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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, by the use of the general property
relation

Tds = dh — vdp; ds = 0

and dh = vdp

Since change in specific volume is negligible

Ah=vAp
or hy—hy=v;(p, —p)
If v is in m%kg and p is in bar
h, — hy = v, (p, — p,) x 10° J/kg (12.7)
The work ratio is defined as the ratio of net work output to positive work output.
work ratio = Woet = Wi —We
Wy Wr

Usually, the pump work is quite small compared to the turbine work and is sometimes neglected. Then
h, = h,, and the cycle efficiency approximately becomes

_h-h
h’l_h4

The efficiency of the Rankine cycle is presented
graphically in the 7-s plot in Fig. 12.6. Thus Q, is pro-
portional to area 1564, Q, is proportional to area 2563,
and W, (= Q, — Q,) is proportional to area 1 23 4
enclosed by the cycle.

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

n

1 gllkJ/s
W, —W, kI 1kW
1 kg 3600 kJ

= - (12.8)
We—W, kWs W, —W, kWh

Steam rate =

Q. W, and Q, are proportional to areas

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

Heat rate = 36000, _ 3600 kI (12.9)

Wy —W, kWh

ncycle

,
From the equation W, = — f vdp, itis obvious that the reversible steady-flow work is closely associated

with the specific volume of ﬂuild flowing through the device. The larger the specific volume, the larger the
reversible work produced or consumed by the steady-flow device. Therefore, every effort should be made to
keep the specific volume of a fluid as small as possible during a compression process to minimize the work
input and as large as possible, during an expansion process to maximize the work output.
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In steam or gas power plants (Chapter 13), the pressure rise in the pump or compressor is equal to the
pressure drop in the turbine if we neglect the pressure losses in various other components. In steam power
plants, the pump handles liquid, which has a very small specific volume, and the turbine handles vapour,
whose specific volume is many times larger. Therefore, the work output of the turbine is much larger than the
work input to the pump. This is one of the reasons for the overwhelming popularity of steam power plants in
electric power generation.

If we were to compress the steam exiting the turbine back to the turbine inlet pressure before cooling it
first in the condenser in order to “save” the heat rejected, we would have to supply all the work produced by
the turbine back to the compressor. In reality, the required work input would be still greater than the work
output of the turbine because of the irreversibilities present in both processes (see Example 12.1).

12.3 ACTUAL VAPOUR CYCLE , Qioss
PROCESSES abd
The processes of an actual cycle differ from those of O Qions
the ideal cycle. In the actual cycle conditions might Wr <(hy — hy)
be as indicated in Figs 12.7 and 12.8, showing the 6@ <Py — hpg)
various losses. The thermal efficiency of the cycle is
— Wnet . _@ Qg
Ly (~
1 P4’>p, Condenser —

where the work and heat quantities are the measured O Ps<P2
values for the actual cycle, which are different from A
the corresponding quantities of the ideal cycle. Quoss Pump

2.3.1 Pipi
1 iping Losses We > (hy— hy) > (hys—h3)

Pressure drop due to friction and heat loss to the
surroundings are the most important piping losses.
States 1’ and 1 (Fig. 12.8) represent the states of
the steam leaving the boiler and entering the turbine
respectively, 1’ —1’ represents the frictional losses,
and 1" —1 shows the constant pressure heat loss to the
surroundings. Both the pressure drop and heat transfer ]

‘arious losses in a steam plant

reduce the availability of steam entering the turbine.

A similar loss is the pressure drop in the boiler
and also in the pipeline from the pump to the boiler.
Due to this pressure drop, the water entering the
boiler must be pumped to a much higher pressure
than the desired steam pressure leaving the boiler,
and this requires additional pump woik.

12.3.2 Turbine Losses

The losses in the turbine are those associated with frictional effects and heat loss to the surroundings. The
steady flow energy equation for the turbine in Fig. 12.7 gives

hl = h2 + WT + Qloss
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We=h —hy— Q. (12.10)

For the reversible adiabatic expansion, the path will be 1 — 2s. For an ordinary real turbine the heat loss is
small, and W is h, — h,, with Q, equal to zero. Since actual turbine work is less than the reversible ideal work
output, &, is greater than 4, .. However, if there is heat loss to the surroundings, 4, will decrease, accompanied
by a decrease in entropy. If the heat loss is large, the end state of steam from the turbine may be 2”. It may so
happen that the entropy increase due to frictional effects just balances the entropy decrease due to heat loss,
with the result that the initial and final entropies of steam in the expansion process are equal, but the expan-
sion is neither adiabatic nor reversible. Except for very small turbines, heat loss from turbines is generally
negligible. The isentropic efficiency of the turbine is defined as

_ M _h-h (12.11)
hl - h23 hl - h’ls

where W_ is the actual turbine work, and (k, — 4, ) is the isentropic enthalpy drop in the turbine (i.e. the ideal

output).

T

12.3.3 Pump Losses

The losses in the pump are similar to those of the turbine, and are primarily due to the irreversibilities associ-
ated with fluid friction. Heat transfer is usually negligible. The pump efficiency is defined as

h4s_h’3 — h4s_h3 (1212)
We hy —hy

Tp =
where W, is the actual pump work.

12.3.4 Condenser Losses

The losses in the condenser are usually small. These include the loss of pressure and the cooling of conden-
sate below the saturation temperature.

12.4 ‘ COMPARISON OF RANKINE AND CARNOT CYCLES

Although the Carnot cycle has the maximum possible efficiency for the given limits of temperature, it is
not suitable in steam power plants. Figure 12.9 shows the Rankine and Carnot cycles on the 7-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

1 1
~ lac n 4ac N
4R 4R 4R \/
A > N /3 3C 2s AN 3 25 <
— 5 — S -

(a) (b) (©
4 - Comparison of Carnot and Rankine cycles
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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. In Figs 12.9(a) and 12.9(c), Q, is the same in
both the cycles, but since Q, is more, 7, is greater than 7, .. . The two Carnot cycles in Fig. 12.9(a) and
12.9(b) have the same thermal efficiency. Therefore, in Fig. 12.9(b) also, 7,0, > Mrankine: BUt the Carnot
cycle cannot be realized in practice because the pump work [in all the three cycles (a), (b), and (c)] is very
large. Whereas in (a) and (c) it is impossible to add heat at infinite pressures and at constant temperature from
state 4c to state 1, in (b), it is difficult to control the quality at 3¢, so that insentropic compression leads to
saturated liquid state.

12.5 MEAN TEMPERATURE OF HEAT ADDITION

In the Rankine cycle, heat is added reversibly at a constant pressure, but at infinite temperatures. If T_, is the
mean temperature of heat addition, as shown in Fig. 12.10, so that the area under 4s and 1 is equal to the area
under 5 and 6, then heat added

Qi =h —h=T, (s —54)

T, = Mean temperature of heat addition
— h‘l _ h4s
81~ S4s N
. . 5 - -Tm,
Since Q, = Heat rejected = h,  — h, &
=T2 (sl _S4S) 45 \/
_ o, T, (5 —54) 3 2 S
MRankine = 1 = —= =1 — ————= s >
Ql Tml (Sl_stts) —
NRankine = 1 — ;—2 (12.13) Mean temperature of heat addition
ml

where T, is the temperature of heat rejection. The lower is the 7, for a given 7, ;, the higher will be the effi-
ciency of the Rankine cycle. But the lowest practicable temperature of heat rejection is the temperature of the
surroundings (7). This being fixed,

NRaskine =/ (Tn) 0Ny (12.14)

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

The effect of increasing the initial temperature 1
at constant pressure on cycle efficiency is shown in
Fig. 12.11. When the initial state changes from 1 to 1/,
T_, between 1 and 1’ is higher than 7 between 4s and

1/

1. So an increase in the superheat at constant pressure 4s

increases the mean temperature of heat addition and

hence the cycle efficiency. /3 25 25
The maximum temperature of steam that can be used

is fixed from metallurgical considerations (i.e. the mate- —S

rials used for the manufacture of the components which ¢ = Effect of superheat on mean temperature
are subjected to high-pressure, high temperature steam o " of heat addition
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like the superheaters, valves, pipelines, inlet stages
of turbine, etc.). When the maximum temperature
is fixed, as the operating steam pressure at which 5 1
heat is added in the boiler increases from p, to p,
(Fig. 12.12), the mean temperature of heat addition \
increases, since T, between 7s and 5 is higher than \
that between 4s and 1. But when the turbine inlet
pressure increases from p, to p,, the ideal expan- P \\
sion line shifts to the left and the moisture content W\
at the turbine exhaust increases (because x,, < x,). 7s \ \
If the moisture content of steam in the later stages 4s \
of the turbine is higher, the entrained water particles 3 6523\
along with the vapour coming out from the nozzles \Xgs X2s
with high velocity strike the blades and erode their —_— s

surfaces, as a result of which the longevity of the 5

blades decreases. From a consideration of the ero-
sion of blades in the later stages of the turbine, the
maximum moisture content at the turbine exhaust
is not allowed to exceed 15%, or the quality to fall
below 85%. It is desirable that most of the turbine
expansion should take place in the single phase or
vapour region.

Therefore, with the maximum steam tempera-
ture at the turbine inlet, the minimum temperature
of heat rejection, and the minimum quality of steam
at the turbine exhaust being fixed, the maximum \/
steam pressure at the turbine inlet also gets fixed —=T,
(Fig. 12.13). The vertical line drawn from 2s, fixed AN
by T, and x,, intersects the 7, line, fixed by mate- Xos =
rial, at 1, which gives the maximum steam pressure
at the turbine inlet. The irreversibility in the expan- Fixing of exhaust quality, maximum
sion process has, however, not been considered. temperature and maximum pressure in

Ranking cycle
’ 12.6‘ REHEAT CYCLE

If a steam pressure higher than (p,),,, (Fig. 12.13) is used, in order to limit the quality to 0.85, at the turbine
exhaust, reheat has to be adopted. In that case all the 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. The flow, 7-s,
and h-s diagrams for the ideal Rankine cycle with reheat are shown in Fig. 12.14. In the reheat cycle the expan-
sion of steam from the initial state 1 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 the high pressure (H.P) turbine from the initial
state to approximately the saturated vapour line (process 1-2s in Fig. 12.14). The steam is then resuperheated
(or reheated) at constant pressure in the boiler (process 25-3) and the remaining expansion (process 3—4s) is car-
ried out in the low pressure (L.P) turbine. In the case of use of two reheats, steam is resuperheated twice at two
different constar:t pressures. To protect the reheat 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

T
Ay

T,

% Effect of increase of pressure on Rankine
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would leave behind solid deposits in the form of scale which is difficult to remove. Also, a low rekeat pressure
may bring down 7, , and hence, cycle efficiency. Again, a high reheat pressure increases the moisture content
at turbine exhaust. Thus, the reheat pressure is optimized. The optimum reheat pressure for most of the modern
power plants is about 0.2 to 0.25 of the initial steam pressure. For the cycle in Fig. 12.14, for 1 kg of steam

lehl_h6s+h3_h25

Q) = hyg — hs
We=h —hy+h,—h,
Wp = he, — hy
- - — ) — (s —
n e We =Wy _ (=l + b —hy)—(hs — ) (12.15)

o b = b + by — by,
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3600

Steam rate = kg/kWh (12.16)
(hl _h’Zs +h3 _h4s)—(h6s _hS)
where enthalpy is in kJ/kg.

Since higher pressures are used in a reheat cycle, pump work may be appreciable.

Had the high pressure p, been used without reheat, the ideal Rankine cycle would have been 1 — 4's — 5 — 6s.
With the use of reheat, the area 2s — 3 — 4s — 4’s has been added to the basic cycle. It is obvious that net work
output of the plant increases with reheat, because (4, — h,/) is greater than (hy, — h,), and hence the steam rate
decreases. Whether the cycle efficiency improves with reheat depends upon whether the mean temperature of
heat addition in process 2s — 3 is higher than the mean temperature of heat addition in process 6s — 1. In practice,
the use of reheat only gives a small increase in cycle efficiency, but 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 from x,,_to x,, by the use of reheat.

By increasing the number of reheats, still higher steam pressures could be used, but the mechanical stresses
increase at a higher proportion than the increase in pressure, because of the prevailing high temperature. The
cost and fabrication difficulties will also increase. In that way, the maximum steam pressure gets fixed, and
more than two reheats have not yet been used so far.

In Fig. 12.14, only ideal processes have been considered. The irreversibilities in the expansion and com-
pression processes have been considered in the example given later.

12.7 ! IDEAL REGENERATIVE CYCLE

1

In order to increase the mean temperature of heat addition (7,,,), attention was so far confined to increasing
the amount of heat supplied at high temperatures, such as increasing superheat, using higher pressure and
temperature of steam, and using reheat. The mean temperature of heat addition can also be increased by
decreasing the amount of heat added at low temperatures. In a saturated steam Rankine cycle (Fig. 12.15),
a considerable part of the total heat supplied is in the liquid phase when heating up water from 4to 4, ata
temperature lower than T}, the maximum temperature of the cycle. For maximum efficiency, all heat should
be supplied at 7}, and feedwater should enter the boiler at state 4/. This may be accomplished in what is
known as an ideal regenerative cycle, the flow diagram of which is shown in Fig. 12.16 and the correspond-
ing T—s diagram in Fig. 12.17.

