blndes. On a
sketch mark the portions of the blades more likily to be eroded. Sketch the methods used fo
prevent erosion of sleam turbines blades. i

{b) A reaction turbine running af 360 r.p.m. consumes 5 kg of steam per second. Tip
leakage iz 10%. Discharge blode tip angle for both moving and fixed blades is 20°. Axial velocity
of flow iz 0.75 times blade velocity. The power developed by a ceriain pair is 4.8 kW where the
pressure is 2 bar and dryness fraction is 0.95. Find the drum diameter and blodes height.

(U.P.B.C.)

Solution. (a) In the high pressure nnd intermediate pressure stages of turbine the pres-
sures and temperatures are high and the blade material should be such that it stands high pres-
sures and temperatures. In the intermediate pressure stages steam is wet therefore, the material

s Gross afficiency



be able to withstand both corrosion and ervsion due 1o the presence of waker particles. In addition
to corrosion and erosion the Wades are alao Hm’!f'"'“'"_' fir 1’"#{' venlrifugol stresses as the |y
pressure stages are longer, therefore, the blade materinl and its desgen should be such that g
stands corrosion, erosion and hugh confrifigal sireases, - “

When the speed s high and moisture exceeds 10 per cent the effect of moisture is most
prominent. The most effeeted portion is the back of the inlet edge of the blade, whers ‘*‘”;hﬂrm
are formed or even some portion hreaks awany. Due to centr fugenl foree the water particles tend tg
concentrate in the outer annulus and their tip speed is greater thin the root speed, hence erosign

effect s most on Ups (Fig, 19400,

Worst affected greas

) A spead
772 VA
Fig. 14,40

Methods adopted (o precent erosion
¥ By raising the temperature of stearm ot inlet, so that ul exit of turbine the wetness does
not exeeed 1 per cint
et By adopting reheat evele | so that the wetness ot oxit, remaing in li it
i) Drainage belts nre provided on the turbine, so that the water droplets which are on guter
periphery, due to centrifugal force are deained. The drained amount is about 25 per cent
of total waler particles present. e

b The leading edge of the turbine s provided with o shield of hard material
— In the method (1) difficultios are the limits of temperature o material :
— Reheat eycle [method (il bas its own sdvantapges and dhradvintses

— Drainage belts [method (1] eause structural chane
g i = |
however, bleeding may help,

can withstand.

es 0 the turbine cozing desigm,

o AN Tiow hl-ﬂlhﬂ'nrh”-}- salution is .f"-"’?'r'lih'n'f'.' Fierrgrsficrt |"-|i|.ll'|r|-r This Jrry v el hlad ’J‘ﬂ'
sowtwr, (f does ot remove the resistance ) " = S IREE FAE NQOE Ly,
obn resnstance el the iader l'.IIJ"I-'j.IJI'El.;I e cn the rotation of the

rafur,
) Bpeed, N = 360 r.p.m
11
M. = ' I
¥ n ht “!L'r‘tlll h“llkilgl'l = -'ﬁ h':__ﬁ

u=g=W 0 =075 0,
Power developed in w certain pair

= 4B kW at 2 hir (r = (515

Blade velocity, CL LM = BN xx D x 380
td = -ﬁ[] = -En - iH,Hﬁ H “:ur’-'

{l-fr =005 x 1BEG D = 14.138 D mfs
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Prosrmerree e s 10

£
= -

Fig. 1941
Cr, _14138D

From, ALSP, C, = m/

2in20° gin 20°
and LP = C, cos 20* = 14.13 D » ::"'"' = 14.138 D cot 20°
PQ =2LP - LM = (2 x 14.138 D col 20" - 1B.85 D) m/s

Power developed = Eﬂ%u@-
£ 4.5x(2x14.138 D cot 20" - 1B.86 D) % 18.85 D

1000

48

Saolving this equation, we get

Drum diameter, D= 098 m. (Ans.)

From steam tables at 2 bar, v, = 0.885 m'kg

M Flow area x flow velocity
Mo Bpecific volume

oo TOBXC,
' |
mx0.98 x h x(14.158 x 0.98)
' (.95 x 0.885
T 4.5x0.85 » 0.885
nx0.98> 14.158 = 0.98
~ Blade height = 0,087 m. (Anas.)
Example 18.28. (a) List the odvantoges of steam furbines over gns turbines
(b)) Determine the isentropic enthalpy drop in the stage of Parson’s reaction turbine which
has the following particulars ;
Speed = 1500 rpm ; mean diameter of rotor = I m ;
stage efficiency = 80% ; speed ratio = 0.7 ;
blade outlet angle = 20°. (B.U.)
Bolution. (o) Advantages of steam turbines over gas turbines :
1. The load control in steam turbines (s casy simply by throttle governing or cut-off govern-

ing. In gns turbines the air-fuel ratio becomesa too high, 100 to 150 at part loads. This causes
problems to sustain the flame,

4.5

= 0.0887 m



2. The steam turbine works on Hankine cyele. In this cycle most of the heat is supplied at
constant temperature in the form of latent heat of evaporation. Also the heat i= rejected in the
condenser isotharmally, Hence the eyele is more efficient, and its efficiency is close to that of
Carnot cyclo. On the other hand, the gas turhine works on Brayton cycle whose efficiency is must
less than that of Carnot cycle working between the game maximum and minimum limits of
femperntures,

4. The eMdency of steam turbine at part Joad is not very much reduced. In gas turbines the
maximum cycle temperature decreases considerably at part load ; therefore its part load efficiency
is considerably low.

4. The blade material for steam turbines is cheap. For gas-turbines the blade material is
costly as it is required to sustain considerably high temperatures.

{h) For Parson’s reaction turbine, the velocity triangles are symmeoetrical, as shown in
Fig. 19.37.

Given : N=1600rpm,D=1lmn, =B80%;
Scked radin, %ﬂ-m.q.n-m-
1

€, =G, and G, =C,
DN = w1 % 1500

Cym= = & = 78.54 m/a
Speed ratio (7= %"’-
1
TH.
C, = —?% = 1122 mfs

cﬂ: = E:’ + EHI - H:I'E” Cos m
= (11222 + (78.54)* - 2 x 112.2 x 76.564 cos 20° = 2195.84
or C, =4686 m's
Ah = Actunl enthalpy drop for the stage
= I0C* -G +(C. 2 -C. %]
= dpiet - i+ 6 -, =01 -0
it 'ﬂn =E"l ',Erh =ﬂ|l
or Ah = [(112.20 - (46.84 7] x /1000 kdikg = 10.39 kg

Isentropic enthalpy drop, (Ah") = [ah) - !-E-—;E-Ium = 12.09 kJ/'kg. (Ans.)

18.8.3. Condition for Maximum Efficiency

The condition for maximum efficiency is derived by making the following assumptions :

if) The degree of reaction is 60%.

(i) The moving and fixed blades are symmetrical.

(it1) The velocity of steam at exit from the preceding stage is same as velocity of steam at the
entrance to the succeeding stage.

Refer Fig. 19.37 ivelocity dingram for reaction blade).

Work done per kg of steam,

W=0Cy (C,, +C, ) =CIC, cos x+ (L, cos 6—Cy)l



'_'-_,.— -
e
- L
L™=

d=o and € = O nu per the assumptions

. W= Oy 120, con - O]
N ¥ I
we o Xulcona Gy
= UIE l'.!|] . O8I0 — p“l A19.27)
I'N
where p = -
Gy
The K.E. supplied to the fixed blade = 2;: .
i i
- [: i
The K.E. supplied to the moving hlade = —& T
Total energy supplied to the stage,
t-l s {'"r i = E\,r &
Al = :l s 4
a8 €, = €, for symmetrical triangles.
o B S
ol i
Al = '2 + y
¢ Gy’ (1928
= | - E
Considering the ALMS (Fig. 19.45)
{-rr < = [‘!: + {:']I.-J e Et.l a r.._. « EE1S K
Substituting this value of C.° is egn. | 19.35), we have
Total energy supplied to the stage
A= 00 - L0 0y - 2C, . Oy - cos ol
= If_"l‘. + 20, €, cos o - ['hl." W2
R T {1 . |'L
-tl|l+ Lh cosn f‘l]
! €y L O
Cy’ : L(19.29)
= ‘l‘ |+ 2 cosd - P !

The blade efliciency of the reachinn turhine 15 given by,
11

T = Al
from eqns. (19271 and (18.249), we get

Substituting the value of W and Al

C|:I?-f]m“"p!1

bl
L R F;--ll-*—ﬂpmlu-p"l
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2(2p cos @ - p*) - En’:’tm.n-p}_. 21+ 2pcos—p')-2
(1+2pcona-p') (1+2pcosa-p’)  (1+Zpcosm-pl)
2
-1+ﬂpﬂﬂﬂ-pr
The n,,; becomes maximum when the value of (1 + 2p cos @~ p?) becomes maximum.

=2 - 19.30)

Fig. 19.42

. The required equation is
iu-ﬂipmu-p’l-ﬂ

dp
decona-dp=0
S P =cos & «~{19.51)
Substituting the value of p from eqn. (19.31) into the eqn. (19.30), the value of maximum
efficiency is given by,

N,  =2- . — =l |l- : -__ﬁ_inul:n
Tt man 1+2c08 a-cosa 1+ cos? 1+ con® 2
2 o8 o
Hence (M) e = Ty -(19.32)

The variation of n with blado speed ratio [ECT.] for the reaction stage is shown in
Fig. 19.42,
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1. Blade or diagram efficiency (). It is the ratio of work done on the blade per second
to the energy entering the blade per second.

2, Stage efficiency (Myage’ The stage elficiency covers all the losses in the nozzles, blades,
diaphragms and discs that are associated with that stage.
- Network done on shaft per stage per kg of steam flowing
Adiabatic heat drop per stage
. Network done on blades = Dise friction and windage
Adinbatic heat drop per stage '
3. Internal efficiency (n, ). This is equivalent to the stage efficiency when applied to
the whaole turbine, and is given by :
_ Heat coverted into useful work
Misternal = = T adinbatic heat drop
4. Overall or turbine efficiency (7, ). Thia efficiency covers internal and external
losses ; for example, bearings and steam friction, leakage, radiation ete,
o Work delivered at the turbine coupling in heat units per kg of steam
Total adiabatic heat drop '
b. Net efficiency or efficiency ratio (n__) It is the ratio
Brake thermal efficiency
Thermal efliciency on the Rankine cycle
Also the actual thermal efficiency
Heat converted into useful work per kg of steam
* Total haat in stoam ot stop villve - Water beat in exhaust
Agnin, Rankine efficiency

HM

Adinbatic heat drop
~ Total heal in steam ot stop valve - Waler heat in exhaust
_ Heat converted into useful work
Tloet = ™ Total ndiabatic heat drop
Hence Miet = Movornil

[t is the overall or net efficiency that is meant when the efficiency of a turbine is gpoken of
without gualification.

mm OF POWER IN STEAM TURBINE PRACTICE

In steam turbine performance the following types of power are generally used :

1. Adiabatic power (A.P.). It is the power based on the total internal steam flow and
adiabatic heat drop.

2. Shai. power (8.P.). It is the actual power transmitted by the turbine.

3. Rim power (R.P.). It is the power developed at the rim. It is also called blade power.

Power lossea are usually expressed az follows :

) (P, = Power lost in overcoming disc friction.