The unique feature of the ideal regenerative cycle is that the condensate, after leaving the pump cir-
culates around the turbine casing, counterflow to the direction of vapour flow in the turbine (Fig. 12.16).

Ideal regenerative cycle-basic scheme
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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 revers- ~ & 1
ible heat transfer, i.e. at each point the temperature of (As)y (A8)y ] ——--T
the vapour is only infinitesimally higher than the tem- 3 3\ AT
perature of the liquid. The process 1-2’ (Fig. 12.17) 4 \ \Q T
thus represents reversible expansion of steam in the 5
turbine with reversible heat rejection. For any small 3 N 2 \ 2 \Tz
step in the process of heating the water, \ \\\\

AT (water) = — AT (steam) a b ¢ d
and As (water) = — As (steam) s

Ideal regenerative cycle on T-s plot

Then the slopes of lines 1-2’ and 4'—3 (Fig. 12.17)
will be identical at every temperature and the lines
will be identical in contour. Areas 4-4'—b—a—4 and 2'—1—d—c—2' are not only equal but congruous.
Therefore, all the heat added from an external source (Q,) is at the constant temperature T \» and all the heat
rejected (Q,) is at the constant temperature 7. »» both being reversible.

Then

O, =h —hy=Ts, —s,)

Q) =hy — hy=T)(s, —55)
Since

Sy =83 =5 —5,
or S| = Sy =5y—8
n=1- %3 =1- L
o I

The efficiency of the ideal regenerative cycle is thus equal to the Carnot cycle efficiency.
Writing the steady flow energy equation for the turbine
hy =Wy —hy+h,—h,=0

or We=(h — hy) ~ (hy — h) (12.17)
The pump work remains the same as in the Rankine cycle, i.e.
We="h,—h,

The net work output of the ideal regenerative cycle is thus less, and hence its steam rate will be more,
although it is more efficient, when compared with the Rankine cycle. However, the cycle is not practicable
for the following reasons:

(a) Reversible heat transfer cannot be obtained in finite time.
(b) Heat exchanger in the turbine is mechanically impracticable.
(c) The moisture content of the steam in the turbine will be high.

12.8 ‘ REGENERATIVE CYCLE

In the praétical regenerative cycle, the feedwater enters the boiler at a temperature between 4 and 4’
(Fig. 12.17), and it is heated by steam extracted from intermediate stages of the turbine. The flow diagram of
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the regenerative cycle with saturated steam at the inlet to the turbine, and the corresponding 7—s diagram are
shown in Figs 12.18 and 12.19 respectively. For every kg of steam entering the turbine, let m, kg steam be
extracted from an intermediate stage of the turbine where the pressure is p,, and it is used to heat up feedwater
[(1 — m,) kg at state 8] by mixing in heater 1. The remaining (1 — m,) kg of steam then expands in the turbine
from pressure p, (state 2) to pressure p, (state 3) when m, kg of steam is extracted for heating feedwater in
heater 2. So (1 — m; — m,) kg of steam then expands in the remaining stages of the turbine to pressure Py
gets condensed into water in the condenser, and then pumped to heater 2, where it mixes with m, kg of
steam extracted at pressure p,. Then (1 — m,) kg of water is pumped to heater 1 where it mixes with m, kg
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of steam extracted at pressure p,. The resulting 1 kg of steam is then pumped to the boiler where heat from
an external source is supplied. Heaters 1 and 2 thus operate at pressures p, and p, respectively. The amounts
of steam m, and 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. The heat and work transfer quantities of the cycle are

We=1(h,—h)+ A —-m)h,— h)+ (1 —m —m,)(hy — h)klkg (12.18)
y Wo=Wp + W, + Wy :
=0 —=m —m)(hg—hy)+ A —m)(hy — h)) + 1(h,, — hy) Ki/kg (12.19)
0, =1(h, — b)) klkg (12.20)
Q,=(0 ~m, —m,) (h, — h)) kl/kg (12.21)
Cycle efficiency, n= Q-0 MW
9 9
3600
St te = —— kg/kWh
eam rate W W, g/k

In the Rankine cycle operating at the given pressures, p; and p,, the heat addition would have been from
state 6 to state 1. By using two stages of regenerative feedwater heating, feedwater enters the boiler at state 10,
instead of state 6, and heat addition is, therefore, from state 10 to state 1. Therefore

h—h
(Tm, )with regeneration -—1 (1222)
51— 510
and (Tm, )without regeneration = hl h6 (1223)
51— S
Since (T m, )with regeneration > (T m, )without regeneration

the efficiency of the regenerative cycle will be higher than that of the Rankine cycle.
The energy balance for heater 2 gives

mph, + (1 —m) hy = 1h,
m=tol (12.24)

' by —hy
The energy balance for heater 1 gives
myhy + (1 —m, —m)h,=(~m)h,

or m,=(1—m,) hy —hs (12.25)
| h—h,
From Egs (12.24) and (12.25), m, and m, can be evaluated. Equations (12.24) and (12.25) can also be
written alternatively as

(1 = m,) (hy — hg) =m, (hy, — hy)
(I —=m, —m)(h,—h)=m,(h,— hy)
Energy gain of feedwater = 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.

Path 1-2-3-4 in Fig. 12.19 represents the states of a decreasing mass of fluid. For 1 kg of steam, the states
would be represented by the path 1-2’-3’—4’. From Equation (12.18),
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We=(h —h)+ (1 —m)(hy—h)+ (1 —m —m,)(h,—h,)
= (hy — hy) + (hy — hy) + (hy — hy) (12.26)
where (1 —m) (b, — h) =1 (hy — hy) (12.27)
(1 —m, —my) (hy — h) =1 (hy, — h,) (12.28)

The cycle 1-2-2'-3'-3""—4/-5-6-7-8-9-10-1 represents 1 kg of working fluid. The heat released by steam
condensing from 2 to 2’ is utilized in heating up the water from 8 to 9.

S 1(h, — h,) = 1(hy — hy) (12.29)
Similarly
1(hy — hy) = Wk, — hY) (12.30)
From Egs (12.26), (12.29) and (12.30)
Wo=(h —hy)— (hy — hy) — (hy — hy)
= (h, — hy) — (hy — hg) — (h; — hy) (12.31)

The similarity of Eqs (12.17) and (12.31) can be noticed. It is seen that the stepped cycle 1-2'-3/—4/-5-6—
7-8-9-10 approximates the ideal regenerative cycle in Fig. 12.17, and that a greater number of stages would
give a closer approximation (Fig. 12.20). Thus the heating of feedwater by steam ‘bled’ from the turbine,
known as regeneration, carnotizes the Rankine cycle.

The heat rejected Q, in the cycle decreases from (b, — k) to (h, — h). There is also loss in work output
by the amount (Area under 2-2’ + Area under 3'-3" — Area under 4-4’), as shown by the hatched area in
Fig. 12.19(b). So the steam rate increases by regeneration, i.e. more steam has to circulate per hour to pro-
duce unit shaft output.

The enthalpy-entropy diagram of a regenerative cycle is shown in Fig. 12.21.

12.9 ‘ REHEAT-REGENERATIVE CYCLE

The reheating of steam is adopted when the vaporization pressure is high. The effect of reheat alone on the
thermal efficiency of the cycle is very small. Regeneration or the heating up of feedwater by steam extracted
from the turbine has a marked effect on cycle efficiency. A modern steam power plant is equipped with both.
Figures 12.22 and 12.23 give the flow and 7—s diagrams of .a steam plant with reheat and three stages of
feedwater heating. Here
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+(1 —=m; —m)(hg—h)+ (1 —m —m,—m)(h — h,)klkg
We= (0 —m;—m, —my)(hy — h) + (1 —m; —m) (hy — hyy)
+ (L =m)(hyy = hp) + 15— hy,) Kk
O, =, —hy+ (1 —m)h, — hy)klkg

0, = (1 —m, —m, — m) (h, — hy) ki/kg
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The energy balance of heaters 1, 2, and 3 give
mhy, + (1 —mDh;=1xh,
myhs + (1 —m; —mph,, = (1 —m)h,
mhe + (1 — m —m, — mdhy=(1 —m; — my)h,,
from which m,, m,, and m, can be evaluated.

12.109 FEEDWATER HEATERS

Feedwater heaters are of two types, viz., open heaters and closed heaters. In an open or contact-type heater, the
extracted or bled steam is allowed to mix with feedwater, and both leave the heater at a common temperature,
as shown in Figs 12.18 and 12.22. In a closed heater, the fluids are kept separate, and not allowed to mix
together (Fig. 12.24). The feedwater flows through the tubes in the heater and the extracted steam condenses
on the outside of the tubes in the shell. The heat released by condensation is transferred to the feedwater
through the walls of the tubes. The condensate (saturated water at the steam extraction pressure), sometimes
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. To avoid this waste, a drip pump feeds the drip directly into the feedwater stream.
Figure 12.25 shows the T—s plot corresponding to the flow diagram in Fig. 12.24. The temperature of the
feedwater (at ‘I’ or ‘0’) leaving a particular heater is always less than the saturation temperature at the steam
extraction pressure (at e or g), the difference being known as the terminal temperature difference of the heater.
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The advantages of the open heater are simplicity,
lower cost, and high heat transfer capacity. The dis-
advantage is the necessity of a pump at each heater
to handle the large feedwater stream.

A closed heater 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 at least one open heater is used, pri-
marily for the purpose of feedwater deaeration. The
open heater in such a system is called the deaerator.

The higher the number of heaters used, the higher
will be the cycle efficiency. If n heaters are used, the

Basic and Applied Thermodynamics

my kg

\ mkg N\

(1—my—my) kg

C

@8 T—s diagram of regenerative cycle with

closed feedwater heaters

greatest gain in efficiency occurs when the overall temperature rise is about n/(n + 1) times the differ-
ence between the condenser and boiler saturation temperatures. (See Analysis of Engineering Cycles by

R.W. Haywood, Pergamon Press, 1973).

I (A )y = tygiter sat — foona ad (At ), = temperature rise of feedwaters, it is seen that.

n=0 (A)s,=0

=l Bip= @
n=2 (At)y,= % (Ar),
n=3, (At), = —2—- (At)
n=4, (Ar), = % (An)

Since the cycle efficiency is proportional to Ad,
the efficiency gain follows the law of diminishing return
with the increase in the number of heaters. The great-
est increment in efficiency occurs by the use of the first
heater (Fig. 12.26). The increments for each additional
heater thereafter successively diminish. The number of
heaters 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 in Q, or the marginal increase in
cycle efficiency. An increase in feedwater temperature
may, in some cases, cause a reduction in boiler efficiency.
So, the number of heaters gets optimized. Five points of
extraction are often used in practice. Some cycles use as
many as nine.

Gain =

Gain =

Gain =

Tleycle

1

— (At
5 (At)y
L(A,)o
12

1
20 (At)y

1 2 3 4 5
Number of heaters, n
B Effect of the use of number of heaters

on cycle efficiency
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12.11 ‘ EXERGY ANALYSIS OF VAPOUR POWER CYCLES

Let the heating for steam generation in the boiler unit be provided by a stream of hot gases produced by burn-

ing of a fuel (Fig. 12.27). The distribution of input energy is shown in the Sankey diagram 12.27 (b) which

indicates that only about 30% of the input energy to the simple ideal plant is converted to shaft work and about

60% is lost to the condenser. The exergy analysis, however, gives a different distribution as discussed below.
Assuming that the hot gases are at atmospheric pressure, the exergy input is

I
a; =w,C, I.-T,-T, ln?;
T ,
=wgcp, Iy|——1-In L
T, T,
Similarly, the exergy loss rate with the exhaust stream is:
T, T,
ag =wye, | =—1-In—=
: s T\ Ty Ty

Net exergy input rate in the steam generation process:
a, =85 —ag

The exergy utilization rate in the steam generation is:
ag, = w[(h—h)— To(s;—54)]

Ti
h 1
T Energy Energy lost with
input(Q;) waste gases
(~10%)
L AN
/3 2N
—s Wier(~30%) Q, (~60%)
(@) (b)
Exhaust flue
~3Y
Exergy gases (~3%)
input
Steam Whet Condenser
generator (~47%) (~4%)
(~46%)

(©
@R () T-s diagram, (b) Sankey diagram, (c) Grassman diagram
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Rate of exergy loss in the steam generator:
[ = a; —ag

The useful mechanical power output:
=W = wl(h — b)) — (b, — hy)]
Exergy flow rate of the wet steam to the condenser:
a; =wi[(hy —hy)—T,(s, —s,)]
W,

. .
Second law efficiency, = 1e

a; —ay

Exergy flow or Grassman diagram is shown in Fig. 12.27 (c). The energy disposition diagram (b) shows

that the major energy loss (~60%) takes place in the condenser. This energy rejection, however, occurs at a

temperature close to the ambient temperature, and, therefore, corresponds to a very low exergy value (~4%).

The major exergy destruction due to irreversibilities takes place in the steam generation. To improve the per-

formance of the steam plant the finite source temperatures must be closer to the working fluid temperatures
to reduce thermal irreversibility.

12.12 Q CHARACTERISTICS OF AN IDEAL WORKING FLUID
IN VAPOUR POWER CYCLES

There are certain drawbacks with steam as the working substance in a power cycle. The maximum tempera-
ture that can be used in steam cycles consistent with the best available material is about 600°C, while the
critical temperature of steam is 375°C, which necessitates large superheating and permits the addition of only
an infinitesimal amount of heat at the highest temperature.

High moisture content is involved in going to higher steam pressures in order to obtain higher mean tem-
perature of heat addition (T m1)- The use of reheat is thus necessitated. Since reheater tubes are costly, the use
of more than two reheats is hardly recommended. Also, as pressure increases, the metal stresses increase,
and the thicknesses of the walls of boiler drums, tubes, pipe lines, etc. increase not in proportion to pressure
increase, but much faster, because of the prevalence of high temperature.

It may be noted that high T m1 is only desired for high cycle efficiency. High pressures are only forced by
the characteristics (weak) of steam.

If the lower limit is now considered, it is seen that at the heat rejection temperature of 40°C, the saturation
pressure of steam is 0.075 bar, which is considerably lower than atmospheric pressure. The temperature of
heat rejection can be still lowered by using some refrigerant as a coolant in the condenser. The corresponding
vacuum will be still higher, and to maintain such low vacuum in the condenser is a big problem.

It is the low temperature of heat rejection that is of real interest. The necessity of a vacuum is a disagree-
able characteristic of steam.

The saturated vapour line in the 7-s diagram of steam is sufficiently inclined, so that when steam is
expanded to lower pressures (for higher turbine output as well as cycle efficiency), it involves more moisture
content, which is not desired from the consideration of the erosion of turbine blades in later stages.

The desirable characteristics of the working fluid in a vapour power cycle to obtain best thermal efficiency
are given below:

(a) 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.
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(b) The saturation pressure at the temperature of
heat rejection should be above atmospheric pres-
sure so as to avoid the necessity of maintaining —650°C
vacuum in the condenser. 620°C L — 10 bar

(c) The specific heat of liquid should be small so
that little heat transfer is required to raise the ~
liquid to the boiling point. I

(d) The saturated vapour line of the 7-s diagram
should be steep, very close to the turbine expan- 1.8 bar
sion process so that excessive moisture does not 40°C - | 3 \2
appear during expansion.

(e) The freezing point of the fluid should be below
room temperature, so that it does not get solidi- o
fied while flowing through the pipelines. Fig. 12.28  T-s diagram of an ideal working fluid

(f) The fluid should be chemically stable and should for a vapour power cycle
not contaminate the materials of construction at any temperature.

(g) The fluid should be nontoxic, noncorrosive, not excessively viscous, and low in cost.

—_—

The characteristics of such an ideal fluid are approximated in the 7-s diagram as shown in Fig. 12.28.
Some superheat is desired to reduce piping losses and improve turbine efficiency. The thermal efficiency of
the cycle is very close to the Carnot efficiency.

12.13 % BINARY VAPOUR CYCLES

No single fluid can meet all the requirements as mentioned above. Although in the overall evaluation, water is
better than any other working fluid, however, in the high temperature range, there are a few better fluids, and
notable among them are (a) diphenyl ether, (C;H;),0, (b) aluminium bromide, Al,Br,, and (c) mercury and
other liquid metals like sodium or potassium. From among these, only mercury has actually been used in prac-
tice. Diphenyl ether could be considered, but it has not yet been used because, like most organic substances, it
decomposes gradually at high temperatures. Aluminium bromide is a possibility and yet to be considered.

When p = 12 bar, the saturation temperature for water, aluminium bromide, and mercury are 187°C,
482.5°C, and 560°C respectively. Mercury is thus a better fluid in the high temperature range, because at high
temperature, its vaporization pressure is relatively low. Its critical pressure and temperature are 1080 bar and
1460°C respectively.

But in the low temperature range, mercury is unsuitable, because its saturation pressure becomes exceed-
ingly low and it would be impractical to maintain such a high vacuum in the condenser. At 30°C, the saturation
pressure of mercury is only 2.7 x 10~ cm Hg. Its specific volume at such a low pressure is very large, and it
would be difficult to accommodate such a large volume flow.

For this reason, mercury vapour leaving the mercury turbine is condensed at a higher temperature, and the
heat released during the condensation of mercury is utilized in evaporating water to form steam to operate on
a conventional turbine. '

Thus in the binary (or two-fluid) cycle, two cycles with different working fluids are coupled in series, the
heat rejected by one being utilized in the other.

The flow diagram of mercury-steam binary cycle and the corresponding 7-s diagram are given in
Figs 12.29 and 12.30 respectively. The mercury cycle, a—b—c—d, is a simple Rankine type of cycle using
saturated vapour. Heat is supplied to the mercury in process d—a. The mercury expands in a turbine (process
a-b) and is then condensed in process b—c. The feed pump process, c—d, completes the cycle.
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Mercury-steam plant flow diagram

The heat rejected by mercury during condensation is transferred to boil water and form saturated vapour
(process 5-6). The saturated vapour is heated from the external source (furnace) in the superheater (process
6—1). Superheated steam expands in the turbine (process
1-2) and is then condensed (process 2-3). The feedwater
(condensate) is then pumped (process 3—4), heated till it
is saturated liquid in the economizer (process 4-5) before
going to the mercury condenser-steam boiler, where the
latent heat is absorbed. In an actual plant the steam cycle -
is always a regenerative cycle, but for the sake of simplic-
ity, this complication has been omitted.

Let m represent the flow rate of mercury in the mer-
cury cycle per kg of steam circulating in the steam cycle.

Then for 1 kg of steam

Q, = m(h, — hy) + (h; — k) + (hs — h,)
Q,=h,—hy

Wy =m(h,— h)+ (h, — h,)
Wy =m(hy— h) + (hy — hy)

n — Ql _ QZ — WT — WP
cycle Ql Ql
3600

and steam rate = ———— kg/kWh
W, —W, gk

Mercury-steam binary cycle
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The energy balance of the mercury condenser-steam boiler gives
m(h, — h) = hg — hg

hs — s
hb_hc

To vaporize one kg of water, seven to eight kg of mercury must condense.

The addition of the mercury cycle to the steam cycle results in a marked increase in the mean temperature
of heat addition to the plant as a whole and consequently the efficiency is increased. The maximum pressure
is relatively low.

It may be interesting to note that the concept of the binary vapour cycle evolved from the need of improving
the efficiency of the reciprocating steam engine. When steam expands up to, say, atmospheric temperature,
the resultant volume flow rate of steam becomes too large for the steam engine cylinder to accommodate. So
most of the early steam engines are found to be non-condensing. The binary cycle with steam in the high tem-
perature and ammonia or sulphur dioxide in the low temperature range, was first suggested by Professor Josse
of Germany in the middle of the nineteenth century. Steam exhausted from the engine at a relatively higher
pressure and temperature was used to evaporate ammonia or sulphur dioxide which operated on another
cycle. But with the progress in steam turbinc design, such a cycle was found to be of not much utility, since
modern turbines can cope efficiently with a large volume flow of steam.

The mercury-steam cycle has been in actual commercial use for more than three decades. One such plant
is the Schiller Station in the USA. But it has never attained wide acceptance because there has always been
the possibility of improving steam cycles by increasing pressure and temperature, and by using reheat and
regeneration. Over and above, mercury is expensive, limited in supply, and highly toxic.

The mercury-steam cycle represents the two-fluid cycles. The mercury cycle is called the topping cycle
and the steam cycle is called the bottoming cycle. If a sulphur dioxide cycle is added to it in the low tempera-
ture range, so that the heat released during the condensation of steam is utilized in forming sulphur dioxide
vapour which expands in another turbine, then the mercury-steam-sulphur dioxide cycle is a three-fluid or
tertiary cycle. Similarly, other liquid metals, apart from mercury, like sodium or potassium, may be consid-
ered for a working fluid in the topping cycle. Apart from SO, other refrigerants (ammonia, freons, etc.) may
be considered as working fluids for the bottoming cycle.

Since the possibilities of improving steam cycles are diminishing, and the incentives to reduce fuel cost
are very much increasing, coupled cycles, like the mercury-steam cycle, may receive more favourable con-
sideration in the near future.

m =

kg Hg/kg H,O

12.14 THERMODYNAMICS OF COUPLED CYCLES

If two cycles are coupled in series where heat lost by one is absorbed by the other (Fig. 12.31), as in the
mercury-steam binary cycle, let 7, and 7, be the efficiencies of the topping and bottom cycles respectively,
and 7 be the overall efficiency of the combined cycle.

0, o
=1- == d =1-=
nEiT M RTI T,
or Qz = Ql(l - 7’1) and Q3 = Qz(l - 772)

_Q_3 =1 QZ(I*UZ)

Now n=1-
4 Q
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—-1— d—n)d—1n,)
9
=1=00=n)d-mn)
If there are n cycles coupled in series, the overall efficiency would be given by

n=1- H(I‘Wi)
i=1
ie. n=1-(0-n)A-=n)A-mny)...(1 —n,)

or 1—TI=(1—711)(1—772)(1—773)--'(1—71,,)
: Total loss = Product of losses in all the cycles.

For two cycles coupled in series
n=1-0-n)1-mn,)

=l-0=n—-n+nmn)
= +0 M0,
or n=n+n-—-mnm
This shows that the overall efficiency of two cycles coupled in series equals the sum of the individual
efficiencies minus their product.
By combining two cycles in series, even if individual efficiencies are low, it is possible to have a fairly high
combined efficiency, which cannot be attained by a single cycle.

For example, if 7, =0.50 and 7,=10.40
71=05+04-05x%x04=0.70
It is almost impossible to achieve such a high efficiency in a single cycle.

12.15 ‘ PROCESS HEAT AND BY-PRODUCT POWER

There are several industries, such as paper mills, textile mills, chemical factories, dying plants, rubber
manufacturing plants, sugar factories, etc., where saturated steam at the desired temperature is required for
heating, drying, etc. For constant temperature heating (or drying), steam is a very good medium, since isothermal



condition can be maintained by allowing saturated steam
to condense at that temperature and utilizing the latent
heat released for heating purposes. Apart from the
process heat, the factory also needs power to drive various
machines, for lighting, and for other purposes.

Formerly it was the practice to generate steam for
power purposes at a moderate pressure and to generate
separately saturated steam for process work at a pressure
which gave the desired heating temperature. Having two
separate units for process heat and power is wasteful,
for of the total heat supplied to the steam for power pur-
poses, a greater part will normally be carried away by
the cooling water in the condenser.

By modifying the initial steam pressure and exhaust
pressure, it is possible to generate the required power and
make available for process work the required quantity of
exhaust steam at the desired temperature. In Fig. 12.32,
the exhaust steam from the turbine is utilized for process
heating, the process heater replacing the condenser of the
ordinary Rankine cycle. The pressure at exhaust from
the turbine is the saturation pressure corresponding to the
temperature desired in the process heater. Such a turbine
is called a back pressure turbine. A plant producing both
power and process heat is sometimes known as a cogen-
eration plant. When the process steam is the basic need,
and the power is produced incidentally as a by-product,
the cycle is sometimes called a by-product power cycle.
Figure 12.33 shows the T-s plot of such a cycle. If W is
the turbine output in kW, 0y, the process heat required in
kJ/h, and w is the steam flow rate in kg/h

W, x 3600 = w(h, — h,)
and w(h, — hy) = Oy

Ou
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k.. By-product power cycle

W, x 3600 = —H— (h — h,)
T hy — by 1 2

_ Wy x3600x(h, — hy)

kJ/h

or O

h—h,

Of the total energy input Q, (as heat) to the by-product cycle, W, part of it only is converted into shaft
work (or electricity). The remaining energy (Q, — W,), which would otherwise have been a waste, as in the
Rankine cycle (by the Second Law), is utilized as process heat.

Fraction of energy (Q,) utilized in the form of work (W), and process heat (Qy) in a by-product

power cycle

_ W40y

o
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Condenser loss, which is the biggest loss in a
steam plant, is here zero, and the fraction of energy
utilized is very high.

In many cases the power available from the
back pressure turbine through which the whole of
the heating steam flows is appreciably less than
that required in the factory. This may be due to rela-
tively high back pressure, or small heating require-
ment, or both. Pass-out turbines are employed in
these cases, where a certain quantity of steam is
continuously extracted for heating purposes at the
desired temperature and pressure. (Figs 12.34 and
12.35).

Basic and Applied Thermodynamics

0, =wh, — h))k)/h
O, =w~w)(h; — h)kl/h
Oy =w(h, — h) kI/h
Wy=wlh, — h)) + (w — w)) (h, — h;) kI/h
We=w—w) (hs— h) + w(h, — h) kI/h
wih,+ (W —w)hs=w X hy
where w is the boiler capacity (kg/h) and w, is the

steamn flow rate required (kg/h) at the desired tem-
perature for process heating.