(1) (P),,, = Power lost in blade windage loases.
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Lot us consider the case of nn impulse turbine. Let m, be the total internal steam flow in
kg/s.
Refer Fig. 10.43. The line (1-2) representa the adiabatic or isentropic expansion of steam in

the nozzle from pressure p, to p,. But the actual path of the stage point during expansion in nozzles
is ehown by (1-3) n‘hkhtnllr.u into account the effect of ‘nozrles losses’

Then, AP. = m, (hy - hy) kW ..(19.33)

Afer expansion In the nozzle the stearn enters the blades where the RLP. Is developed. Due
to blade friction the steam is somowhat reheatod and this reheating is shown by (3-4) along the
constant pressure p, line just for convenience. But in actual practice though the pressure at outlet
of tha blade is equal to that at the inlet, the pressure in the blade channels is not constant.
However, with this simplification ;

E (Enthalgy)

» 8 (Entropy)
Fig. 1943

RP. = m, (A - h) kW (19.34)
4-5 ghows the further reheating doe to friction &nd blade windage and these losses are given

(Pl = s, (hy=h) kW ..{19.35)

MNow points 1 and 5 are the initial and final stage points respectively for o single stage
impulse turbine. It, therefore, follows that

S.P. = mth, ~ hy) kW, .£19.36)
REACTION TURBINES

Example 18.29. The following data refer fo a particular stage of a Parson's reaction fur

bine :

Speed of the turbine = 1500 r.p.m.
Mean diameter of the relor = [ metre

Srage efficiency = 80 per cent
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Blade outlet angle = 20"

Speed ratio = 0.7

Determine the avaiiable isentropic enthalpy drop in the stage.
Solution. Mean dinmeter of the rotor, D= 1 m

Turbine speed, N = 1500 r.p.m.
Blade outlet angle, o =20¢
Speed ratio, p:-g‘- =07
1
Stage efficiency, Npage = BO%

Isontropic enthalpy drop :
DN  =x1x15600

Blade speed, Cy= 0 " 50 = T8.564 m/fs
But p= -‘?El = 0.7 (given)
1
Th54
-.p E | &- [ |
In Parson's turbine o= 4§

With the above data known, the velocity diagram for the turbine can be drawn to a suitahle
scale as shown in Fig. 19.44.

‘ ., o
4—————Cy = 78.54 s ————»

F - H =1 I-' - n
E (2] @ a B

Gy 9 = G ta,
i n‘li“."l cﬂ :
5 N

Fig. 19.44

By measurement (from the diagram)
Cuy = 1065 mfs ; Cy, = 27 mfs

CylC }
Nytage = ~“{—'£‘L-ﬂ5—, where h, = isentropic enthalpy drop.

o JB8.54(106.25 + 27)

L€, 0.8 J...:lum




It em

o= TA54(106.25 + 27)
o 0.8 x 1000

Hence, isentropic enthalpy drop = 13,08 kJ'kg. (Ans.)

= 13.08 kJ

Example 19.30. In a reaction turbine, the blade tips are inclined ot 35* and 20" in the
direction of motion. The guide blades are of the same shope oz the moving blades, but reversed in
direction. Al a certain place in the turbine, the drum diameter is | metre and the blades are
high. At this place, the steam has a pressure of 1.75 bar and dryness 0.935, [f the speed of
this turbine is 250 r.p.m. and the steam passes through the blades without shoek, find the mass

of ateam flow and power developed in the ring of moving blades.

S,
s M
Fig. 10.45
Saolution. Refer Fig. 19.45.
Angles, @ = ¢ = 20°, and 6 = f = 35"
Mean drum dinmeter, D =1 +0.1= Ll m
Area of flow = nD_h, where A is the height of blade
=% x L1 x 0.1 = 0.3456 m?
Steam pressure = 1.75 bar
Dyryness fraction of steam, x = 0935
Spesd of the turhine, N = 250 r.p.m.
Rate of steam flow, m, :
Blade speed, Cy = E;N " nl;ﬂuﬂm ——.
With the abave given data the velocity diagram can be drawn to a suitable scale as shown in
Fig. 19.45.

By measurement (from diagram) :

Co, =30mfs:C, =1545mis; C; = Cp = 108 mis

From steam tables corresponding to 1.76 bar pressure.
v, = Specific volume of dry saturated steam
= 1.004 m¥kg
x = 0,835 (given)
s Specific volume of wet steam = x, = 0.8935 = 1.004 = 0.938 tlr"‘"kg




mhnnmﬂs %89

Mean flow rate 1= given by -

m, Area ol Now = Velooity of flow 3 08466 ]_fu‘l = 3.98 hgfs.

Spocifie volumie ol steam TR

Power developed, 1" :

mAC,, +Cy 10y

rl' = Cl "hl'l'
TUHIE k
AR 4 15451 = 14,4
= - = i ool Mgl i = i 1"‘ r' :
{0 26 kW. (Ans.)

Example 1931, In a reaction furbine, the fived blades and moving blades are of the same
shape but reversed in direction, The angles of the receiving tips are 35" and of the discharging
fipe 200, Find the power developed per puie of blades for a steam consumplion of 2.5 kgls, when
the blade spevd 15 50 mis, If the heat drop per paire s 1004 bFkg, find the efficiency of the pair.

Solution, Angles of receiving tips, 0= [} = 45

Angles of discharging tips. (L= =20
steam consumption, . = 20 Kk
Blade speed, (o= 0l mes
Heat drop per paar, fi, = 1L kdkg

Power developed per pair of blades :
Refir Fig 190416,

[ G, =G, =k, = T3 M3 -
— G | c, —=
| L 50 mys —
F\.I n\l!
jm——— - e . e o
: = 1] .':_. 2" 2O
35 :f; . -r-;f
1 rl / T,
LY T s
i i ,.ll_
i - i
i e
L] -_-FH-FF
L=
-
-|'|| LI

NS = IN) = 152 - m's
Work done pea poar per g of steam

W e b, = 152 x B0 = 7600 Novkg of steam.

W il I
ma s, 4 1".I 1L 0 B ow THL)

i , = 190 kKW, (Ans.)
LY L

Power | pirr =
Efficiency of the pair :
Efficiency = N

L 1800 87 = 75.7%.  (Ans)
10004 = 1000
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st tegls

B¥ Example 1902 A stoge of a furbine with Parson’s blading delivers dry saturated
steam at 2.7 bar from the fived blades at 90 mls. The mean binde hewght s 40 mm, and the
moving blade exit angle 15 207 The axiod vefocity of wleam in .'J'.-:-.! of the .‘n‘r;lrfi' veloenty r_rf Hn.' mean
radius. Steam i& supplied o the stage af the rate of 000 kgl The effeet of the blude tip thickness
on the annwlug arva can be neglected, Caleulate :

i) The wheel speed tn rpone. (i) The diagrom poer

it The diogram efficiency ; (i) The enthalpy deop of the steam in this stage,

Solution. The velocity dingram is shown in Fig, 1947 (o) and the blade wheel annulus is
represented in Fig, 19,47 (bl

Pressure = 2.7 bar, x = 1, €, = 30 m/s, fi = 4() mm (i m

n=8=20°Cr=Cpr =34 C

Rate of steam supply = 9000 ki'h.

i Wheel speed, N ;

Com 34 C, = O 5in 207 = ) sin 20 SLTH ms

€, = 3078 x 43 = 41.04 ms
- '|:- = f:" i '..": =
- |:h a i "'—':'ri —
- c -
Bl __ 2 ...l 3 L 1
! o~ L T T i T | EmE=—.
i _;; - :
I - g - — -
G, ¥ i 4 N G Vo
| e _a - |-|'|_|I=' i ; I's
i _,_.-"f i i) %0 G
J I e k-,_h
I,.i:""' -."'"J
5 N
{11
I
3
¥
L
0
F "
Argig Am
()

Figg. 1047
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Thmuﬂnwnfﬂmmugimhy:;ngi?_
{(where A is the annulus area, and v is the specific volume of the steam).

In this case, v = v, at 2.7 bar = 0.6686 m kg
m 30.78 ma.w

HEIII 0.6666 3600 = 30.78
Now, annulus area, A = xDh
{where I is the mean dinmeter, and A is the mean blade height)

i = (.0564 m?

0.054
0.054 = nD x 0.04 or ﬂ=:nlllliln =043 m
Also, C, = m"gu“ or 4104 = ‘—’”1?:{;"“—"
4104 x 60
ar Hﬂmllﬂnhm {Ans.)
{ii) The diagram power :
Diagram power =m, C_Cy
Now, C,=2C,cosn-C,

=2 x 90 » cos 20° - 41.04 = 128.1 m/s

2000 = 128.1 % 41.04
= Diogram power = 3600 = 1000 = 13.14 kW. (Ans.)

(i} The diagram efficiency :
Rate of doing work per kg/s = C, €, = 1281 x 41.04 N m/s
Also, energy input to the moving blades per stage
2 2 | 2 2 _p2 1

EE +E' EE: {','2 () zﬂ'ﬂ nﬂlt_%_ (-

Referring to Fig. 19.47 (a), we have
C'=C'+C*-2C,Cyoma
= 007 + 41.04%° - 2 x 90 x 41.04 x cos 20°
= RA100 + 1684.28 - GB41.69

cﬂ Im.!mllll
Energy input =m;_53:i‘ - 66795 Nm per kgs
1.
o Diagram efficiency -%.nﬂn or TB.T%. (Ans.)

(iv) Enthalpy drop in the stage :
Enthalpy drop in the moving blades

C,'-C*  g0?-539° g s
2 2 x 1000 i

s Total enthalpy drop per stoge = 2 x 263 = 526 kJ/ky. (Ans.)

2B

=)

C, =Gy
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Example 19.33. The outlet angle of the blade of a Parson's turbine is 20° and the axial

velocity of flow of steam is 0.5 times the mean blade velocity. If the diameter of the ring is 1.25 m
and the rolational speed is 3000 r.p.m. determine ;

(6} Inlet angles of blades.
(i) Power developed if dry saturated steam at § bar passes through the blade whose height

may be assumed as 6§ cm. Neglect the effect of blade thickness.

Solution. Refer Fig. 19.48.

C, +C, =30m's
Gy G
}47 = 196 m/a
g -M e - —y———0
: i 20" :
! 1e
- — 2
5 N
Fig. 18.48
Angles, o wé = 2*
Axial velocity of flow of steam,
€y, = €y, = 0.5 Cy (blade speed)
Diameter of the ring, D=126m
Rotational speed, N = 3000 r.p.m.
Blade speed, e::,,.-"';,f"m"qlf L

% Cf. = Cr =005 x 196 = 98 m/s
Velocity diagram is drawn as follows :
® Takes LM (Cy) = 196 m/s, and a = ¢ = 20°.

® [Draw line 1-2 parallel to LM at a valee of 98 m/s (sccording to scale). The points S and
N are thus located on the line 1-2.

® Complete the rest of the diagram as shown in Fig. 19.48.
i1} Inlet angles of blades :
The inlet angles (by measurement) are :
f=0=55 (Ans)
(ii) Power developed, P :
Area of flow is given by, A = nt » [} (mean diameter) x h (height of blade)
Mean flow rate i8 given by.
Area of flow = Velocity of flow  =Dh x C;
Specific volume of steam v




T

'I.'l-_t.
From steam tables, p, = 0ATH mkie nt 5 bar
w | A = « LM
e il [Illill G167 ket
e 0,470 '
g my = Oy BLOT x iy 136
Poweer develonad, s . 1000 = = 1000) = JPH2.3 kW. (Ans.)