12.16 ‘ EFFICIENCIES IN STEAM

POWER PLANT

For the steady flow operation of a turbine, neglecting
changes in K.E. and PE. (Figs 12.36 and 12.37).
Maximum or ideal work output per unit mass
of steam
(W Dmax = (WDigeas = 1y — by

= Reversible and adiabatic
enthalpy drop in turbine

This work is, however, not obtainable, since no

real process is reversible. The expansion process is

accompanied by irreversibilities. The actual final

state 2 can be defined, since the temperature, pres-
sure, and quality can be found by actual measure-
ment. The actual path 1-2 is not known and its
nature is immaterial, since the work output is here

being expressed in terms of the change of a property,

enthalpy. Accordingly, the work done by the turbine

in irreversible adiabatic expansion from 1 to 2 is
(W Dacruat = 1y — 1y

w (kg/h)

Boiler

(w—w,)

w Condenser

1
w
aw
7 Q T Wy
8 ' jad] 2
6 !
5 CT (w—w;)
4 Q1 3 N

—s diagram of power and process heat plant

Steam (W; kg/h) Blades
] /v Wy Bearings
Lece AW

r/,gr;;s output

Steam exhaust
% Efficiencies in a steam turbine
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This work is known as internal work, since only the
irreversibilities within the flow passages of turbine are
affecting the state of steam at the turbine exhaust.

Internal output = Ideal output — Friction and
other losses within the turbine
casing

If w, is the steam flow rate in kg/h
Internal output = w (h, — h,) ki/h —s
Ideal output = w (h, — h,) kJ/h SRS Internal efficiency of a steam turbine
The internal efficiency of turbine is defined as
__ Internal output _ b —h,
Maernal = TJdeal output Ay — by,
Work output available at the shaft is less than the internal output because of the external losses in the

bearings, etc.
.. Brake output or shaft output

= Internal output — External losses
= Ideal output — Internal and External losses
= (kW x 3600 kJ/h)
The brake efficiency of turbine is defined as
Brake output
Mlorake = “Ideal output
_ kWx3600
w, (b — hys)
The mechanical efficiency of turbine is defined as
__Brake output
"Imech = Tnternal output
_ kW x3600
w(h —h,)
Thorake = hinternal * Tmech
While the internal efficiency takes into consideration the internal losses, and the mechanical efficiency
considers only the external losses, the brake efficiency takes into account both the internal and external losses
(with respect to turbine casing).
The generator (or alternator) efficiency is defined as
Output at generator terminals
Mlgenerator =~ Brake output of turbine

The boiler efficiency is defined as

Energy utilized _ w,(h —h,)
Energy supplied  w; xC.V.

where w, is the fuel burning rate in the boiler (kg/h) and C.V. is the calorific value of the fuel (kJ/kg), i.¢. the
heat energy released by the complete combustion of unit mass of fuel.

nboiler -




354 ' Basic and Applied Thermodynamics

The power plant is an energy converter from fuel to electricity (Fig. 12.38), and the overall efficiency of

the plant is defined as
kW x3600

Moverall = Tplant = ——r
overall plant Wy X C.V.

This may be expressed as

kW x3600 _ w(h ~h4)x w(h ~hy) (kW x 3600) kJ/h

(W x C.V.) ki/h |

Moveran = Wy X CV. Wy X C.V. Ws(hl _ h4) Fuel Electricity
« Brake output % kW %3600 'Fig. 12.38 * Power plant—an energy converter
wy(h —h) ~ Brake output ' from fuel to electricity

or Tloverall = nboiler x ncycle X nturbine (mech) x ngenerator

where pump work has been neglected in the expression for cycle efficiency.
Solved Examples

Example 12.1

Determine the work required to compress steam isentropically from 1 bar to 10 bar, assuming that at the
initial state the steam exists as (a) saturated liquid and (b) saturated vapour. Neglect changes in kinetic and
potential energies. What conclusion do you derive from this example?

Solution The compression processes are shown in Fig. Ex. 12.1

(a) Steam is a saturated liquid initially, and its spe-
cific volume is:

Y, = (V) per = 0.001043 m¥/kg

Since liquid is incompressible, v, remains constant.
2

Wrev= ﬁf vdp:VI(pl—pz) T
1 (b)
= 0.001043 (1 — 10) x 102 = — 0.9387 kl/ke,

(b) Steam is a saturated vapour initially and remains 1 bar

a vapour during the entire compression process. @),/ 1
Since the specific volume of a gas changes consid-
erably during a compression process, we need to —s

know how v varies with p to perform the integration B, 121" Compression of steam
~f v dp. This relation is not readily available. But for T isentropically

an isentropic process, it is easily obtained from the

property relation

Tds=dh—vdp=0
or vdp =dh

10 bar

sz—j vdp = — ] dh=h, — h,
1 1
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From steam tables,
hy = (h) g = 2675.5 kl/kg
$1 = (S 1par = 7-3594 kKI/kg K = s,
For p = 10 bar = 1 MPa and s = 7.3594 kJ/kg K, by interpolation
h, =3195.5 kJ/kg
W, = 26755 —3195.5 = — 520 kJ/kg

It is thus observed that compressing steam in vapour form would require over 500 times more
work than compressing it in liquid form for the same pressure rise.

Example 12.2

Steam at 20 bar, 360°C is expanded in a steam turbine to 0.08 bar. It then enters a condenser, where it is
condensed to saturated liquid water. The pump feeds back the water into the boiler. (a) Assuming ideal
processes, find per kg of steam the net work and the cycle efficiency. (b) If the turbine and the pump have
each 80% efficiency, find the percentage reduction in the net work and cycle efficiency.

Solution The property values at different state points (Fig. Ex. 12.2) found from the steam tables are given

below.
h, = 3159.3 kl/kg s, = 69917 Kl/kg K
hy=h,=173.88 ki/kg 5, = 5, = 0.5926 kI/kg K
hygn = 2403.1 Kl/kg 552 = 82287 ki/kg K
Vg = 0.001008 m¥kg s, = 7.6361 kikg K
Now 51 = S5 = 6.9917 = 5, + X, 5, = 0.5926 + x, - 7.6361
X, = %—i =0.838
hyy = hey + X, by, = 173.88 + 0.838 x 2403.1
= 2187.68 KJ/kg
(@) Wp=hy— hy=vg, (P, —P) 1

360°C
m’ kN
= 0.001008 o %x 19.92 x 100 — ~

g m’
= 2.008 kl/kg

4s po = 0.08 bar

h,, = 175.89 kJ/kg

—_—

— /3 szs 2\

=3159.3 — 2187.68 = 971.62 kl/kg
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W, = Wy — W, =969.61 ki/kg

net

Q,=h, — h, = 3159.3 — 175.89

= 2983.41 kl/kg Ans.
W .
C Myete = b = 269.61 0.325, or 32.5% Ans.
vele T 2983.41
(b) If 7 = 80%, and 1, = 80%
W, = w =2.51kJk
PT o TR

W.=0.8 x 971.62 = 777.3 kl/kg
W =W, — W,="7748kl/kg
.. % Reduction in work output

_ 969.61—-774.8
- 969.61

h, = 173.88 + 2.51 = 176.39 kl/kg

4s

0, =3159.3 — 176.39 = 2982.91 kl/kg

7748
Tleyele = 298291

x 100 =20.1% Ans.

= 0.2597, or 25.97%

.. % Reduction in cycle efficiency

_ 0.325-0.2597

0325 x 100 =20.1% Ans.

Example 12.3

A cyclic steam power plant is to be designed for a steam temperature at turbine inlet of 360°C and an
exhaust pressure of 0.08 bar. After isentropic expansion of steam in the turbine, the moisture content at the
turbine exhaust is not to exceed 15%. Determine the greatest allowable steam pressure at the turbine inlet,
and calculate the Rankine cycle efficiency for these steam conditions. Estimate also the mean temperature
of heat addition.

Solution As state 2s (Fig. Ex. 12.3), the quality and pressure are known.
Sy = SpF X, 5, = 0.5926 + 0.85 (8.2287 — 0.5926)

= 7.0833 ki/kg K

Since 5 =5,

s, = 7.0833 kl/kg K
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At state 1, the temperature and entropy are
thus known. At 360°C, Sy = 5.0526 kl/kg
K, which is less than s5,- So from the table
of superheated steam, at 7, = 360°C and
s, = 7.0833 kJ/kg K, the pressure is found to
be 16.832 bar (by interpolation).

.. The greatest allowable steam pressure is

p, = 16.832 bar

-7

h, = 3165.54 kl/kg
h, = 173.88 + 0.85 x 2403.1
=2216.52 kJ/kg
h, = 173.88 kl/kg
hy, — hy = 0.001 x (16.83 — 0.08) x 100 = 1.675 kJ/kg
h, = 175.56 kJ/kg
Q,=h, —h, =3165.54 — 175.56
= 2990 kJ/kg
W.=h, — h,,=3165.54 — 2216.52 = 949 kJ/kg
W, = 1.675 kl/kg
W 24732
Meycte = E =900
Mean temperature of heat addition
T - h —h,, 2990

=0.3168 or 31.68% Ans.

™ s —s,  7.0833-0.5926

S

= 460.66 K = 187.51°C.

Example 12.4

A steam power station uses the following cycle:
Steam at boiler outlet—150 bar, 550°C
Reheat at 40 bar to 550°C
Condenser at 0.1 bar. .
Using the Mollier chart and assuming ideal processes, find the (a) quality at turbine exhaust, (b) cycle
efficiency, and (c) steam rate.

Solution The property values at different states (Fig. Ex. 12.4) are read from the Mollier chart.
hy, = 3465, h, = 3065, h, = 3565,
h,s = 2300 kJ/kg x,, = 0.88, h (steam table) = 191.83 kJ/kg
Quality at turbine exhaust = 0.88 Ans. (a)
Wo=vAp=1073 x 150 x 102 = 15 kl/kg
he, = 206.83 kJ/kg
O, =k = he) + (hy — by
= (3465 — 206.83) + (3565 — 3065) = 3758.17 kJ/kg
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Wy =(h, — hy) + (h;— h,)
= (3465 — 3065) + (3565 — 2300) = 1665 ki’kg
W =W, — W,=1665 — 15 = 1650 ki/kg

Wt 1650
= Pt — =04 439 Ans. (b
Neycle 0, 3758.17 0.4390, or 43.9% ns. (b)
3600
Steam rate = 1650 = 2.18kg/kWh Ans. (c)
p; = 150 bar
- < ] 550°C
)
- ‘wo'b
\@ '§\
4 \Y ~.
oL ~.
65/ " ‘py=0.1bar>
4s ~~ _
5 - X4s

Example 12.5

In a single-heater regenerative cycle the steam enters the turbine at 30 bar, 400°C and the exhaust pressure
is 0.10 bar: The feed water heater is a direct-contact type which operates at 5 bar. Find (a) the efficiency and
the steam rate of the cycle and (b) the increase in mean temperature of heat addition, efficiency and steam
rate, as compared to the Rankine cycle (without regeneration). Neglect pump work.

Solution Figure Ex. 12.5 gives the flow, T—s, and s diagrams. From the steam tables, the property values
at various states have been obtained.
h, = 3230.9 ki/kg
5, =69212kl/kgK =5, =35,
sgat 5 bar = 6.8213 kl/kg K
Since s, > s, the state 2 must lie in the superheated region. From the table for superheated
steam ¢, = 172°C, h, = 2796 kJ/kg
§3=6.9212 = 8¢5 yar T *35550.1 bar
= 0.6493 + x,7.5009
_ 62719 —0.836
7.5009
s h, =191.83 + 0.836 x 2392.8 = 2192.2 kJ/kg
Since pump work is neglected
h,=191.83 kJ/kg = hy
hy = 640.23 kJ/kg = h,

3
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30 bar 400°C

1 kg

Condenser

Energy balance for the heater gives
m(h, — hg) = (1 — m) (hg — hy)
m(2796 — 640.23) = (1 — m) (640.23 — 191.83)
2155.77m = 5484 — 548.4m
m= %4 _0203ke
2704.17
We=(h —h)+ (1 —m)(h,—hy)
= (3230.9 — 2796) + 0.797 (2796 — 2192.2) = 916.13 ki/kg
Q, = h, — hy = 3230.9 — 640.23 = 2590.67 kl/kg

_ 21613 43536, or 35.36% A
Teyele = 2500.67 o ns. ()
3600
Steam rate = =3.93 kg/kW h Ans.
916.13 gk ®)
T = h—h _ 259067 195K —2388°C

m s —s,  6.9212—1.8607
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T_, (without regeneration) = hohy
5 =8,
3039.07
6.9212-0.6493
=484.55K
=2114°C
Increase in T, | due to regeneration = 238.8 — 211.4 = 27.4°C
W (without regeneration) = h, — h, = 3230.9 — 2192.2 = 1038.7 kl/kg

3600
Steam rate (without regeneration) = 10387 = 3.46 kg’/kW h
Increase in steam rate due to regeneration
=3.93 —3.46 = 0.47 kg/kW h
b —h  1038.7
h—h,  3039.07

Increase in cycle efficiency due to regeneration
=35.36 — 34.18 = 1.18%

= 0.3418 or 34.18%

Teyere (Without regeneration) =

I Example 12.6

Ans. (b)

Ans. (b)

Ans. (c)

In a steam power plant the condition of steam at inlet to the steam turbine is 20 bar and 300°C and the
condenser pressure is 0.1 bar. Two feedwater heaters operate at optimum temperature. Determine: (a) the
quality of steam at turbine exhaust, (b) net work per kg of steam, (c) cycle efficiency, and (d) the stream

rate. Neglect pump work.