Example 1930 A SFG reaction turbine Gt symmetrical velocity treangles) running at
400 rpom has the exit angle of the blodes asx 200 and the velocity of steam refative o the hlluden
ab the exit 1x 135 times the mean blade specd, The steam flow rate is B2 kgl and at a purticular
stage the spwcific polume is LAS) m' kg, Calealate for this stage

) A suttahle Blade height, assyming the rotor mean dwmeter 12 times the blade heght,

anda -
() The diagram work, (N.L.)
Solution. Speed, N =400 rjpom. s =20
Cr,= €= K350 3 m, =833 kel
= 1Rl mVkg s = 12 A
1 Blade height, ho:
Refor Fip. 1840,
[ = —C, — -lt— G —»
| X - Gy, 11 a
II""J .I_.. = = o IIIIl----lI
| -”_. _'L o | |
| ! - |
! |
|
cr Fo o5y TG
. |
o/ G = K
I.'r ) — \
I-'. ’ L
= N
Axinl Now velocily, Cr= Ly, =0, =L sin g
145 €, sin 20
BAGLT ()
[ nl)”
Area of Now A= nfih nl) x 5 14
At - A= DAG1T O
Mass flow rati, i : ur Hi 12051
2 = 1481 o 8D xDN
S T T et S T gl

n' D" = 400 L B9 T20
or 24916 = —— or D= kbR

s or )= 1656 m
T20 1w 400



i .’.'W-H.I:IHm or 138 mm. (Ans.)

s Blade height, LT
(1) The dingram worl :
THagram work = M %) u.',“ b C )

m % O (20 com i =€)
B30 x O 12 2 Lab Oy cos 200 <€)

= 8.3 x €7 (2 % 1.35 cos 20° - 1

vl : 2
- 8.3 x %‘ | %1507 =533 fp-” "E’:E-‘T'- '-"WJ « 1537
= 16012 W ar 154 kW, (Ans.)

Example 19.35. 300 Raimin of steam (2 har, 0.98 dry) flows through a given stage af a
maction turbine, The exit angle of fived biodes ax well ax moving blodes is 20° and 3.68 AW of
power is developed, If the rotor specd i 360 rpom. and tp leakage is & per cent, calculate the
mean drum digmeter and the blade height. The axial flow vefovity s 0.8 times the blade velocily,

(Rooarkee University)

5 . S0
Solution. Rate of Qow of steam through the turhine, m, = a0 = A kiz's
i

Pressure and condition of stenm, o= 2 bar, x = (.98
The exit angles of fixed blades as well as moving hlades, o = i = 20"

Power developed, M= 368 kW

Speed of the rotor, N = 360 rp.m,

Tip leakage = 0 per oenl

Axial flow veloeity, (R | - | i (blado wvelneity )

Refer Fig. 19.49
Mean drum dianmeter, 1) ;
nDN ntf) x 360

Mean Blade velooity, 0= - R :
' S gy - 1885 Dmie
. f" w L ]
Power developed, Pk 4G,
L
= R (5% 0.95) % B85 D«
1O
0 = 4.067 = 1000 40,955
T GBx0895)x IRESD T D
J"J.'lmumllij.: Parson's reaction turbine, w have
™ ! ¥
Lo =Ciminu or €= Cn. _ 080, _ BE«IK8R D
FITIR Y BATH 08 ain 20 = 0481 1)
lﬂn =f'r. #E,r:'
Also, C =20 S LR CTS
-y OO 0t ~ ey
- m}é H'UI“ WO T =2 X 44001 D cos 20° - 18,85 D = 64.01 D
= = = j- NiF
D=08m or 800 mm, (Ans.)

d
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=DAC
Mean steam flow rate, m, = ?f.
3
o 15.;1]95“""“-3“"”‘E|'iﬂ“ -‘“ﬂﬂlhxlﬂ,ﬂﬂlﬂ:ﬁngﬂi}
' 0.98 x 0885 0.98 % 0.885

(At 2 bar : v, = 0.885 kg/m?)

(5= 0.95) x 0,98 x 0,885
- iy ¢ 0.8 » (44.091 = 0,80 x 0.3420) = 01358 m or 1359 mm. (Ans.)

Example 18.38. (a) Why is drum type construction preferred to disc type construction in
reaction turbine {

ib) Why is partial admission of steam adopted for H.P. imoulse stages while full admission
is essential for any stage of @ reaction turbine

fc) In a 50% reaction turbine, the speed of rofation of a blade group is 3000 r.p.m. with
mean blade velocity of 120 mis. The velocity ratio is 0.8 and the exit angle of the blades is 20°. If
the mean blade height is 30 mm, caleulate the total steam flow rate through the turbine. Neglect
the effect of blade edge thickness of the annular area but consider 10% of the total steam flow rate
as the tip leakage loss. The mean condition of stearn in that blade group is found to be 2.7 bar and
0.85 dry. .

() What do you mean by once through botlder ¥ (AMIE Summer, 1998)

Solution. (a) The rotor of the turbine can be of drum type or disc type. Disc fype consiruction
is difficult (complicated) to make, but Lighter in weight. Hence the centrifugal stresses are lower
at m particular speed, On the other hand drum type construction is mmple in construction, and it
id easy to attach serofoil shape blades. Further it ia easier Lo design for tip lea age reduction which
is a major problem in reaction turbines. Moreover due to small pressure drop per stage (larger
number of stages) in reaction turbines, their rotational speeds are lower and so the centrifugal
stresses are nol very high (even the reaction blades are lighter). Therefore drum fype consiruction
i# preferred to dise tvpe in reaction turbines.

To accommodate incrense in apecific volume at lower pressures the drum diameter is stepped
up which allows greater area without unduly increasing blade height. The increased drum diameter
also increases the forque due fo sfeam pressure.

(b} In impulse turbines there is no expansion of steam in moving blades, and the pressure
of steam remains constant while Mlowing over the moving blades. The expansion takes place only in
the nozzles at the inlet to the turbine in H.P. stages, or through the fixed blades in the subsequent
stages. The nozzles need not occupy the complete circumference. Therefore partial admission of
steam is feasible and adopted for H.P. impulse stages.

In reaction turbines, pressure drop is required in the moving blades alse. This is not
puossible with partial admission. Hence full admission is ess2n*"al for all stages of a reaction
turbine.

{c} Refer ~g. 19.37.

C,
Given : H-&ﬂﬂﬂr.p.m.:q-u-?ﬂ“1ﬂunlﬂllm:Eﬂ-ﬂ.ﬁ:
|
Cy 120
Cy= b = oo =150 s
TEDJ”
[
Al=o N= gy



o o MIN
120 = B
20 = B
* = — = 1,T4 m.

L]

it o= 000

From steam tables, ¢ (at 2.7 bar) = 0668 m"kg .
p o= 0.95 = 0668 = 06346 m' g

an .
Flow aren A=mnft = = ().764 = ”]““ = 0072 m*
Flow velocity ', = €, sin = 150 gin 20" = 51,19 m/s r”.l’, =Ly, ‘ﬂri

AL, 0072x51.4

X : = e i = .82 kp's
las=s flow rate m B 0.6:346 J i
Accounting for 10 per cent leakage (of total steam Oow), the total steam Qow rate is
nAE

= BABT kg/s. (Ans.
.6 B :

() Onee through boiler is a boiler which does net reguire any water or steam dram. It is a
momotube boilvr using about 1.5 kg long tube arranged in the combustion chamber and the furmace,
The cconamizer, hoiler one superheafer are in series with no fived surfaces as seporators between
the steam and waler,

Benson boiler is an example of anee through boiler, operating at supercritical pressure,
The tube length to dismeter ratio of such a boiler 1 about 2500, Due to large frictional resistance
the feed pressure should be about 1.4 times the boiler pressure

FFExample 19097, A twentv-stage Parson turbine rocefves steam ot 15 bor ot 3INC. The
steam leaves the turhine at (W1 bar pressure. The turbine hos o stege efficieney of 80% and the
rehent factor 1LOG. The total powver developed By the turbine is LOGGE FW Find the steam flow
rale through the tarbine assuming all stomes develop vqral pover.

The pressure of steam, af veetain stage of the turbine is 1 bar o bs.. and is drv and saturated.
The blade exit angle is 25° and the blade speed ratio i3 0,75, Find the mean dicmeter of the rotor

of thuw stage and also the rotor speed. Take biade heioht as 1125k of the mean diometer: The
thickness of the Blades mayv be neslectod.

Sulution, Number of stage = )
Steam supply pressure =15 bar, 300°C
Exhaust pressure = (.1 har
stage eflicency of turbine, Mg = RIy:
Beheat fuctor e 1.0
Toral puwer developud = LG KW
Sleam pressure 4t o certiin slage = | har abs., x = |
Blade exit angle = a5
Blade speed ratio, o= :._“‘ = 11758
1
1

Height of the blade, h= 12 L tmenn din. of rotor)




D hrpie = Py = g = B0M0 ~ 2195 = 45 kg
Moveratl = Mae * Heheal factor = 0.8 # 1.06 = 08458

h {kdikg)

15 bar

Saturation
[57)
e —n .. —
5 (KJ'kg K)
Fa 1850
Work done = Actual enthalpy deop
- ‘ml1hlr-rn-|.1|r :': |-I-..-rmll
= B46 x 0848 = T16.56 k)kye
FRLERT
Work done per stage per kg = = = 35.83 kJ Af)
Alsn, total power = No. of stages x m, % work donekg stage
& LOBES = 20 x m, » 3583
_ ... ,
- i, = 20 = 34581 = 14.88 kg-'!l. (Ans.)
() Mean dinmeter of rotor, D ;
Hotor speed, N :
Refer Fig. 19.61.
r Work done per kg por stage = O % O = (0, (20, pos 25° — O
' . (& ! -
Also, ¢ =05 (Given)

£ J EH... ¥
48 075 LGy,




= N

5.E.. Work done per kg per stagme

(2% 1330, x 0.906 - C,)
141 ¢,° Nm -..{ii)

Equating (v and (i), we jret

L41 €% = 3583 % 1000

i i'-.ﬂ: - 1 l”’” )
T e ko Laddle ar o= 16041 mys

) = 10 % 15041 = 212 s

From Fig, 19.51

'Ir"l gin o = 212 ajn 955 = =9 50 mpa

by = Speeilic volume at | bar when stoim is dry and saturated
= Lo mYky (from stonm tables)

_ =Dh(”,
Mase flow rate, W, = |
)
X Ihl :, =i R
oy I" ..'qq,l. : l"F_‘l &)
14.88 = or 2 - 1488x 1684« 12

1.6t
0= 1006 m. (Aos.
£ 1.0836
|2 .
Adsy, Ly = :F,Jlx
till

T 8850

Now, f = LUSH m = K6 cm. Ans, |

ll.ll ["'_.I < L5} ]-'-IH‘ 41 % 6o }J :
- - = = )" ¥ I :
i) mox 1036 5T rpam.  (Ans,)
Exumple 1940, 150 Tolfowing daty relate 10 4 stuge of reretion furbine -
Hmﬂ n‘:r‘l:zfi Fanliir I.hl“'”lﬂh‘i‘ A LT . l"',fH'q'l.f‘ Fallin = |} "‘;' ; jl|r|'|,|1.l IJ”-f.qu_'f ujmh. - E”’“ . J'Llhjr 3 r =

() Determine the diagram efficiency,

(ti) Determine the Percentage inerease in diogram
to run at the best theoretical speed, the

“fficiency and rotor speed if the rotor is
extt angle being 20°,



N o= 00 rpm.
(Thiz example solved purely by calenlations (Fig. H0521 b0 oot drwn b senlo )

- el

|‘ 44 T -|
P "Ml‘ Cih L -—

iy
- e -

Fige 18,50

a1 Diagram efficiency :
aldN om0 0D

s welovily €y = . Sahb m
Bloade velocity, . T o 6 meE
8 1 Y = 1.1 1,74

peed ratio, p= 1l
(%, 2456
. e i
T TR

Asstuming that velocity trigngles wre aynsetriva)
it=0="%
From the velocity ALMS
F-I: = Ly Ly N, vos @

€, = JI3372F + 235,67 - 2x 3270 5 2356 cus 20

= 1M \'iEI.T v 5,65 - TLAB = 198 s
o ® LRl mis
Woark done per kg of stesnm = {0, = Cad cok i = O
= D366 2 % 0072 com 200 - 235.6) = BO3TL3 Nm,
Energy supplicd per kg ol st
|I . £ '-I
G+ €y -0y
L
Fal = g
_ Ecﬂ




i {ﬂmﬂmhi

Pﬂ_‘ﬂ, = C0E: (1
de speed, the vﬂmufﬂ iR agmneu]mlat&dhyuﬂingaqn {E:I-.

= (327,27 + (307.46)" - 2 % 527.2 % 307.46 x o8 ﬂw

100 107 + 945 - 18906 = 111.5 m/s

20,20, cos o —Cpy )
= R s e i)
2% 307462 % 32? 2 ens 20° - 307.46)
(327.2)° + (327.2)° - (111.5F°
Illmmﬂmaﬂ in diagriam efficicney
0937 081
: i 0o1
[ The diagram efficiency for the best speed ean also be caleulated by using relation
Qeost o 2 xeos® 20° ThB
L e e T 11 1211‘_1 R oedd TR

- The best theoretical speed of the rotor is given by,

S 111 & 60 = 30746
v = 80Cy _ B0xBOTAE _
: ) %15 3914.7 r.pom.  (Ans.)

= 0.937 or EE; 78

= 00296 or 2.96%. (Ans)

e 19.38. (Impulse reaction turbine), The following data rﬂum to a s
w regetion turbine

. _,";’ﬂ"""“ conting vut of nozzle = 245 mix ; nozzle angle = 20° : blade
W ;e Hﬁrm!ur = 300 rp.m, ; Hﬂdeflelgh:-lﬂmf-mmﬂm
Aade outlet respectively = 3.45 mfhg and 3.95 mYkg - Power developet
| imrkmw of nozele and biades combinedly = 90% : m.ny &ugu:




Wl R UNTTAT 1E R0
= okt ! e T

LAY
o
Vot
a1 Sl

Lot - hll

- iy . . L e . .
n_ BOC, '60xi46 <
T b

=z If-‘_l-_ll.‘l .
. {iﬁ* [

ﬂ,: 281 mfs

E,=145m/s
4

1-|__._- -rh

i

€, =958 m/

Fig. 19.53

: Cp xnlh € sing x xhh
B, = == =
) by vy

sin 20° D828 x 0.1
- i en —;4::{ - = T.04 kg/=

Cp. nDh
Vi

mn, =

3 dgy _ T.04 %395 05,0y
cﬁ':ﬂi n

% 0,823 « 0.1
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Now draw velocity trinngles as follows @

Select o suituble seale tsay 1 em = 25 m/in)

e Drow LM » blade volocity = 146 mia SMES = nozzle nngle = 207
Join MS o complete The inled AMAMS |

wrpendicular Trom & whirch euts the hine through LM ot point P.

& Draw ng
Mark the point 6 such that P = (7 = 28] /s,
s perpendienlae through point @ and the paint & a8 (N = 95,9 m/s.

Joon LA and MN to complete the outlet velovily trinngle.

From the velocity teinngeles ;
€, = 1176 ms; O =217.6 mis; €y = 1056 m/s,

) Heat deop i e h stoage, Y i
Heat drop in fived hlades (A
= G =¥ba' _where v is a earry over co-cffieie:

e
L Mlmaral

(D451 — (52 w1 1R
2w (19 % 1000 292 bty
Heat drop i moverg Mades (Af )
. £ L B B e i - 18.61 kl/ke
| &x0.89:x 1000
Total heat drop in o stoge,
M, = A+ A = 2832 + 1G] = 46.98 kJ/kE. (Ans))
s Degree of reaction, K
W 15,051
Ri= e e = I (Al
i Stigge elficieney, 1, ¢
Waork done per kg of sléam

Co »C, 145 %281

EEATA] c TiHH) = L4 K Kg of steam
Work done per kg of steam 1174

— .86 SR An
Total heat drop in o stogne 5431 #5685 or 5655, \ns.)

m “STATE POINT LOCUS" AND "REHEAT FACTOR™

The ermn state poind focus ool reheat facior are diseussed bolow
State Polnt Laous
The stete point may be defined oq that point on b8 dvagram which represents the condition

ﬂfﬂilfﬂﬂl el '!.hr.”. eratant . Thus koowing the it condition of stesmm entering the nozzle of a
turbine the initinl stute pnt of Foyz, 19450 may be locnted on A-s diagram, If stage nfﬁ:iﬂn:}r

S.P. by -hy
- m.ﬁ..F. - = ""2 be known or assumed the position of the end state point 5 for a stage be

readily obtained. The point 5 now becomes the initinl state point for the succeeding stage of the
turbine,
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Let us now consider n mullistage turbine having four stages. Refer Fig. 19.54.
h
F Y

Fig. 19.54

The initial point 1 is located nccording to the given initial conditien. E'.I-EI ilnmnhﬁﬂr.' npnn
sion in the first stage, A, may bo caleulated from mul'hlhwinnrnllunn. n (hy = Ayl
Polnt 2 is then located with the valus A, on p, line. Then (2-3) i. dmn .hnnﬁ'i' s dr
expansion. Pu[ntﬂ‘muhlmmdhrﬁndm;h, émh, ~hy' = = hy). Procoeding in this
way nll stage paints 3°, 4" and 5" may be fixed. The locus passing u,lhtlmupndnt.lilmuud
*State point locus®, The sum of the adinbatic heat dropa (1-2) + (2°-3) + (3°4) + (4'-5) is generally
called "cumulative Aeat drop™ and is represented as Ah___ For the purpose of design the various
qmﬂﬁunhtllnﬂlhmlhuﬂu]herdhgﬁ.mmutmtinmmemrml-'mm,un:lH:h:ltmrruim
termed “condition curves®.

Rahoat factor

Referring to Fig. 18.54, the adisbatic heat drop (h_,) from pressure p, to final pressure p,,
considering all the stages as one unit, is (A, - ). It will be found that A_y is less that h___ The

ratio %r& is termed as Reheat factor.
ady

The value of reheat factor depends on the following factors

(i) Stage efficiency ;

(i) Initinl pressure and condition of steam ;

(iii) Final pressure,

Example 18.40. In a three-stage steam turbine steam enters at 35 bar and 400°C and
exhausts at 0.05 bar, 0.9 dry. If the work developed per stage is equal, determine :
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() Condition of steam of entry to each stage.
(i) The stage efficiencies.
{iif} The reheat factor. (f) Internal turbine efficiency.
Assume condition line to be straight.
Bolution. Initial condition of steam = 35 bar, 400°C
Exhaust condition of steam = 0.05 bar, 0.9 dry

{i) Condition of steam at entry to each stage :
Refer Fig. 10.56.

L S

® Locate peints L, and L, corresponding to entry and exhaust conditions of steam.

® Since the condition line is straight (given), points L, and L, are joined by a straight
line.

Heat drop due to expansion from L, to L, = 3222 - 2315 = 907 kJ/kg
# Since the work developed per stage is equal,

& Useful workfstage = Egi = 3023 klkg ie, Uy, = by, )= 302.3 kd/kg

Produce horizontal to cut condition line at L. LN, produced cuts the pressure line through
Ly at M,. Thus L,, N, and M, are located.

Proceeding for other stages likewise, we get the following results :

Points FPressure Temp. or quality of steam
Ly 6.2 bar ZM°C (Ans.)
L, 0.73 bar 0.98 dry {Ans.)
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hepr, = by, by, = 3222 - 2800 = 422 kJ/kg
by, = by, —hy, =2920 - 2625 = 395 kJ/kg
hepu, = hy, = hy, = 2615 — 2235 = 380 k/kg.
{i{} Btnge efficiencies :

by, ~hy, 3023
Efficiency of stage 1, qlnHuﬁnﬂﬂlﬂ or TLE3%. (Ans.)
L, =

by, = hy, 3023

Efficiency of stage 2, “"ﬁ:.-ﬁu,= 95 = 07663 or T653%. (Ans)

he, =By, _ 3023
by = by,

= 0.7855 = TB.66%. (Ans.)

Efficiency ol stage 3, mny=

{iii) Reheat factor :

Cumulative drop heu, +"".-:l"1 s h‘:!!.l.
Reheat [actor Toentrepic sethalny trop %, - g

422 + 395 + 380
3222 - 2080

(iv) Internal turbine efficlency :
hy, = by, _ 3222 - 2315
by —hg  3222-2000

= 1.0G7. (Ans.)

Internal turbine efficiency = = 0801 or 80.1%. (Ans.)

19.12. REHEATING STEAM
Please rofers Art. 15,5 (Reheat cyclo)

19.13. BLEEDING

Bleeding is the process of draining steam from the turbine, at certain points during ils
expansion, and using this steam for heating the feed water supplied to the boiler. In this process
a small quantity =f steam, at certain sections of the turbine, is drained from the turbine and is
then circulated around the feed water pipe leading from hot well to the boiler. The steam is thus
condensed due to relatively cold water, the heat so lost by steam is transferred to the feed water.
The condensed steam then finds its way to hot well.

There is a usual practice in bleeding installations to allow the bled steam to mix with the
foed water. The mixture of steam and water then proceeds to the boiler.

By bleeding process hotter water is supplied to the boiler of course at the cost of loss of small
amount of turbine wark. Due o this process efficiency is slightly increased but at the same lime
power developed fs also decrensed.

The bleeding process in steam turbines approximates to cascade heating and tends to modify
the Rankine cycle to a reversible cycle, thus increasing the efficiency ; but any increase in offi-
ciency due to an approach to the condition of thermodynamic reversibility is accompanied by a
decrease in power. Hence it follows that the thermodynamic benefits derived from the process of
bleeding are of a limited character. The ideal Rankine cycle, modified to take into account the
effect of bleeding 13 known as the regenerative cycle.