Solution From Fig. 12.19 (a),
h, = 3023.5 ki/kg
5, =6.7664klkgK =5, =5,=35,
t., at 20 bar > 212°C
t, at 0.1 bar 2 46°C
Aty =212 — 46 = 166°C

166
Temperature rise per heater = 5 = 55°C

‘Temperature at which the first heater operates
=212 ~ 55 = 157°C = 150°C (assumed)

Temperature at which the second heater operates = 157 — 55 = 102°C = 100°C (assumed)

At 0.1 bar,
h,= 191.83, hfg =2392.8, s, = 0.6493
s, = 8.1502
At 100°C,
he=419.04, hfg = 2257.0, s, = 1.3069, 5, = 7.3549
At 150°C,

he=632.20, hfg =2114.3, s, = 1.8418, s, = 6.8379
6.7664 = 1.8418 + x, x 4.9961

x, = 0.986

h,=632.2 + 0.986 x 2114.3 = 2716.9 kl/kg
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6.7664 = 1.3069 + x, x 6.0480
x; = 0.903
hy =419.04 + 0.903 x 2257.0 or hy=2457.1kJ/kg
6.7664 = 0.6493 + x, x 7.5010
x, = 0.816
R h,=191.83 4+ 0.816 x 2392.8 = 2144.3 kl/kg
Since pump work is neglected, ,, = hg, hy = h,, h; = h;. By making an energy balance for
the hp heater
(1 — m)(hy — hg) = m,(h, — hy)
Rearranging
_ hg—h;  213.16
Y h,—h, 2297.86
By making an energy balance for the /p heater,
(1 — m; — my) (h; — he) = my(hy — h;)
(1 - 0.093 — m,) (419.04 — 191.83) = m, (2457.1 — 419.04)
m, = 0.091 kg :
Wy=1(h, — b)) + (1 = m)(h, — b)) + (1 — m; — m,) (hy — hy)
=(3023.5 — 2716.9) + (1 — 0.093) (2716.9 — 2457.1)
+ (1 — 0.093 — 0.091) (2457.1 — 2144.3) = 797.48 kl/kg
Q,=h, — hy=3023.5 — 632.2 = 2391.3 kl/kg
Wy W, 797.48

m

=0.093 kg

= = 0.3334 or 33.34%
Teyele = 5 " 23913 ’
3600
Steam rate = 3600 = 29748 =451 kJ/kWh

net

Example 12.7

Dry saturated steam at 40 bar expands in a turbine isentropically to the condenser pressure 0f 0.075 bar.
Hot gases available at 2000 K, and 1 atm pressure are used for steam generation and then exhausted at
450 K to the ambient atmosphere which is at 300 K and 1 atm. The heating rate provided by the gas stream
is 100 MW. Assuming c, of hot gases as 1.1 kJ/kg K, give an exergy balance of the plant and compare it
with the energy balance, and find the second law efficiency.

Solution .
O = wyc, (T, T) =100 MW
W, = mass flow rate of hot gas
100 x 10°

~ 1.1 x (2000 450)
Exergy flow rate of inlet gas

= 58.7 kg/s

T, T,
a; =wycp To|—-—1—In—-| =587 x 1.1 x 300 [2000 ~1-m 2% _ 3 mw
' 1T 0 300 300
Exergy flow rate of exhaust gas stream

a; =58.7x1.1x300 ﬁ9~l—lnﬂ = 1.83 MW
? 300 300
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Q, = 110 MW input

Steam Flue gas energy
generator 10 MW(9.1%)

Wt = 34.5 MW
(31.5%)

Condenser

Q, = 65.5 MW (59.5%)
(b)

73 MW input
-39.9 MW Steam 1.8 MW Flue gas
(46.4%) generator exergy (2.5%)
34.5 MW
P ST (47.3%)
I Condenser I
12.8 MW (3.8%)

(©
a) T-s diagram, (b) Energy distribution diagram, (c) Exergy distribution diagram

The exergy loss rate is only about 17? x100| or 2.5% of the initial exergy of the source gas.

The rate of exergy decrease of the gas stream,
a; = Exergy inputrate = 73 — 1.83 = 71.17 @ 71.2 MW
The rate of exergy increase of steam = Exergy utilization rate
ag, =wy[h — hy— Ti(s, — 5,)]
Now, hy = (h)yy e = 2801 kI/kg,  hy = 169 ki/kg
s, =5, =0.576 kJ/’kg K, h,=172.8 kl/kg
s, =5, =6.068 kl/kg K, h, = 1890.2 kJ/kg
W.=h,~h,=2801 — 1890.2 = 910.8 kl/kg
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=

=h,— hy,=172.8 — 169 = 3.8 kl/kg
Q,=h, —h,=2801 — 172.8 = 2628 kl/kg
Q,=h,— h, =1890.2 — 169 = 1721 kl/kg
Wee=Wr—Wo=0, —Q,=907 kl/kg
Q, =w, X 2628 = 100 x 10° kW
w, = 38 kg/s
a; =38 [2801 — 172.8 — 300 (6.068 — 0.576)] = 37.3 MW
Rate of exergy destruction in the steam generator
= Rate of exergy decrease of gases — Rate of exergy increase of steam.
I=a —a, =712-373=339MW
Rate of useful mechanical pdwer (;utput
Woet = 38 X 907 = 34.5 MW
Exergy flow rate of wet steam to the condenser
a; =w,[hy, — hy — T (s, — 55)]
= 38 [1890 — 169 — 300 (6.068 — 0.576)] = 2.8 MW
This is the exergy loss to the surroundings.
The energy and exergy balances are shown in Fig. Ex. 12.7 (b) and (c). The second law efficiency
is given by Useful exergy output 34.5

= =" =04730r473 Ans.
" Exergy input 73 or % -

Example 12.8

In a steam power plant, the condition of steam at turbine inlet is 80 bar, 500°C and the condenser pressure
is 0.1 bar. The heat source comprises a steam of exhaust gases from a gas turbine discharging at 560°C
and 1 atm pressure. The minimum temperature allowed for the exhaust gas stream is 450 K. The mass flow
rate of the hot gases is such that the heat input rate to the stream cycle is 100 MW, The ambient condition
is given by 300 K and 1 atm. Determine n;, work ratio and ny; of the following cycles: (a) basic Rankine
cycle, without superheat, (b) Rankine cycle with superheat, (c) Rankine cycle with reheat such that steam
expands in the h.p. turbine until it exits as dry saturated vapour, (d) ideal regenerative cycle, with the
exit temperature of the exhaust gas steam taken as 320°C, because the saturation temperature of steam at
80 bar is close to 300°C.

Solution  For the first law analysis of each cycle, knowledge of the / values at each of the states indicated
in Fig. Ex. 12.8 is required.

(a) Basic Rankine cycle (Fig. 12.8a):

By usual procedure with the help of steam tables,
h, = 2758, h, = 1817, hy = 192 and h, = 200 k)/kg
W.=h, — h, =941 kJ/kg, W,=h,—h,=8kl/kg
O,=h, —h,=2558kI/kg, W_, =933 kl/kg

net

W,
=2 = B3 _ 0365 or 36.5% Ans.
0, 2558
- 933
Work ratio = Wi —We = — =0.991 Ans.
W, 94l

Power output = 7, 0, = 0.365 x 100 = 36.5 MW
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T, =833K
T
_>s » S
(a) (b)
1 3 500°C
80 bar
T 2
6 0.1 bar
/5
Y

T
6, (G- T Tl

Exergy input rate = w,

~ 100 x1000) g3 350y 300 1n332| = 503 MW
833— 450 300
= 20 = 0.616 or 61.6% Ans.

(b) Rankine cycle with superheat (Fig. 12.8b):
h, = 3398, h, = 2130, h, = 192 and h, = 200 kl/kg
= 1268 kl/kg, W, = 8 kl/kg, O, = 3198 kl/kg

= 1260 _ 0.394 or 39.4% Ans.
3198
Work ratio = 1260 = 0.994 Ans.
1268
Exergy input rate = 59.3 MW, W__, = Q, x n, = 39.4 MW
Ny = 365 _ 0.664 or 66.4% Ans.
59.3

Improvements in both first law and second law efficiencies are achieved with superheating.
The specific work output is also increased. Therefore, conventional vapour power plants are al-
most always operated with some superheat.
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(c) Rankine cycle with reheat (Fig. 12.8¢):
h, = 3398, h, = 2761, h, = 3482, h, = 2522, hy = 192 and h, = 200 ki/kg
W, = 637 kl/kg, W., = 960 kl/kg
W, = 637 + 960 = 1597 ki/kg, W, = 8 ki/kg

W= 1589 klkg, O, = 3198 + 721 = 3919 kl/kg
= 1589 _ 0.405 or 40.5% Ans.
3919
Work ratio = E/Ee—‘- = 1589 = 0.995 Ans.
w, 1597

Mechanical power output = 100 x 0.405 = 40.5 MW

Exergy input rate = 59.3 MW

— 405 _ 0683 or 68.3% Ans.

"
59.3
Compared with basic Rankine cycle, the second law efficiency for the reheat cycle shows an

increase of about 11% [(0.683 — 0.616)/0.616]. Therefore, most of the large conventional steam
power plants in use today operate on the Rankine cycle with reheat.
(d) Rankine cycle with complete regeneration (Fig. 12.8d)
t, at0.1 bar = 45.8°C = 318.8 K and
t,,, at 80 bar = 295°C = 568 K
pem =1 By 3188
1 Carnot Tl 568.0
Q,=h, — hy=2758 — 1316 = 1442 kJ/kg
W= Q, xn=1442 x 0.439 = 633 kl/kg
W,=8klkg W.=641klkg

Work ratio = @ = 0.988 Ans.
641

Power output = 0.439 x 100 = 43.9 MW
833

Exergy input rate = 00 X 1000\ 233 _300)—300 1n322| = 94.583 MW = 94.6 MW
833—593 300

Ny = —gi—z = 0.464 or 46.4% Ans.

The second law efﬁciexicy is lower for regeneration because of the more substantial loss of exergy
carried by the effluent gas stream at 593 K.

= 0.439 or, 43.9% Ans.

Example 12.9

A certain chemical plant requires heat from process steam at 120°C at the rate of 5.83 MJ/s and power at
the rate of 1000 kW from the generator terminals. Both the heat and power requirements are met by a back
pressure turbine of 80% brake and 85% internal efficiency, which exhausts steam at 120°C dry saturated.
All the latent heat released during condensation is utilized in the process heater. Find the pressure and
temperature of steam at the inlet to the turbine. Assume 90% efficiency for the generator.

Solution At 120°C, hy, = 2202.6 ki/kg = h, — h, (Fig. Ex. 12.9)
0, =w, (h, — hy) = 5.83 MJ/s
5830
w =
°2202.6

= 2.647 kg/s
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= %)99—9 kJ/s = Brake output

net

_ Brake output _ (1000)/0.9

Now _ = 0.80
Morake Ideal output  w, (B — hy,)
ho—h, = —90 547k
0.9x 0.8 x 2.647
Again Thinternal = :: — ;:l =085
- s

h, — h, =0.85 x 524.7 = 446 kJ/kg

hy = h at 120°C = 2706.3 ki/kg
h, =3152.3 kl/kg
hy, = hy — 524.7 = 2627.6 Kl/kg = h;+ x,, he, = 503.71 + x,, x 2202.6

= 2123.89 — 0.964
2202.6
Spe =S¢+ Xy S = 1.5276 + 0.964 x 5.6020 = 6.928 kJ/kg K
At state 1, h, = 31523 kl/kg
s, = 6.928 kl/kgK
From the Mollier chart
p, = 22.5bar
t, =360°C Ans.
Example 12.10

A certain factory has an average electrical load of 1500 kW and requires 3.5 MJ/s for heating purposes.
It is proposed to install a single-extraction passout steam turbine to operate under the following
conditions:

Initial pressure 15 bar.

Initial temperature 300°C.

Condenser pressure 0.1 bar.
Steam is extracted between the two turbine sections at 3 bar, 0.96 dry, and is isobarically cooled without
subcooling in heaters to supply the heating load. The internal efficiency of the turbine (in the L.E. Section)
is 0.80 and the efficiency of the boiler is 0.85 when using oil of calorific value 44 MJ/kg.

If 10% of boiler steam is used for auxiliaries calculate the oil consumption per day. Assume that the
condensate from the heaters (at 3 bar) and that from the condenser (at 0.1 bar) mix freely in a separate
vessel (hot well) before being pumped to the boiler. Neglect extraneous losses.