Note. Pleaso refer Art. 15.4 (Regenerative cycle) also.
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18.14. ENERGY LOSSES IN STEAM TURBINES

The increase in hoat energy required for doing mechanical work in actual practice as com-
pared to the theoretical value, in which the process of expansion takes place strictly according to
the adiabatic process, Is termed as energy loss In o steam turbine,

The losses which appear in an actual turbine may be divided Into two following groups :

1. Internal losses. Losses directly connected with the steam conditions while in ita flow
through the turbine. They may be further classified as :

{f) Losses in regulating valves.,
(i) Losses in nozzles (guide hlades).
(iif) Loasesa in moving blades :
(n) loases due to trailing edge wake ;
(lr) impingement losses ;
(c) losses due to lenkage of steam through the angular space ;
{ef) frictional losses ;
(e} losses due to turning of the steam jet in the blades ;
{f) losses due to shrouding.
(iv) Leaving velocity losses (oxit velocity).
{v) Loasea due to friction of disc carrying the blades and windage lcases.
{vi) Losses Jue to elearance between the rotor and guide blade discs.
(tif) Losses due to wetness of steam.
(vifi) Loases in exhoust piping ete,
2. External losses. Losses which do not influence the steam conditions. They may be
further classified ns :
{f) Mechanical losses.
(if} Losses due to leaknge of stoam from tho labyrinth gland soals.

10.15. STEAM TURBINE GOVERNING AND CONTROL

The objective of governing is to keep the turbine speed fairly constant irrespective of load.
The principal methods of steam turbine governing are as follows :

1. Throttle governing

2. Noazle governing

d. By-pass governing

4. Combination of 1 and 2 and 1 and 3.

1. Throitle governing

Throttle governing is the most widely used particularly on small furbines, because ils
initial cost is less and the mechanism is simple. The object of throttle governing is to throtile the
steam whenever there is a reduction of load compared to economic ar design load for maintaining
speed and vice versa.

Fig. 19.56 (a) chows a simple throttle arrangement. To start the turbine for full load run-
ning valve A is opened. The operation of double beat valve B is earried out by an oil servo motor

which is controlled by a centrifugal governor. As the steam turbine gains speed the valve B closes
to throttle the steam and reduces the supply to the nozzle,
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04 supply from
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Steam inlel A. B = Vaivas
{a) {b)

Fig. 18.56. Throttle governing.

For a turuine governed by throttling the relationship between steam consumption and load
is given by the well known Willan's line ns shown in Fig. 19.56 (b). Several teats have shown that
when a turb.ne is governed by throttling, the Willan's line is stroight. It is expressed ns :

m, = KM + m,, «418.37)
where, m, = Steam consumption in kg/h at any load M,
m,, = Steam consumption in kg/h at no load,

m, = Steam consumption in kgh at full load,

M = Any other load in kW,
M, = Full load in kW, and
K = Constant.

m,, varies from about 0.1 to 0.14 times the full load consumption. The eqns. (18.37) can
nlso be written as :

% =K+ %,whm %l'- is called the steam consumption per kWh.

2. Nozzle governing

The efficiency of a steam turbine is considerably reduced if throttle governing is carried
oul af low loads. An alternative, and more efficient form of governing is by means of nozzle
cantrol. Fig. 19.57 shows a diagrammatic arrangement of typical nozzle control governing. In this
muthod of governing, the nozzles are grouped together 3 to 5 or more groups and supply of sleam
to each group is controlled by regulating valves. Under full load conditions the valves remain fally
opon.
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Ny, Ny, Ny = Groups of nozzies III
Vi v:- .,.,,:m ; Steamn inlet

Fig. 10.57. Noxxle governing.

Whlnlhlhﬁmﬂnmhnuhmummwhulhmthldununnlul,l'.h:upﬂruf
steam to a group of nozzles may be varied accordingly so as to restore the original speed.

Nozzle control can only be applied to the first stage of a turbine. It is suitable for simple
impulse turbine and larger units which have an impulse stage followed by an impulse-reaction
furbine, In pressure compounded mpulse turbines, Lthere will be some drop in pressure at entry to
second stage when some of the first stage nozzles are cut cut.

Comparison of Throiile and Nozzle control governing

8 Neo. Anpects Throtils Conirol Nozsle Control

L Throttling losses Severe No throtiling loases (Actually
there are a littls throttling
loases in noztles valves which

- are partially openl.

2 Partial admission losses Low High.

3 Heat drop available Lesser Larger

4 L'se Used in impulse ond reaction | Used in impulse and also in

turbines both. reaction (initial stage impul-

se] turbines.

5. Suitability Semall turbines Medium and larger turbines.

3. By-pass governing

The steam turbines which are designed to work at economic lead it is desirable to have full
ndmission of steam in the high pressure stages. At tho maximum load, which is greater than tha
economic load, the additional steam required could not pass through the first stage since additional
nozzles are not available. By-pass regulation allows for this in & turbine which is throttle governed,
by means of a second by-pass valve in the first stage nozzle (Fig. 19,58). This valve opens when
throttle valve has opened o definite amount. Steam is by-passed through the second valve to a
lower stage in the turbine. When by-pass valve operates it is under the control of the turbine
governor. The secondary and tertiary supplies of steam in the lower stages incrense the work
output in these stagoes, but there is a loss in efficiency and a curving of the Willian's line.
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In reaction turbines, beetnse of the proseyre doup noguired o e moving hlades, nozzles
confrol Foverning = not porsibife, nod Humtele governing plis by-pasd governing, 15 s,

m SPECIAL FORMS OF STEAM TURHLGAFS

In many industries such ps chemicnl, supnr relining, paper making, tostile ete, where
eombined use of power and heating ant process wiork 14 r‘vl'!.lli'iﬁ.'il 108 whEtelul o #enerate steam
for power and procesa purposes sopnrntely, beeause nbout TO per cont of heat supplied for power
purposes will normally be curried @iy by the eopling woler. On the other hund, if the engine or
turtine is nir._-r..p-.r! with o normal exhaost pressure then the temperoture of the exhaust steam i3
Loy low Lo Be of any use for heating process: It wonld he possible to generate the required power and
still have avalable for process wiork o large quentily of beat in the exhaust steam. iF szitable
medification of the fnitinl steam pressure and exhoust pressure is mivde. Thus in combined power
und process plants following type of steam turbines ave wsed (1) Bock pressure turbines, and (2)
Steam extraction or puse-ouf turlines.

1. Back pressure turbine

In this type of turbine steanm at boiler pressure enters the turbine and s exhausted into o
pipe. This pipe leads to process plant or other turbine, The back pressure turbine may be uzed in
cases where the powor gencratid thy expanding steam) from econoniical initial pressure down to
the heating pressure s equal o, ar grealer than, the power requirements. The steam exhausted
from the turbine is wswally supecheated aod o most cases ot s not suitable for process work due to
the reasons -

() It is impossible W control ils Wmperature, and

i) Rate of the heat transfur from superheited steam to the heating surface is lower than
it of saturated steam, Consequently a desuperheater is invariably used. To enhance the power
pacity of the existing installation, a high pressure botler and i back-pressure turbine are added

added high pressure boiler supplies steam to the back pressure turbine which exhausts
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2. Extraction pass out turbine

It is found that in several cases the power available from a back pressure turbine (through
which the whole of the steam flows) ia appreciably less than that required in the factery and this
may be due to the following reasons :

(i) Small heating or process requirements ;

(i) A relatively high exhaust pressure ; and

(ifi} A combination of the both.

In such a case it would be possible to install a back-pressure turbine to provide the heating
steam and a condensing turbine to genernte extra power, but it is possible, and useful, to combine
functions of both machines in a single turbine. Such a machine is ealled extraction or pass out
turbine and here at some point intertoediate between inlet and exhaust some steam is extracted
or passed out for process or heating purposes. In this type of turbine a sonEitive governor is used
which controls the ndmission of steam to the high pressure section 8o that regardless of power or
procoss requirements, constant speed is maintained.

Exhaust or low pressure turbine

If an uninterrupted supply of low pressure steam is available (such ns from reciprocating
steam engincs exhaust) it is possible to improve tho efficiency of the whole plant by fitting an
exhaust or low pregsure turbhine. The use of exhaust turbine is chiefly made whers there are
several reciprocating steam engines which work intermittently ; and are non-condensing (e.g.,
rolling mill and eolliery engines). The exhaust steam from these engines is expanded in an exhaust
turbine and then cendensed. In this torbine some form of heat accumulator is needed to collect the
more or less irregular supply of low pressure steam from the nen-condensing steam engines and
deliver it to the turbine at the rate required. In some cases when the supply of low pressure steam
falls below the demand, live steam from the boiler, with its preasure nnd temparature reduced ; in
used to make up the deficiency.

The necessary drop in preasure may be obtained by the use of a redu=ing valve, or for largo
flows, more economically by expansion through another turbine. The high pressure and low pres-
sure turbines are sometimes combined on a common spindle and because of two supply pressures
this combined unit is known as ‘mized pressure turbine’.

HIGHLIGHTS

L Thesteam turbine is a prime mover in which the potential energy of the steam is transformed into kinetic
energy, and latter in ils turn s transformed into the mechanical snorgy of rotation of the turbine shaift
Z The most important classification of stenm turbines is as follows ;
Ui} Impulse turbines (i} Neaction turbines
(eif} Combination of impulse and reaction turhines.
4 ‘The main difference between Impulse and Reaction turbines lies in the way in which steam in ex-
panded while its moves through them. In the former type, steam expands in the nozzle and ils pressure

does not change as it moves over Lthe blades while in the latter type the steam expands continuously as it
passes over Lhe blades and Lhus there is a gradual [el] in pressure during expansion.

4 The dilferent methods of compounding are :

(i} Yelooity compounding {1} Pressure campounding
(ifl) Pressure velocity compounding {ie} Heactien turbine.

& Force (tangentinl) on the wheel = m,(Cg +Cpl ) Nem

M fC. +Co IxC
Powez per wheel - 'c'lm;" 2w
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1.

i,

1
(28

. L [ o

Blade or diagram efficiency, 1, = s ;; )
1
CylC. +C, )
- w.__

IS e Nase ™ 10y —hg)
The axial throst on the wheal due to difference between the velocities of [low at entrance and outlet.
Axia! foree on the whesl = J'I'EI',I'-l':."--I -Eﬁi.

Energy converied to heat by blade friction = Loss of kinotic energy during flow over blades
ai(Cl-C0,
Optimum value of ratio of blade speed Lo steam spesd s, p_ = -“’;—“1
The blade efMiciency for fwo-atage turbine will be maximom when, p_, = # _ -
In general optimum hlade speed ratio for mavimum blade efficiency or maximum work done is given by
oo (1

P ®

and the work done in the last row = 5»1" of total work,

where n (s the number of moving/rotating biade rows in serios
In practice more than buwo rows are hardly preferred.

The degroe of resction of reaction turbine stage is defined as the ratio ol heat drop over moving blades o
the total heat drop in the stage.

The blade efficiency of the reaction turbine is given by ny =2-
My becomes maximum when, p = cos a

e R g
1+2pcoma—p® "

2eos” @
and hence (n)_ = =

The state point may be defined ns that point on h-» diagram which represents the condition of steam at
that instant.

Theooretical efficiency of reheat cycle ia given byn,___ = {hy o Bgdethy - Ag) , neglecting pump work.

(hy = g, )+ (g = hg)

The principal methods of steam governing are as fallows : ;

{{) Throttle governing (ii ) Nozzle governing
(iaf) By-pass governing (i) Combination of (1), (6 and (47

[ |
ORJECTIVE TYPE QUESTIONS '

Uhpasse ihe Correct Answier @

In case of impulse steam turhine

(a) thero is enthalpy drop in fixed and moving blades

{h) there is enthalpy drop oenly in moving blades -

(e} there is enthalpy drop in nozzles (d) none of the above,

De-Laval turbine is .

{a) pressure compounded impulse turbine i) welocity compounded impulse turbine
() simple single wheel impulse turbine i) simple single wheel reaction turbine.




PEESLT cnmpiunded impulse steam turbine

ressure velocity compotinded steam turbine,

turhine is
¢ enmprunded steam turhing

miple single wheol reaction steam turbine

Yo or dingram efficigncy is given by

Axial thrust on retor of steam tarbine s

1y~ )

~.1I, *‘Eﬁ"’ .
e __{_d"ltql__m turbine is

(b} pressure velocity eompounded steam turbine

tef) velocity uumpﬂuﬂdﬁﬂ h':flmhﬂ A

(i veloeity compounded impulse steam turbine

thisimple singlé wheel, impulse steam _-,”' i

(el | multiwheol requcticm steam turbine.

9O
1R} 'ﬁ
y

i i

1y

& |
hlfl Il—..:-LI
L!l_

th) i [y — 2% )

{d) | 20, ~Cp ).

W) MM
(e} none of the above.




s iq“ h_’..'

rh stage wiliciency only
] Ip tel) all of thie above.

. Fa _mﬂmﬁmrﬁnu reheat factor is delined as
me * nozale efficiency (hi commulative anthalpy drop =

© “eommulative enthalpy drop oy __isentropic enthalpy drop
~isentrople enthalpy drop cumulative actual enthal py drop
- I8 The value of reheat factor normally varies from
R0 ERARSR SRR (b 900 (-8
1e) 102 to 1.06 fef) 1.2 to 1.6
18 ﬁtmmtur'umgﬂ are governed by the following metheds
la] Throttle poverning ih) Nozzle contral governing
() By-paigs governing fof) All of the above.

2L Insteam turhines the rehoat factor
(e lincreases with the merenso o number of stages
(b1 decreases with the increase in number of stages
(e} remuing same irrespective of number of stages
i none af the abnve,

ANSWERS
’ 1 ieh & & (a) 4. la) 5. () 8. id) 7. e}
> " idi ) Ik (el i1 el 12 (e} 13, (el 14, Tei
LE Bl
1A i) 16 (d) 17. (e I8 () 19, e} 20, (al

THEORETICAL QUESTIONS

hlﬂhﬂﬂm tu:mmlcl,ﬂ.uiﬂuﬁ ?
udvantoges of a stewn turbine over the steom engines.
! ﬁl.‘ﬂﬁhm- hartwoun an impulse webine and @ resction turbine
'iﬂ)ﬁmlﬂr cumpounding of stvam turbines ! Disowss vicious methods of eom
s e M'h Mllﬂl!lthupnﬂl o the turbine rtor ?
el uﬂnﬁlnﬂﬂn wmm
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In easa of sieam turbines derive exprosaions for the fellowing :

(i) Force {0} Wark done
(i} Hagram efMcency {iv) Stage efliciency
() Axinl throsi

Derive the expreasion for maximum blade eficency in a single-stape impulss turbins.

Explain the pressure compounded impulse steam turbine showing pressure and velocity variationa along
the axis of the turbine.

Explain veloaty eompounded imipulse steam turbine showing préssure and veloaty varintions along tha
axis of the turbine.
Define the term "degroe of reaction® used in reaction turbines and prove that it is given by

=
R,s= Ei- (ot ¢~ cob D) when Cp, = Cp, =,

Further prove that the moving and fized blades shonld have the sama shape for a 50% reaction.
Prove that the diagram or blade efTiciency of a single stage reaction turbine is given by

2

'|'|~-=-rr m “’hlﬂ.ni-mld{:ﬂ -":Ir-

Further prove that maximum biade efciency is given by (n, ) = 1’%:*1“ :

Explain ‘rehisat factor’. Why is its magnitode always greater than usity 7

Diegeribe the procoss and purposas of rehaating as applicable ta staam flowing through a turbine.
State the advantages and disadvantages of reheating steam.

Write a short noto on blesding of steam turbines’.

Esumernte the energy loises in steam turbines.

Describe briefly the various methods of ‘steam turbine governing'.

UNSOLYED EXAMPLES

IMPULSE TURBINES

A steam jet enters the row of blades with a velocity of 380 m's at an angle of 22* with the direction of motion
of Lhe moving blades. IMiho blade speed Is 180 mis and there Ls no thrust on the blades, determine the inlet
and outlet blade angles. Velocity of steam while passing over the blade is reduced by 10%. Also determine
the power developed by turbine when the rate of flow of steam is 1000 kg per minute.  [Ans 679 kW]
In a simple impulse turbine, the nozzles are inclined at 20° to the direction of motion of moving blades. The
steam leaves Lhe nozzles at 375 mfs. The blade speed is 166 m/s. Find suitable inlet and outlet angles for the
blades in order that the axial thrust is zrero. The relative velocity of steam as it flows over the blades is
reduced by 165% by frction. Detarmine also the power developed for a flow rate of 10 kg/s.
. [Ans 34°, 41°, 632 kW]
In nn irepulse turbine the norzles are inclined at 24° to the plane of rotation of the blades. The steam spoed
is 1000 m/s nod blade speed s 400 m's. Assuming equinngular blades, determing :
(i) Blado angles {ii) Force on the blades in the direction of motion
{iii) Axial thrust (iv) Power developed for a flow rata of 1000 kg'h.
[Ans. (i) 39°, (i) 1.135 kN, (iii) 113.5 kW]
In a De Loval turbing, the steam isswes from the nazzles with s velocity of B850 m/s. The nozzls angls ia 207,

Mean blade velocity is 350 m/s. The blades are equiangular. The mass flow rate ls 1000 kg/min. Friction
factor ia 0.8, Determine : (i) Blade angles (i) axial thrust en the end bearing (i) power develoned in kW

{iv) blade efliciency (v) stage clficiency, il notle efMficiency is 3%
[Ana. (1) 33°, 33°, (i) OO N, (i) 4866.7 kW, (o) T7.6%, (u) TZ1%]
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14 Rl o () Powar produced pur kg Eiwdm
5i6) Dingras uﬁam [Ans. () 36,3, (i) mﬂ#@#ﬂ‘ﬁ-
Mnﬁthﬂn&l vow ol an impulue burline with a viloelty of G00 m/s at an angle Mﬁﬂ#ﬂ
of motation of the Bladus. The menn blado spoed in 265 mvis, The blade angle on the exit side is 50°. The blade
friction co-effisient is 10%. Determine
00 Wark done por kg of stonm (ii) Dingram efficiency
() Aial thrust per kg of steam/s. |Ans, (i} 160,45 kKW, (i) B3.6%, (i) 90 N}

% The noesles of an impulae turbine arn inelined st 22° to the plans of rotation. The blade angles both at inlet

10.
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and outlet are 36° The menn dinmeter of the blade ring is 1,25 m and the steam velocity is 650 mfs.
Assuming shockless entry determine : () The speed of the turbine rotor in r.p.m., (i) the absolute velocity
of stoam lesving the blades, und ({if) The torgue en the rotor for a flow rate of 2500 kg'h.

|Ans. ({) 4580 r.p.me, (6} 225 m/s, (i) 290.5 Nm)|

Aﬂiﬂﬂl&ﬂhﬂﬁ stequm turbine is provided with nozzles from which steam is relensed at a velocity off 1000 my's
at an angle of 247 {0 the direction of motion of blades. The speed of the blades is 400 m/s. The blade angles

“at inlet and outlet are equal. Find : (i) Inlet blade angle, (i) Force exerted on the blades in the direction of
their motion, (i1} Power developed in kW for steam flow rate of 40000 kg'h.

Aszsume that the steam entirs and leaves the blades without shook.

[Ans. ({) 39°, (i) 1135 N, (i) 4540 kW]

In a single row impulse turbine the nozele angle i9 30° and the blade speed 18 215 m8. The steam speed is

o5l mis. The blade friction co-cfTicient e (085, Assuming uxiol exit and a Oow rate of 700 kg'h, determane :
i) Blade angles. i) Absolute velocity of steam at exit,

G40 ) The power sutput of the turbine, [Ans, (1) 467, 497 ; (1) 243 m/e ; (60 19,8 kW]
In & steam turbine, steam expands from aninlet condition of 7 bar and 300%C with an i isentropic Efﬁuanur
of 0.9. The nozele angle is 20°, The stage operates at optimum biade speed ratio. The blade inlet angle is
equal to L ot et nnghu. Lhestermine ;

{11 Blado angles. (i) Power developed if the steam flow rate is 0.472 kgls.
[Ans. (1) 36%, (i} 75 kW]
Sresmn at 7 bar and 30070 expands to 3 bar in animpulse stage. The norzle angle is 20°, the rotor blades have
equal inlet und outlet angles und Lhe stoge operates with the optimum blade speed ratio. Assuming that
wentropie efficiency of nozzles = 0% and velocity ot entry Lo the stage i3 negligible, deduce the blads angles
used and the mass Now required for this stage to produce 50 kKW, | Ans. 36°, 0.317 kg's]
It & vwer-stage velocity compuunded steam turbine, the mean blade speed is 150 m/'s while the steam
wisbocity we it i dssued from the nozele is 675 m's. The nozzle angle is 20°. The exit angle of first row moving
bhwde, fiond blisdi and the second row meving blades are 25°, 25° and 30° respectively. The blade friction co-
efficient i 6.4 11 the steam Now rate is 4.6 kg's, determine ;

1} Puwier outpur. (if) Disgram efMeiency.  [Ans. () 807 kW, (i) 78.5%]
REACTION TURBINES

purticular stage of reaction tarbine, the mein blade speed is 60 m/s and the steam pressu
e ._:Ifﬂﬂ'ﬂ’rhiﬂ-numnndmdmmn:ﬂ!dqhmpmmﬂn

ke T
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In » stage of impulse reaction turbine operating with 50% degree of resction, the bladea are identical in
shape. The outlet angle of the maving blades is 19° and the nbsolute discharge velocity of steam s 100 mis
in the direction at 100° to tha motion of the blades. IT the rate of flow of steam through the turbine is

16000 kg'h, ealculate the power developed by the turbine in kW, [Ams. 327.6 kW]
AL a stage in a reaction turbine the pressure of stenm is 0.34 bar and the dryness 0.95. For & (low rate of
36000 kg'h, the stage develops 950 kW, The turbine runs al 36800 r.p.m. and the velodty of fllow is 0,72 tmes
the blade velocity, The cutlet angle of both stator and rotor blades is 20°, Determine at this stage :

(i} Mean rotor diameter, (i) Height of blades,  [Ana. () 0951 m, (i) 115 mm]
In & multi-stage reaction turbine at one of the stages the rotor dinmeter is 1250 mm and spesd ratio 0,72,
The speed of the rotor is 3000 r.p.m. Determine: (i) The blade inlet angle if the outlet blade angle is 22°,
(i) Dagram efficiency, (i) The perceniage increase in disgram efficiency and rotor speed il turbine is
designied to run ot the best Lheoretical speed, [Amm. () GL.5*, (i) B2, (iu) 30.47%)
In a 50 per cent reaction turbine stage running at 3000 r.p.m., the exit angles are 30° and the inlet angles
are 50°, The mean dinmeter is 1 m. The steam Oow rate is 10000 kg'min and the stage efficency ia B5%.
Delermine :

(i) Power output of the stage.