Solution Let w, be the flow rate of steam (kg/h) entering the turbine, and w the amount of steam extracted
per hour for process heat (Fig. Ex. 12.10).

h, =3037.3 kl/kg

h, =561.47 + 0.96 x 2163.8 = 2638.7 kl/kg

s, = 1.6718 + 0.96 x 5.3201 = 6.7791 kI/kg K = s,

55, = 6.7791 = 0.6493 + x, x 7.5009
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1500 kW

| Wikg/h

@ 15 bar 300°C

> Boiler 3 bar
0.96 dry

<——|
W Process § We-w
s heater g"—
f——

15 bar

__.>T
PN
\ ~
\m
[(6,]

wkg/h

3 bar
(ws — W) kg/h
0.1 bar 3s 3

(b)

6.1298
X3 =
7.5009
h,, = 191.83 + 0.817 x 2392.8 = 2146.75 kl/kg
h, — hy, = 2638.7 — 2146.75 = 491.95 ki/kg
hy, —hy= 0.8 x 491.95 = 393.56 kJ/kg
h3 =2638.7 — 393.56 = 2245.14 kJ/kg
hy = 561.47 ki/kg, h, = 191.83 kl/kg
0, = w(h, — hy) = w(2638.7 — 561.47) = 3.5 MlJ/s

3500
w =
2077.23

= 0.817

= 1.685 kg/s
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Now
Wr=wih —h,)+ (w, —w) (h, — h;)
=w(3037.3 —2638.7) + (w, — 1.685) x 393.56
=w, X 398.6 + w_ x 393.56 — 663.15
=792.16 w, — 663.15
Neglecting pump work
Wi =1500kJ/s = 792.16 w, — 663.15

2163.15
_ =2.73 kg/s = 9828 k.
"= 9216 gfs gh

By making energy balance for the hot well
(w, — w)h, + why = wh,
(2.73 — 1.685)191.83 + 1.685 x 561.47 = 2.73 x kg
200.46 + 946.08 = 2.73 h,

s hg =419.98 kJ/kg = h,
Steam raising capacity of the boiler = 1.1 w, kg/h, since 10% of boiler steam is used for auxiliaries.

_ 1.1 Ws (hl - h7)

Tooiter = wy X C.V.
where w, = fuel burning rate (kg/h)
and C.V. = calorific value of fuel = 44 MJ/kg
1.1x 9828 x (3037.3 — 419.98)

0.85 =
we x 44000
or w,= 1.1x 9828 x 2617.32 — 756.56 kg/h
0.85 x 44000
= 75656 x 24 = 18.16 tonnes/day Ans.
1000
Example 12.11

A steam turbine gets its supply of steam at 70 bar and 450°C. After expanding to 25 bar in high pressure
stages, it is reheated to 420°C at the constant pressure. Next, it is expanded in intermediate pressure stages

to an appropriate minimum pressure such that part of the steam bled at this pressure heats the feedwater
10 a temperature of 180°C. The remaining steam expands from this pressure to a condenser pressure of
0.07 bar in the low pressure stage. The isentropic efficiency of the h.p. stage is 78.5%, while that of the
intermediate and l.p. stages is 83% each. From the above data (a) determine the minimum pressure at
which bleeding is necessary, and sketch a line diagram of the arrangement of the plant, (b) sketch on the
T-s diagram all the processes, (c) determine the quantity of steam bled per kg of flow at the turbine inlet,

and (d) calculate the cycle efficiency. Neglect pump work.

Solution Figure Ex. 12.11 gives the flow and T-s diagrams of the plant. It would be assumed that the
feedwater heater is an open heater. Feedwater is heated to 180°C. So D, at 180°C = 10 bar is the
pressure at which the heater operates. v
Therefore, the pressure at which bleeding is necessary is 10 bar. Ans. (a).
From the Mollier chart
h, = 3285, h,, = 3010, h, = 3280, h, = 3030 ki/kg
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1 kg

70 bar, 450°C

\ Ll | [ (1-m)kg 0.07 bar
25 bar, 420°C @ mkg -
10 bar = ]
Reheater (1 - m) kg | -
FW heater (1 — m) kg Condenser
8
|
@ Pump-2 Pump-1
@ (b)

hy,— h,=0.83 (hy — h,) = 0.83 x 250 = 207.5 kl/kg
h, = 3280 — 207.5 = 3072.5 kl/kg
hy, = 2225 kl/kg
h, — hs=0.83(h, — hs) = 0.83 x 847.5 = 703.4 kJ/kg
hg = 3072.5 — 703.4 = 2369.1 kl/kg
hy = 162.7 kl/kg
hy = 762.81 kl/kg
hy — h, = 0.785 (h; — h,) = 0.785 x 275 = 2159 kl/kg
h, = 3285 — 215.9 = 3069.1 kJ/kg
Energy balance for the heater gives
mxh,+ (1 —mh,=1Xxhg
m x 30725+ (1 —m) x 162.7 =1 x 762.81
_ 600.11
2909.8

=) (s =) () )
(=) ()
2159+ 207.540.794 x 703.4
2522.2+2109

= 0.206 kg/kg steam flow at turbine inlet. Ans. (¢)

BLI 3592 or 35.92% Ans. (d)
2733.1
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Example 12.12

A binary-vapour cycle operates on mercury and steam. Saturated mercury vapour at 4.5 bar is supplied to
the mercury turbine, from which it exhausts at 0.04 bar. The mercury condenser generates saturated steam
at 15 bar which is expanded in a steam turbine to 0.04 bar: (@) Find the overall efficiency of the cycle.
(6) 150,000 kg/h of steam flows through the steam turbine, what is the flow through the mercury turbine?
(c) Assuming that all processes are reversible, what is the useful work done in the binary vapour cycle for
the specified steam flow? (d) If the steam leaving the mercury condenser is superheated to a temperature
of 300°C in a superheater located in the mercury boiler, and if the internal efficiencies of the mercury and
steam turbines are 0.85 and 0.87 respectively, calculate the overall efficiency of the cycle. The properties
of saturated mercury are given below

pbar) H°C) h, hx LR S, Vs v,
(kJ/kg) (kJ/kg K) (m*/kg)

45 450 6293 35598 0.1352 0.5397 79.9 x 105 0.068

0.04 2169 29.98 329.85 0.0808 0.6925 76.5x 10~5 5.178

Solution  The cycle is shown in Fig. Ex. 12.12.
For the mercury cycle, 2, = 355.98 kJ/kg
5,=05397kl/kgK =5, = s¢+ X, Sg
= 0.0808 + x, (0.6925 — 0.0808)

= 0.4589 —0.75
0.6117
h, =29.98 + 0.75 x 299.87
= 254.88 kJ/kg
(WT)m = ha - hb
=355.98 — 254.88 = 101.1 kJ/kg ~
Wedy = hy — b,

=76.5 x 1076 x 4.46 x 100
=3.41 x 10~2 kJ/kg
. W, =101.1klkg

Ql = ha - hd
=355.98 — 29.98 = 326 kl/kg

=0 T 326

For the steam cycle
h, = 2792.2 kl/kg

5, = 64448 kI/kg K =5, = 5.+ x, 5., = 0.4226 + x, (8.4746 — 0.4226)
x, = 20222 _ 748
8.0520

h, =121.46 + 0.748 x 2432.9 = 1941.27 kl/kg
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(W), = hy — h, =2792.2 — 1941.27 = 850.93 kl/kg
(Wp)g, = hy — hy; = 0.001 x 14.96 x 100 = 1.496 kJ/kg = 1.5 kJ/kg
h,=121.46 + 1.5 = 122.96 kl/kg
Q,=h —h,=2792.2 — 122.96 = 2669.24 kl/kg
(W, )5 = 850.93 — 1.5 = 849.43 k/kg
W  849.43
O, 2669.24
Overall efficiency of the binary cycle would be
Noverall = T + Mgt = M * Mgy = 0.31 +0.318 — 0.31 x 0.318
= 0.5294 or 52.94%
Tovera 2N 2150 be determined in, the following way:
By writing the energy balance for a mercury condenser-steam boiler
m(h, — h) = 1(h, — h,)
where m is the amount of mercury circulating for 1 kg of steam in the bottom cycle.
b —h, 2669.24 2669.24

m= = = =11.87kg
h, —h,  254.88-29.88  224.90

(Q)1or = M(h, — hy) = 11.87 x 326 = 3869.6 ki/kg
WD = Mm(h, — b)) + (b, — hy) = 11.87 x 101.1 — 850.93 = 2051 kJ/kg
(Wp),o1a M2y be neglected

=0.3180r 31.8%

Ne =

W“e' = 2051 = 0.53 or 53%

overall

' 371

Ans. (a)

If 50,000 kg/h of steam flows thrglgh tl%egﬁgzﬁ'n turbine, the flow rate of mercury w_ would be

w, = 50,000 x 11.87 = 59.35 x 10*kg/h

Ans. (b)

(W Do = 2051 x 50,000 = 10255 x 10% kJ/h = 0.2849 x 10° kW = 2849 MW 4ns. ()

Considering the efficiencies of turbines
W)y =h, — K\, =085 x 101.1 = 84.95 kJ/kg
W'\, =355.98 — 85.94 = 270.04 kl/kg
m (W, — h’c) =(h, — h,)
' — 2669.24 _ 1112 ke
240.06
(@)t = M'thy = W)+ 1(H | — k)
= 11.12 x 326 + (3037.3 — 2792.2) = 3870.22 kl/kg
s’ =6.9160 = 0.4226 + x/, (8.4746 — 0.4226)
Y 6.4934
T 8.0520
h', =121.46 4+ 0.806 x 2432.9 = 2082.38 kJ/kg
(W) = h,— h,” = 0.87(3037.3 — 2082.38) = 830.78 kJ/kg
WD) o = 11.12 x 85.94 + 830.78 = 1786.43 kJ/kg

Pump work is neglected.

= 0.806

1786.43

= = 0.462 or 46.2%
Moverall = 387022 °

Ans. (d)
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Basic and Applied Thermodynamics

12.14

What are the four basic components of a steam

power plant?

What is the reversible cycle that represents the 12.15
simple steam power plant? Draw the flow, p—v,

T-s and h—s diagrams of this cycle. 12.16
What do you understand by steam rate and heat

rate? What are their units? 12.17
Why is Carnot cycle not practicabie for a steam

power plant? 12.18
What do you understand by the mean temperature

of heat addition? 12.19
For a given T, show how the Rankine cycle effi-

ciency depends on the mean temperature of heat  12.20
addition.

What is metallurgical limit? 12.21
Explain how the quality at turbine exhaust gets 12.22
restricted. 12.23
How are the maximum temperature and maxi-

mum pressure in the Rankine cycle fixed?

When is reheating of steam recommended in a 12.24
steam power plant? How does the reheat pressure

get optimized? 12.25
What is the effect of reheat on (a) the specific

output, (b) the cycle efficiency, (c) steam rate, 12.26
and (d) heat rate, of a steam power plant?

Give the flow and T-s diagrams of the ideal regen- 12.27
erative cycle. Why is the efficiency of this cycle 12.28
equal to Carnot efficiency? Why is this cycle not
practicable?

What is the effect of regeneration on the (a) spe- 12.29
cific output, (b) mean temperature of heat addi-

tion, (c) cycle efficiency, (d) steam rate and (e)

heat rate of a steam power plant?

How does the regeneration of steam carnotize the
Rankine cycle?

What are open and closed heaters? Mention their
merits and demerits.

Why is one open feedwater heater used in a steam
plant? What is 1t called?

How are the number of heaters and the degree of
regeneration get optimized?

Draw the I'-s diagram of an ideal working fluid in
a vapour power cycle.

Discuss the desirable characteristics of a working
fluid in a vapour power cycle.

Mention a few working fluids suitable in the high
temperature range of a vapour power cycle.

What is a binary vapour cycle?

What are topping and bottoming cycles?

Show that the overall efficiency of two cycles
coupled in series equals the sum of the individual
efficiencies minus their product.

What is a cogeneration plant? What are the ther-
modynamic advantages of such a plant?

What is a back pressure turbine? What are its
applications?

What is the biggest loss in a steam plant? How
can this loss be reduced?

What is a pass-out turbine? When is it used?
Define the following: (a) internal work, (b) inter-
nal efficiency, (c) brake efficiency (d) mechanical
efficiency, and (e) boiler efficiency.

Express the overall efficiency of a steam plant as
the product of boiler, turbine, generator and cycle
efficiencies.

For the following steam cycles, find (a) #; in ki/kg (b) W, in kl/kg, (c) Q, in kJ/kg, (d) cycle efficiency,
(e) steam rate in kg/kW h, and (f) moisture at the end of the turbine process. Show the results in tabular form

with your comments.

Ideal Rankine cycle

Assume 75% pump and turbine efficiency

(Continued)



12.2

123

12.4

12.5

Vapour Power Cycles 373

-do-

-do-

10 bar, saturated

A geothermal power plant utilizes steam pro-
duced by natural means underground. Steam
wells are drilled to tap this steam supply which is
available at 4.5 bar and 175°C. The steam leaves
the turbine at 100 mm Hg absolute pressure. The
turbine isentropic efficiency is 0.75. Calculate
the efficiency of the plant. If the unit produces
12.5 MW, what is the steam flow rate?