Lii b} The specific enthalpy drop in the stage.

LEif 1 The percentigs increaso in the relative velocity of steam whon it Nows over the moving blades.
|Ans. (i) 11.6 MW, (i) 82 k) 'kg. (i) 652.2%)

Twelve succranive stages of a reaction turbine have blades with effective inlet and outlet nngles of 80° and

20" respectively, The mean diameter of the blade row s 1.2 m nnd the speed or rotation is 3000 r.p.m.
Assuming constant velocity of flow throughout, estimate the enthalpy drop per stage,

For a steam inlet condition of 10 bar and 250°C and an outlet condition of 0.2 beir, estimate the stage
officiency.

Assume o reheat factor of 104, determine the blade height at a stage where the specific volume Is

1.02 m*kg. |Ans. 40.4 kd/kg, T0.3%, 67 mm]



Steam Condensers
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Definition:

» Condenser isadevice in which steam Is condensed to
water at a pressure |less than atmosphere.

» Condensation can be done by removing heat from
exhaust steam using circulating cooling water.

» During condensation, the working substance changes
Its phase from vapour to liquid and regects latent
heat.

» The exhaust pressure in the condenser is maintaned
nearly 7 to 8 kpa which corresponds to condensate
temperature of nearly 313 kelvin.

® Footer Text 3/28/2015 @2



Functions of Condenser:

» To reduce the turbine exhaust pressure so asto
Increase the specific output and hence increase the
plant efficiency and decrease the specific steam
consumption.

» To condense the exhaust steam from the turbine and
reuse it as pure feed water in the boiler. Thus only
make up water is required to compensate |0ss of
water

» Enables removal of air and other non condensable
gases from steam. Hence improved heat transfer.

® Footer Text 3/28/2015 @3



Elements of Condensing Plant:

» Condenser

» Air Extraction Pump

» Condensate Extraction Pump

» Cooling Water Circulating Pump
» Hot Well

» Cooling Tower

» Make up Water Pump

» Boiler Feed Pump

® Footer Text 3/28/2015 @4



From turbine
' /7—\"” N
: L
P

atmosphere Cooling water
s A AAAAN i
= Condenser P
{O—<— Water
Air extraction }I

Elements of steam condensing plant
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Classification of Condensers:

d According to the type of flow:
» Paradlld flow , Counter flow & Cross flow

 According to the Cooling Action:
» Jet Condensers:

 Low Level Paralel Flow Jet Condenser
 Low Level Counter Flow Jet Condenser

« High Level Jet Condenser

« Ejector Jet Condenser

» Surface Condensers:

« Shell and Tubetype

1. Down Flow 2. Central Flow 3. Inverted Flow
e Evaporative type

® Footfer Text

3/28/2015 @6



Jet Condensers:

In jet condensers exhaust steam and cooling water come
In direct contact and mix up together. Thus, the final
temperature of condensate and cooling water leaving the
condenser IS same.

A |et condenser isvery simple in design and cheaper.

It can be used when cooling water is cheaply and easily
available.

Condensate can not be reused in boiler, because it
contains impurities like dust, oil, metal particles etc.

® Footfer Text 3/28/2015 @7



Low Level Parallel Flow Jet Condenser:

» Wet air pump is used e
to extract the mixture }K
of condensate, air & . __ | e il
water  — ™ shell
coolant.
» Vacuum created is up
to 6 kpa.
Wet air pump —»
Condensate, air
and coolant

® Footfer Text

Low-level parallel-flow jet condenser



Low Level Counter Flow Jet Condenser:

A pump for water supply is required if it isto be
lifted more than 5.5 m in height.

Ajdir exxtraction

S -
o e S

¥ ozo-devel cornnter—flozo jef corndennser



High Level Jet Condenser:

Condenser shell isinstalled at height greater than that of

atmospheric pressure in water column

Air

.e. 10.33 m.

Aldr-axtraction
y pump

Exhaust steam

Condensate and cooclant
»

barometrnc head

A Al A A A A A A A A A A A A A A A A et A

I

Fligh-Tevel jet condenser



Ejector Condenser:

* Momentum of flowing Cooting water
water is used to remove
the mixture of condensate | =] Nonsetum valse
& coolant from condenser
without the use of any
extraction pump.

)
NN

Condensate, cociand
and air 1o hot well

Ejector-condenser

® Footfer Text



Advantages & Disadvantages of
Jet Condensers:

Advantages:
« Simple in design & cheaper.
» Less floor area is required.

Disadvantages:

 Condensate is not pure hence can not be
reused.

* Low vacuum efficiency.

® Footfer Text 3/28/2015 @12



Surface Condensers:

* |n surface condenser, the exhaust steam and cooling
water do not come in physical contact, rather they are
separated by heat transfer wall. Hence condensate

remains pure & can be reused.

Exhaust Coollng water
steam Bafﬂes

: ; LCooling
o2 Lot o Condensate water in

R°° Shell and tube type condenser 8/201 S



Down Flow Surface Condenser:

« Exhaust steam enters the il el
top of condenser shell &
flows downward over L
water tubes. i
Q Vi \x S, mm
« Water tubes are double W :/)‘;V, baflle
passed. The cold water X "’ ‘ " 4 =
O air
flows in lower side first & , AP } ‘ extractio
. L SRS -‘}-Y’- pump
then in upper side in the % }‘\,’3 'S&f" |
reverse direction, which —
enables the maximum L
. -1, To condensate
heat tfanSﬁer. extraction

pump
® Footer Text DOZUn'ﬂow Sufface-condenser



Central Flow Surface Condenser:

Exhaust steam COTI

o
» The steam flows radially inward

» The condensate is collected
at the bottom of the shell from
where it is taken out by the

condensate extraction pump.

» The steam gets accessto the
entire periphery of tubes, and
thus a large surface area for the
hear transfer is available as
compared to the down flow.

To air extraction ¢
ump -

-4, To condensate -
extraction

pump

® Footer Text Cen h'al-ﬂow Surfafé C 0"denscr




Inverted Flow Condenser:

* The steam enters the bottom of the shell and
alr extraction pump connected at the top.

« Steam flows upward first and subsequently,
returns to the bottom of the condenser.

* The condensate extraction pump Is connected
at the bottom of the shell to extract the
condensate.

® Footer Text 3/28/2015 @16



Evaporative Condenser

* The evaporation of some ~ Moist A

cooling water provides the /%
- - &y Fan

Cooling iater
Condenser

cooling effect, thereby
steam condenses. U Steam | GRS

« Steam to be condensed is —
passed through grilled tubes
& cooling water is sprayed
over outer surface of tubes.

» The evaporative condensers
are most suitable for small
plants, where supply of cold
water is limited.

o Foofer Tex Evaporative steam condenser



Advantages & Disadvantages

of Surface Condensers:

Advantages:

« High vacuum efficiency.

* Pure condensate.

« Low quality cooling water can be used.

|t allowsthe expansion of steam through a higher pressure ratio.

Disadvantages:

« Large amount of water isrequired.

« Construction is complicated.

» Costly maintenance and skilled workers.
e Largefloor area.

® Footer Text 3/28/2015 @ 18



Comparison of Jet & Surface Condensers:

1)
2)
3)

4)
5)
6)
7)
8)

Jet Condensers

Cooling water and steam are mixed up
Requires small floor space

The condensate cannot be used as feed
water to boiler unless it is free from
Impurities

More power is required for air pump

L ess power is required for water pump
Requires less quantity of cooling water
The condensing plant is simple

Less suitable for high capacity plants
due to low vacuum efficiency

® Footer Text

1)
2)
3)

4)
5)
6)
7)
8)

Surface Condensers

Cooling water & steam aren’t mixed up
Requires large floor space

The condensate can be used as feed
water to boiler as it is not mixed with
cooling water

Less power is required for air pump
More power is required for water pump
Requires large quantity of cooling water
The condensing plant is complicated

More suitable for high capacity plants as
vacuum efficiency is high

3/28/2015 @ 19



Effect of Condenser Pressure on
Rankine Efficiency:

* Lowering the condenser pressure will increase the area enclosed by
the cycle on a T-s diagram which indicates that the net work will
Increase. Thus, the thermal efficiency of the cycle will be increased

» Lowering the back pressure causes
an increase in moisture content of
steam leaving the turbine.

 |ncrease in moisture content of

P ‘k"‘x I‘1 \\

Inerease in

steam in low pressure stages, _—

there I S decre& I n effl CI mcy & Fig. 4: Effect of lowenng the condenser pressure on tdeal Rankine cy

erosion of blade may be a very serious problem and also the pump
work required will be high.

® Footer Text 3/28/2015 @20



Vacuum Creation in Condenser:

* When the steam condenses in a closed vessel, the vapour phase
of working substance changes to liquid phase, and thusits
specific volume reduces to more than one thousand times.

* Due to change in specific volume, the absolute pressure in the
condenser falls below atmospheric pressure and a high vacuum is
created.

* This minimum pressure that can be attained depends on the
temperature of condensate and air present in the condenser.

The absolute pressure = Atmospheric pressure — Vacuum Gauge
In the condenser Pressure

® Footer Text 3/28/2015 @ 2]



Sources of Air in the Condenser:

« Theambient air leaks to the condenser chamber at the joints & glands
which are internally under pressure lower than that of ambient.

 Another source of air isthe dissolved air with feed water. The
dissolved air in feed water enters into boiler and it travels with steam
Into condenser.

Effects of Air Leakage:

* The presence of air lowers vacuum in the condenser. Thus back
pressure of the plant increases, and conseguently, the work output
decreases.

 Air hasvery poor thermal conductivity. Hence, the rate of heat
transfer from vapour to cooling medium is reduced.

* The presence of air in the condenser corrodes to the metal surfaces.
Therefore, the life of condenser is reduced.

® Footer Text 3/28/2015 @22



Artistic to Scientific Design of Cooling Towers

The art of evaporative cooling is quite ancient, although it
is only relatively recently that it has been studied
scientifically.

Merkel developed the theory for the thermal evaluation
of cooling towers in 1925.

This work was largely neglected until 1941 when the
paper was translated into English.

Since then, the model has been widely applied.

The Merkel theory relies on several critical assumptions to
reduce the solution to a simple hand calculation.

Because of these assumptions, the Merkel method does
not accurately represent the physics of heat and mass
transfer process in the cooling tower fill.



What Does A Cooling Tower Do?

e Cooling Towers are used
to transfer heat from
cooling water to the
atmosphere.

— Promotes efficient water
usage

— Prevents environmental
damage




What Does A Cooling Tower Do?

e Cooling Towers are used
to transfer heat from
cooling water to the
atmosphere.

— Promotes efficient water
usage

— Prevents environmental
damage




Cooling water iIs continuously circulated
through heat exchangers to absorb heat from
process material and machinery.

Because it's cost efficient to reuse water and
plants can't dump excessive amounts of hot water
Into rivers and lakes, cooling towers are used to
remove the heat from the water, so it can be
recircul ated.

Used in power stations, oil refineries,
petrochemical plants and natural gas plants.