A simple steam power cycle uses solar energy for
the heat input. Water in the cycle enters the pump as
a saturated liquid at 40°C, and is pumped to 2 bar.
It then evaporates in the boiler at this pressure, and
enters the turbine as saturated vapour. At the turbine
exhaust the conditions are 40°C and 10% moisture.
The flow rate is 150 kg/h. Determine (a) the turbine
isentropic efficiency, (b) the net work output (c) the
cycle efficiency, and (d) the area of solar collector
needed if the collectors pick up 0.58 kW/m?.  Ans.
(a) 0.767, (b) 15.51 kW, (c) 14.7%, (d) 182.4 m?
In a reheat cycle, the initial steam pressure and
the maximum temperature are 150 bar and 550°C
respectively. If the condenser pressure is 0.1 bar
and the moisture at the condenser inlet is 5%, and
assuming ideal processes, determine (a) the reheat
pressure, (b) the cycle efficiency, and (c) the steam
rate. Ans. 13.5 bar, 43.6%, 2.05 kg/kW h
In a nuclear power-plant heat is transferred in
the reactor to liquid sodium. The liquid sodium
is then pumped to a heat exchanger where heat
is transferred to steam. The steam leaves this
heat exchanger as saturated vapour at 55 bar,
and is then superheated in an external gas-fired
superheater to 650°C. The steam then enters the

Reheat to 600°C at maximum intermediate
pressure to limit end moisture to 15%

Isentropic pump process ends on saturated
liquid line

12.6

12.7

12.8

turbine, which has one extraction point at 4 bar,
where steam flows to an open feedwater heater.
The turbine efficiency is 75% and the condenser
temperature is 40°C. Determine the heat transfer
in the reactor and in the superheater to produce a
power output of 80 MW.
In areheat cycle, steam at 500°C expands in a h.p.
turbine till it is saturated vapour. It is reheated at
constant pressure to 400°C and then expands in
a L.p. turbine to 40°C. If the maximum moisture
content at the turbine exhaust is limited to 15%,
find (a) the reheat pressure, (b) the pressure of
steam at the inlet to the h.p. turbine, (c) the net
specific work output, (d) the cycle efficiency, and
(e) the steam rate. Assume all ideal processes.
What would have been the quality, the work
output, and the cycle efficiency without the
reheating of steam? Assume that the other condi-
tions remain the same.
A regenerative cycle operates with steam sup-
plied at 30 bar and 300°C, and condenser pressure
of 0.08 bar. The extraction points for two heat-
ers (one closed and one open) are at 3.5 bar and
0.7 bar respectively. Calculate the thermal effi-
ciency of the plant, neglecting pump work.
The net power output of the turbine in an ideal
reheat-regenertive cycle is 100 MW. Steam enters
the high-pressure (H.P) turbine at 90 bar, 550°C.
After expansion to 7 bar, some of the steam goes
to an open heater and the balance is reheated to
400°C, after which it expands to 0.07 bar. (a) What
is the steam flow rate to the H.P. turbine? (b) What
is the total pump work? (c) Calculate the cycle effi-
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12.9

12.10

12.11

ciency. (d) If there is a 10°C rise in the temperature 40 bar, 400°C and the condenser temperature of
of the cooling water, what is the rate of flow of the 40°C. The heat released by mercury condensing at
cooling water in the condenser? (e) If the velocity 0.2 bar is used to impart the latent heat of vapori-
of the steam flowing from the turbine to the con- zation to the water in the steam cycle. Mercury
denser is limited to a maximum of 130 m/s, find enters the mercury turbine as saturated vapour at
the diameter of the connecting pipe. 10 bar. Compute (a) kg of mercury circulated per
A mercury cycle is superposed on the steam cycle kg of water, and (b) the efficiency of the combined
operating between the boiler outlet condition of cycle.

The property values of saturated mercury are given below

p (bar) t(°C) h; hg ¢ 5, |2 v,
(ki/kg) (kJ/kg K) (m/kg)

10 515.5 72.23 363.0 0.1478 05167 80.9 x 10-¢ 0.0333

0.2 2773 38.35 336.55 0.0967 0.6385 774 x10°% 1.163
In an electric generating station, using a binary For mercury, at 24.6 bar, hg = 366.78 kl/kg
vapour cycle with mercury in the upper cycle and 5, = 0.48 kJ/kg K and at 0.141 bar, s, = 0.09
steam in the lower, the ratio of mercury flow to and 5y = 0.64 kl/kg K, A, = 36.01
steam flow is 10:1 on a mass basis. At an evapo- and h, = 330.77 kl/kg
ration rate of 1,000,000 kg/h for the mercury, its For sodium, at 1000°C, h, = 4982.53 ki/kg
specific enthalpy rises by 356 kJ/kg in passing At turbine exhaust, h =3914.85 kl/kg
through the boiler. Superbeating the steam in At 670°C, he= 74529 kl/kg
the boiler furnace adds 586 kJ to the steam spe- For a supercritical steam cycle, the specific
cific enthalpy. The mercury gives up 251.2 kJ/ enthalpy and entropy at the turbine inlet may
kg during condensation, and the steam gives up be computed by extrapolation from the steam
2003 kJ/kg in its condenser. The overall boiler effi- tables.
ciency is 85%. The combined turbine mechanical 12.12  Atextile factory requires 10,000 kg/h of steam for

and generator efficiencies are each 95% for the process heating at 3 bar saturated and 1000 kW of
mercury and steam units. The steam auxiiiaries power, for which a back pressure turbine of 70%
require 5 % of the energy generated by the units. internal efficiency is to be used. Find the steam
Find the overall efficiency of the plant. condition requjred at the inlet to the turbine.

A sodium-mercury-steam cycle operates between 15 13 A 10,000 kW steam turbine operates with steam at
1000°C and 40°C. Sodium rejects heat at 670°C the inlet at 40 bar, 400°C and exhausts at 0.1 bar.
to mercury. Mercury boils at 24’.6 bar and rejects Ten thousand kg/h of steam at 3 bar are to be
heat at 0.141 bar. Both the sodium and mercury extracted for process work. The turbine has 75%

cyclfzs are saturatec':l. Steam is formed at 30 bar isentropic efficiency throughout. Find the boiler
and is superheated in the sodium boiler to 350°C. capacity required.

It rejects heat at 0.08 bar. Assume isentropic ., |, 4 o N gteam plant built in 1935 operates with
expansions, no heat losses, and no regeneration . t the inlet at 60 bar. 450°C and exhausts at
and neglect pumping work. Find (a) the amounts Siciiml ai F1e I et gt OF bar, 1oV anc exhausts a
of sodium and mercury used per kg of steam 0.1 bar, with 80% turbine efficiency. It is proposed
. . . to scrap the old boiler and put in a new boiler and
(b) the heat added and rejected in the composite . . . . . .

a topping turbine of efficiency 85% operating with
cycle per kg steam, (c) the total work done per kg inlet st t 180 bar. 500°C. The exhaust fr
steam. (d) the efficiency of the composite cycle, inle ea}m a . ar, - © exhaus ?,m

- . the topping turbine at 60 bar is reheated to 450°C
(e) the efficiency of the corresponding Carnot d admitted to the old turbine. The fl te i
cycle, and (f) the work, heat added, and effi- - and admutled fo the o tne. 1he Flow rate 1S
just sufficient to produce the rated output from the
tp

ciency of a supercritical pressure steam (single . . . . -
. X Id turbine. Find the improvement in efficiency
fluid) cycl ting at 250 bar and between th ox . o
uid) cycle operating a ar and between the with the new set up. What is the additional power

same temperature limits.
P developed?
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A steam plant operates with an initial pressure at
20 bar and temperature 400°C, and exhausts to
a heating system at 2 bar. The condensate from
the heating system is returned to the boiler plant
at 65°C, and the heating system utilizes for its
intended purpose 90% of the energy transferred
from the steam it receives. The turbine efficiency
is 70%. (a) What fraction of the energy supplied
to the steam plant serves a useful purpose? (b)
If two separate steam plants had been set up to
produce the same useful energy, one to generate
heating steam at 2 bar, and the other to generate
power through a cycle working between 20 bar,
400°C and 0.07 bar, what fraction of the energy
supplied would have served a useful purpose?

Ans. 91.2%, 64.5%

In a nuclear power plant saturated steam at 30 bar
enters a h.p. turbine and expands isentropically
to a pressure at which its quality is 0.841. At this
pressure the steam is passed through a moisture
separator which removes all the liquid. Saturated
vapour leaves the separator and is expanded isen-
tropically to 0.04 bar in Lp. turbine, while the sat-
urated liquid leaving the separator is returned via
a feed pump to the boiler. The condensate leav-
ing the condenser at 0.04 bar is also returned to
the boiler via a second feed pump. Calculate the
cycle efficiency and turbine outlet quality taking
into account the feed purnp term. Recalculate the

30 bar, 320°C

12.17

12.18
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same quantities for a cycle with the same boiler
and condenser pressures but without moisture
separation. Ans. 35.5%, 0.824; 35%; 0.716

The net power output of an ideal regenerative-
reheat steam cycle is 80 MW. Steam enters the
h.p. turbine at 80 bar, 500°C and expands till it
becomes saturated vapour. Some of the steam
then goes to an open feedwater heater and the bal-
ance is reheated to 400°C, after which it expands
in the 1p. turbine to 0.07 bar. Compute (a) the
reheat pressure, (b) the steam flow rate to the
h.p. turbine, and (c) the cycle efficiency. Neglect
pump work. Ans. 6.5 bar, 58.4 kg/s, 43.7%
Figure P 12.18 shows the arrangement of a steam
plantin which steam is also required for an indus-
trial heating process. The steam leaves boiler B at
30 bar, 320°C and expands in the H.P. turbine to
2 bar, the efficiency of the H.P. turbine being
75%. At this point one half of the steam passes
to the process heater P and the remainder enters
separator S which removes all the moisture. The
dry steam enters the L.P. turbine at 2 bar and
expands to the condenser pressure 0.07 bar, the
efficiency of the L.P. turbine being 70%. The
drainage from the separator mixes with the con-
densate from the process heater and the combined
flow enters the hotwell H at 80°C. Traps are pro-
vided at the exist from P and S. A pump extracts
the condensate from condenser C and this enters

Vapour Power Cycles

’

n=0.70

0.07 bar

Condenser
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the hotwell at 38°C. Neglecting the feed pump
work and radiation loss, estimate the temperature
of water leaving the hotwell which is at atmo-
spheric pressure. Also calculate, as percentage of
heat transferred in the boiler, (a) the heat trans-
ferred in the process heater, and (b) the work done
in the turbines.

In a combined power and process plant the boiler
generates 21,000 kg/h of steam at a pressure of
17 bar, and temperature 230°C. A part of the
steam goes to a process heater which consumes
132.56 kW, the steam leaving the process heater
0.957 dry at 17 bar being throttled to 3.5 bar.
The remaining steam flows through a H.P. tur-
bine which exhausts at a pressure of 3.5 bar.
The exhaust steam mixes with the process steam
before entering the L.P. turbine which develops
1337.5 kW. At the exhaust the pressure is 0.3 bar,
and the steam is 0.912 dry. Draw a line diagram
of the plant and determine (a) the steam quality at
the exhaust from the H.P. turbine, (b) the power
developed by the H.P. turbine, and (c) the isentro-
pic efficiency of the H.P. turbine.

Ans. (a) 0.96, (b) 1125 kW, (c) 77%

In a cogeneration plant, the power load is 5.6 MW
and the heating load is 1.163 MW. Steam is gener-
ated at 40 bar and 500°C and is expanded isentro-
pically through a turbine to a condenser at 0.06 bar.
The heating load is supplied by extracting steam
from the turbine at 2 bar which condensed in the
process heater to saturated liquid at 2 bar and then
pumped back to the boiler. Compute (a) the steam
generation capacity of the boiler in tonnesth,
(b) the heat input to the boiler in MW, and (c) the
heat rejected to the condenser in MW.

Ans. (a) 19.07 t/h, (b) 71.57 MW, and (c) 9.607 MW

12.21

Steam is supplied to a pass-out turbine at 35 bar,
350°C and dry saturated process steam is required
at 3.5 bar. The low pressure stage exhausts at
0.07 bar and the condition line may be assumed
to be straight (the condition line is the locus
passing through the states of steam leaving the var-
ious stages of the turbine). If the power required
is 1 MW and the maximum process load is 1.4 kW,
estimate the maximum steam flow through the
high and low pressure stages. Assume that the
steam just condenses in the process plant.