Heat Transfer
Methods

e Wet Cooling Tower
— Uses evaporation to transfer heat

— Water can be cooled to a temperature lower than
the ambient air “dry-bulb” temperature

e Dry Cooling Tower
— Uses convection to transfer heat

— Heat is transferred through a surface that separates
the water from ambient air, such as in a heat
exchanger.



Air Flow Generation Methods

e Natural Draft

— Warm air naturally rises due to
the density differential to the
dry, cooler outside air. This
moist air buoyancy produces
an airflow through the tower.

g IVI e C h a n i C a | D ra ft FROSHIRESIIBSHSRINEHNSNS| Hot water

— A fan induces airflow through
a towe r. Centfrzilgugal
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Parameters of Cooling Towers

A number of parameters describe the performance of a
cooling tower.

Range is the temperature difference between the hot

water entering the cooling tower and the cold water
leaving.

The range is virtually identical with the condenser rise.

Note that the range is not determined by performance of
the tower, but is determined by the heat loading.



Approach is the difference between the temperature of the
water leaving the tower and the wet bulb temperature of the
entering air.

The approach is affected by the cooling tower capability.

For a given heat loading, water flow rate, and entering air
conditions, a larger tower will produce a smaller approach;
i.e., the water leaving the tower will be colder.

Water/Air Ratio (m /m,) is the mass ratio of water (Liquid)
flowing through the tower to the air (Gas) flow.

Each tower will have a design water/air ratio.

An increase in this ratio will result in an increase of the
approach, that is, warmer water will be leaving the tower.

A test ratio is calculated when the cooling tower performance
is evaluated.



Cooling Tower Mass Balances
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Water and Salt Balances

A water balance around the entire system is:
M=E+D+W

Since the evaporated water (E) has no salts, a chloride balance
around the system is:

M (X,,) = D (X.) + W (X;) = X. (D + W)

and, therefore:
X/ Xy, = Cycles of concentration
=M/(D + W)
=M/(M-E)=1+[E = (D+W)]



Heat Balance

From a simplified heat balance around the cooling tower:

EH

v= C-AT-c,

H, = Latent heat of water evaporation
= 2260 ki/kg

AT

Temperature difference top to bottom

C, = Specific heat of water = 4.184 klkg'C"



Thermodynamics of Air Water Systems

Humidity Ratio:

_ MassFlow of WaterVapour m,

£,
MassFlow of Dry Air r.rla
e r.na T . ALY RJT
PV =ma RT = I\/IRU pV=mRT= M.,

a

M, pV

o= :(MVJX(&]:OﬁZZ(&]
Mapav Ma pa pa

RT
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Mechanism of Heat Transfer in Cooling Towers

Heat transfer in cooling towers occurs by two major
mechanisms:

Sensible heat from water to air (convection) and

transfer of latent heat by the evaporation of water
(diffusion).

Both of these mechanisms operate at air-water boundary
layer.

The total heat transfer is the sum of these two boundary
layer mechanisms.

The total heat transfer can also be expressed in terms of the
change in enthalpy of each bulk phase.

A fundamental equation o f heat transfer in cooling towers
(the Merkel equation) is obtained.

r‘nC\NC\NdTW = KA(hsa o ha)dv = r-nairdl‘]air



The Merkel Method

* The Merkel method, developed in the 1920s, relies on
several critical assumptions to reduce the solution to a
simple manual iteration.

* These assumptions are:

 The resistance for heat transfer in the water film is
negligible,

* The effect of water loss by evaporation on energy balance
or air process state is neglected,

* The specific heat of air-stream mixture at constant
pressure is same as that of the dry air, and

* The ratio of h,,/h, (Lewis factor) for humid air is unity.

 Merkel combined equations for heat and water vapor
transfer into a single equation similar as



Ty

KAV dT
]

Mg, =——=
m, Tzhsa_ha

where:
kAV/mw = tower characteristic
k= mass transfer coefficient
A = contact area/tower volume
V = active cooling volume/plan area
mw = water flow rate
T, = hot water temperature
T, = cold water temperature
T = bulk water temperature
h,, = enthalpy of saturated air-water vapor mixture at bulk
water temperature
(J/kg dry air)
h, = enthalpy of air-water vapor mixture (J/kg dry air )



Tower Characteristics

* Tower Characteristic (Me,,or NTU) is a characteristic of
the tower that relates tower design and operating
characteristics to the amount of heat that can be
transferred.

* For a given set of operating conditions, the design
constants that depend on the tower fill.

* For a tower that is to be evaluated using the characteristic
curve method, the manufacturer will provide a tower
characteristic curve.

n

NTU =C{

m,



SUPPLY TOWER CHARACTERISTIC

* The supply tower characteristic of the cooling tower can
be evaluated with the help of cooling tower fill
characteristics curves provided by manufacturer which
takes into account the effect of rain and spray zones as
well as fill fouling.

* These curves are certified by the cooling tower institute.



Generalized Equation for Cooling Tower Supply

A generalized equation for cooling tower supply can be
developed from the manufacturer curves (known as the
supply equation) and is of the form:

n
—— = Cxlg, X —=

KAV {

= |3



BHP OF THE FAN

* The total pressure drop (PD) across the cooling
tower which is the summation of the pressure
drops across the drift eliminators, inlet louvers
and the fill packing (constituting the static

pressure drop) and also the velocity pressure
drop is calculated.

* Now, the total fan power required is calculated as
BHP = (CFM * PD)/ (n * 6356)

where n is the efficiency of the fan.



Loss of Water

Evaporation Rate is the fraction of the circulating water
that is evaporated in the cooling process.

A typical design evaporation rate is about 1% for every
12.5°C range at typical design conditions.

It will vary with the season, since in colder weather there
is more sensible heat transfer from the water to the air,
and therefore less evaporation.

The evaporation rate has a direct impact on the cooling
tower makeup water requirements.



Drift is water that is carried away from the tower in the form
of droplets with the air discharged from the tower.

Most towers are equipped with drift eliminators to minimize
the amount of drift to a small fraction of a percent of the
water circulation rate.

Drift has a direct impact on the cooling tower makeup water
requirements.

Recirculation is warm, moist air discharged from the tower
that mixes with the incoming air and re-enters the tower.

This increases the wet bulb temperature of the entering air
and reduces the cooling capability of the tower.

During cold weather operation, recirculation may also lead to
icing of the air intake areas.



Applied Thermodynamics

/ EXERCISE /

What do you understand by condenser? Discuss its significance.
How does condenser improve performance of steam power plant?

Differentiate between surface condenser and jet condenser.

Give a sketch of barometric jet condenser and explain its working.

Discuss the effect of air leakage upon the performance of condenser.

How the air leaking into condenser is extracted out? Explain.

Describe the factors affecting the efficiency of condensing plant.

Discuss the relevance of Dalton’s law of partial pressures in condenser calculations.

What do you understand by cooling towers? Explain their utility.

Determine the vacuum efficiency of a surface condenser having vacuum of 715 mm of Hg and
temperature of 32°C. The barometer reading is 765 mm of Hg. [98%)]
A surface condenser having vacuum of 715 mm Hg and temperature of 32°C has cooling water
circulated at 800 kg/min. The cooling water entering condenser becomes warmer by 14°C. The
condensate is available from condenser at 25 kg/min. The hot well temperature is 30°C. Barometer
reading is 765 mm of Hg. Determine the mass of air in kg/m® of condenser volume and dryness
fraction of steam entering. [0.022 kg/m®, 0.84]
A surface condenser has vacuum of 71 cm Hg and mean temperature of 35°C. The barometer
reading is 76.5 cm Hg. The hot well temperature is 28°C. Steam enters condenser at 2000 kg/hr
and requires cooling water at 8°C at the rate of 1000 kg/min. Cooling water leaves condenser at

(iii) corrected vacuum in reference to standard barometer reading, (iv) the condenser efficiency.

[0.982, 7°C, 70.5 cm Hg, 0.505]
In a surface condenser steam enters at 40°C and dryness fraction of 0.85. Air leaks into it at 0.25
kg/min. An air pump is provided upon the condenser for extracting out air. Temperature at suction
of air pump is 32°C while condensate temperature is 35°C. Determine.

[705 mm Hg, 500 m*hr, 16.9 kg/hr]
A steam turbine discharges steam into a surface condenser having vacuum of 700 mm Hg. The
barometer reading is 760 mm Hg. Leakage into condenser is seen to be 1.4 kg/min. The air pump
is employed for extracting out air leaking in. Temperature at the inlet of air pump is 20°C. The air
pump is of reciprocating type running at 300 rpm and has L : D ratio of 2 : 1. Determine,

(iii) the mass of vapour going out with air in air pump, kg/hr.
[1250 m3/hr, bore: 35.36 cm, stroke: 70.72 cm, 21.5 kg/hr]

704
15.1
15.2
15.3 Discuss different types of condenser briefly.
15.4
15.5
15.6
15.7
15.8
15.9
15.10
15.11
15.12
15.13
24°C. Determine
(i) the vacuum efficiency of condenser,
(ii) the undercooling in condenser
15.14
() the reading of vacuum gauge
(i) the volume handling capacity of air pump in m¥hr
(iii) the loss of condensate in kg/hr.
15.15
(i) the capacity of air pump is m/hr
(ii) the dimensions of air pump
15.16

A surface condenser handles condensate at 70.15 cm Hg when barometer reads 76 cm Hg. Steam
entering at 2360 kg/hr requires cooling water at 6.81 x 10 kg/hr, 10°C. Cooling water leaves
condenser at 27.8°C while condenser has mean temperature of 37°C. Air leaks into condenser at
0.3 kg/min. Determine,
(i) the mass of vapour going out with air per hour
(ii) the state of steam entering.
[119 kg/hr, 0.89]
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15.17

15.18

15.19

15.20

A steam condenses working at 71.5 cm Hg vacuum and temperature of 32.28°C. Condenser has
steam entering at 13750 kg/hr. The leakage of air into condenser is 0.4x10~ kg/kg steam entering.
Considering volumetric capacity of air pump as 80% determine the capacity of air pump, handling
mixture of air and water vapour. [10.3 m¥/min]
A jet condenser has pressure at inlet as 0.07 bar. It is supplied steam at 4000 kg/hr. Water is
supplied for condensation at 16 x 10* kg/hr. The volume of air dissolved in water at 1 bar, 15°C
is 0.05 of that water.
Air leaks in with steam at 0.05 kg/min. Temperature at suction of air pump is 30°C and volumetric
efficiency is 80%. Determine the capacity of air pump in m/min for extracting out air.
[519 kg/hr]

A surface condenser has steam entering at 0.09 bar, 0.88 dry at the rate of 16000 kg/hr. The air
leakage into condenser is 8 kg/hr. Temperature at condensate and air extraction pipe is 36°C. For
the average heat transfer rate of 133760 kJmZhr, determine the surface required. [254 m?]
A surface condenser has vacuum of 581 mm of Hg and steam enters into it at 57.4°C, 3100 kg/
hr. The barometer reads 726 mm of Hg. The temperature at suction of air pump is 50°C. The cooling
water is supplied at 5.6 x 10* kg/hr, 15°C and leaves at 43.6°C. Determine,
(i) the mass of air entering condenser per kg of steam
(ii) the vacuum efficiency.

[0.136 kg/kg steam, 0.981]
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