Ans. 1.543 and 1.182 kg/s

12.22

12.23
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12.26

Geothermal energy from a natural geyser can be
obtained as a continuous supply of steam 0.87 dry
at 2 bar and at a flow rate of 2700 kg/h. This is
utilized in a mixed-pressure cycle to augment the
superheated exhaust from a high pressure turbine
of 83% internal efficiency, which is supplied
with 5500 kg/h of steam at 40 bar and 500°C.
The mixing process is adiabatic and the mixture
is expanded to a condenser pressure of 0.10 bar in
a low pressure turbine of 78% internal efficiency.
Determine the power output and the thermal effi-
ciency of the plant. Ans. 1745 kW, 35%
In a study for a space project it is thought that
the condensation of a working fluid might be pos-
sible at —40°C. A binary cycle is proposed, using
Refrigerant-12 as the low temperature fluid, and
water as the high temperature fluid. Steam is gen-
erated at 80 bar, 500°C and expands in a turbine
of 81% isentropic efficiency to 0.06 bar, at which
pressure it is condensed by the generation of dry
saturated refrigerant vapour at 30°C from satu-
rated liquid at —40°C. The isentropic efficiency
of the R-12 turbine is 83%. Determine the mass
ratio of R-12 to water and the efficiency of the
cycle. Neglect all losses. Ans. 10.86; 44.4%

Steam is generated at 70 bar, 500°C and expands
in a turbine to 30 bar with an isentropic efficiency
of 77%. At this condition it is mixed with twice its
mass of steam at 30 bar,"400°C. The mixture then
expands with an isentropic efficiency of 80% to
0.06 bar. At a point in the expansion where the
pressure is 5 bar, steam is bled for feedwater
heating in a direct contact heater, which raises
the feedwater to the saturation temperature of
the bled steam. Calculate the mass of steam bled
per kg of high pressure steam and the cycle effi-
ciency. Assume that the L.P. expansion condition
line is straight. Ans. 0.53 kg; 31.9%
An ideal stcam power plant operates between
70 bar, 550°C and 0.075 bar. It has seven feedwater
heaters. Find the optimum pressure and tempera-
ture at which each of the heaters operate.

In a reheat cycle steam at 550°C expands in an
h.p. turbine till it is saturated vapour. It is reheated
at constant pressure to 400°C and then expands in
a Lp. turbine to 40°C. If the moisture content at
turbine exhaust is given to be 14.67%, find (a) the
reheat pressure, (b) the pressure of steam at inlet
to the h.p. turbine, (c) the net work output per kg,
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and (d) the cycle efficiency. Assume all processes
to be ideal.
(a) 20 bar, (b) 200 bar, (c) 1604 kJ/kg, (d) 43.8%

In a reheat steam cycle, the maximum steam
temperature is limited to 500°C. The condenser
pressure is 0.1 bar and the quality at turbine
exhaust is 0.8778. Had there been no reheat,
the exhaust quality would have been 0.7592.
Assuming ideal processes, determine (a) reheat
pressure, (b) the boiler pressure, (c) the cycle
efficiency, and (d) the steam rate. Ans. (a) 30 bar,
(b) 150 bar, (c) 50.51%, (d) 1.9412 kg/kWh

In a cogeneration plant, steam enters the h.p.
stage of a two-stage turbine at 1 MPa, 200°C
and leaves it at 0.3 MPa. At this point some of
the steam is bled off and passed through a heat
exchanger which it leaves as saturated liquid at
0.3 MPa. The remaining steam expands in the
1.p. stage of the turbine to 40 kPa. The turbine is
required to produce a total power of 1 MW and
the heat exchanger to provide a heating rate of
500 KW, Calculate the required mass flow rate of
steam into the h.p. stage of the turbine. Assume
(a) steady condition throughout the plant, (®)
velocity and gravity terms to be negligible, (c)
both turbine stages are adiabatic with isentropic
efficiencies of 0.80. Ans. 2457 kg/s

A steam power plant is designed to operate on
the basic Rankine cycle. The heat input to the
boiler is at the rate of 50 MW. The H,O exits
the condenser as saturated liquid and exits the
boiler as saturated vapour. The pressure of steam
at boiler exit is 120 bar and the condenser pres-
sure is 0.04 bar. The heat input to the boiler is

<

provided by a steady stream of hot gases initially
at 2200 K and 1 atm. The hot gases exhaust at
600 X and 1 atm to the surroundings which are
at 600 K and 1 atm. Taking the c, of hot gases as
1.1 k)/kgK, determine (a) the cycle efficiency, (b)
the work output, (c) the power output (in MW),
(d) the required mass flow rate of steam (in kg/h).
(e) the specific steam consumption (in kg/kWh), ( f)
the mass flow rate (in kg/h) of the stream of hot
gases, (g) the exergy flux (in MW) of the inlet
gases, (h) the exergy loss rate (in MW) with
the exhaust gases, (i) the exergy consumption
(in MW) in the steam generation process, ( j) the
exergy consumption (in MW) in the condensation
process, (i) the second law efficiency.

Vapour Power Cycles

= Ans. () 1.20 x 10° kg/h, (2) 41.5 MW, (h) 3.14 MW,

12.30

(i) 16.9 MW, (j) 1.40 MW, (k) 48.3%

In a cogeneration plant the steam generator pro-
vides 108 kg/h of steam at 80 bar, 480°C, of which
4 x 10°kg/h is extracted between the first and
second turbine stages at 10 bar and diverted to
a process heating load. Condensate returns from
the process heating load at 9.5 bar, 120°C and
is mixed with liquid exiting the lower-pressure
pump at 9.5 bar. The entire flow is then pumped to
the steam generator pressure. Saturated liquid at
0.08 bar leaves the condenser. The turbine stages
and the pumps operate with isentropic efficien-
cies of 86% and 80%, respectively. Determine (a)
the heating load, in kJ/h, (b) the power developed
by the turbine, in kW, (c) the rate of heat transfer
in the steam generator, in kJ/h. Ans. (a) 9.529
108 kJ/h, (b) 236,500 kW, (c) 3.032 x 10°kJ/h



Here gas is the working fluid. It does not undergo any phase change. Engines operating on gas cycles may be
either cyclic or non-cyclic. Hot air engines using air as the working fluid operate on a closed cycle. Internal com-
bustion engines where the combustion of fuel takes place inside the engine cylinder are non-cyclic heat engines.

13.1 ‘ CARNOT CYCLE (1824)

The Carnot cycle (Fig. 13.1) has been discussed in Chapters 6 and 7. It consists of:

Two reversible isotherms and two reversible adiabatics. If an ideal gas is assumed as the working fluid.
Then for 1 kg of gas,

v v
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(13.1)

The large back work (W_= W, _,) is a big drawback for the Carnot gas cycle, as in the case of the Carnot

vapour cycle.

13.2 ' STIRLING CYCLE (1827)

The Stirling cycle (Fig. 13.2) consists of:
Two reversible isotherms and two reversible isochores. For 1 kg
of ideal gas

v
O, ,=W, ,=RTIn U_Z Q, s=—c(I,-T); W, ;=0
|

Oy 4=W, ,=—-RT,In %3' Oy 1 =c(I\-T); W, =0
4
Due to heat transfers at constant volume processes, the
efficiency of the Stirling cycle is less than that of the Carnot
cycle. However, if a regenerative arrangement is used such that
0, 5 =0, ,,ie. the area under 2 — 3 is equal to the area
under 4 — 1, then the cycle efficiency becomes

RT,In*2 —RT,n %
(% v, —
n= I s+ _L-T (13.2)

RT,In2 T
Y
So, the regenerative Stirling cycle has the same efficiency as
the Carnot cycle.

13.3 ‘ ERICSSON CYCLE (1850)

The Ericsson cycle (Fig. 13.3) is made up of:
Two reversible isotherms and two reversible isobars.
For 1 kg of ideal gas

(b)

R 51 cyce

Q,.,=W, ,=RT/In fl’ Q, 3=c(T,-T\); W,_y=p,(v;-v,)) =R(T,-T)

2

Qs =W, ,=—-RT,In L8 9, , =c(,-T) W, ,=pv,-v)=R(T,-T)

§ 2

Since part of the heat is transferred at constant pressure and part at constant temperature, the efficiency
of the Ericsson cycle is less than that of the Carnot cycle. But with ideal regeneration, Q, _3=0,_, so that
all the heat is added from the external source at T, and all the heat is rejected to an external sink at 7, o the
efficiency of the cycle becomes equal to the Carnot cycle efficiency, since

RT,n 2L

1.2 _,__" Pn
T

) RT,ln&

1 2)

(13.3)
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@ Ericsson cycle

The regenerative, Stirling and Ericsson cycles have the same efficiency as the Carnot cycle, but much
less back work. Hot air engines working on these cycles have been successfully operated. But it is difficult
to transfer heat to a gas at high rates, since the gas film has a very low thermal conductivity. So there has not
been much progress in the development of hot air engines. However, since the cost of internal combustion
engine fuels is getting excessive, these may find a field of use in the near future.

13.4 l AIR STANDARD CYCLES

Internal combustion engines (Fig. 13.4) in which the
combustion of fuel occurs in the engine cylinder itself
are non-cyclic heat engines. The temperature due to the
evolution of heat because of the combustion of fuel inside
the cylinder is so high that the cylinder is cooled by water
circulation around it to avoid rapid deterioration. The
working fluid, the fuel-air mixture, undergoes permanent
chemical change due to combustion, and the products of
combustion after doing work are thrown out of the engine,
and a fresh charge is taken. So the working fluid does not
undergo a complete thermodynamic cycle.

To simplify the analysis of I.C. engines, air standard
cycles are conceived. In an air standard cycle, a certain
mass of air operates in a complete thermodynamic
cycle, where heat is added and rejected with external heat
reservoirs, and all the processes in the cycle are revers-
ible. Air is assumed to behave as an ideal gas, and its
specific heats are assumed to be constant. These air
standard cycles are so conceived that they correspond to
the operations of internal combustion engines.

13.5 ' OTTO CYCLE (1876)

Spark plug or
fuel injector
Valve  ciearance
7 volume
Top dead ﬁ s ;
center Z Bore 7
% % Cylinder wall
]
2 2
Stroke
i . s ' %
O
Bottom IR k Piston
dead center
Reciprocating
motion

Crank mechanism

Rotary motion

Nomenclature for reciprocating
piston-cylinder engines

One very common type of internal combustion engines is the Spark Ignition (S.1.) engine used inautomo-
biles. The Otto cycle is the air standard cycle of such an engine. The sequence of precesses in the elementary
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operation of the S.I. engine is given below, whith reference to Fig. 13.5(a,b) where the sketches of the engine
and the indicatior diagram are given.

Process 1-2, Intake. The inlet valve is open, the piston moves to the right, admitting fuel-air mixture into the
cylinder at constant pressure.

Process 2-3, Compression. Both the valves are closed, the piston compresses the combustible mixture to the
minimum volume.

Process 3—4, Combustion. The mixture is then ignited by means of a spark, combustion takes place, and there
is an increase in temperature and pressure.

Process 4-5, Expansion. The products of combustion do work on the piston which moves to the right, and the
pressure and temperature of the gases decrease.

Process 5-6, Blow-down. The exhaust valve opens, and the pressure drops to the initial pressure.

Process 6-1, Exhaust. With the exhaust valve open, the piston moves inwards to expel the combustion prod-
ucts from the cylinder at constant pressure.

The series of processes as described above constitute a mechanical cycle, and not a thermodynamic cycle.
The cycle is completed in four strokes of the piston.

Figure 13.5 (c) shows the air standard cycle (Otto cycle) corresponding to the above engine. It consists of:

Two reversible adiabatics and two reversible isochores.

Air is compressed in process 1 — 2 reversibly and adiabatically. Heat is then added to air reversibly at con-
stant volume in process 2 — 3. Work is done by air in expanding reversibly and adiabatically in process 3 — 4.
Heat is then rejected by air reversibly at constant volume in process 4 — 1, and the system (air) comes back to

Fuel-air
mixture Inlet valve 4
= ]
B— Q
Ignition - 3
system — 11 P
——
U 1 2,6
Combustion Exhaust valve
products - v

(@ (0)

p

(a) S.I. engine (b) indicator diagram (c) otto cycle
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its initial state. Heat transfer processes have been substituted for the combustion and blow-down processes of
the engine. The intake and exhaust processes of the engine cancel each other.
Let m be the fixed mass of air undergoing the cycle of operations as described above.

Heat supplied Q, = Q, ;=mc (I5-T,)
Heat rejected Q,=Q, ,=mc (T,-T)
o _,_m@-T) _ TL-T,

Efficiency n=1- =% = : (13.9)
0 me (T, —Ty) L-T,
T, o )
Process 1-2, 2 =12
L vy
T. v-1 y-1
Process 34, kR Y =Y
T4 1)3 (%3
L_L or L _L
L T, T, T
L L _
L I
L-T _ E [’U2 ]7_1
L-T, T, U
-1
. FromEq. (13.4),n=1- |22
o :
or Moo = 1 = =3 (13.5)
T

where r, is called the compression ratio and given by

_ Volume at the beginning of compression _ V; v

r = =
k Volume at the end of compression v, U,

The efficiency of the air standard Otto cycle is thus a function of the compression ratio only. The higher
the compression ratio, the higher the efficiency. It is independent of the temperature levels at which the cycle
operates. The compression ratio cannot, however, be increased beyond a certain limit, because of a noisy and
destructive combustion phenomenon, known as detonation. It also depends upon the fuel, the engine design,
and the operating conditions.

13.6 ' DIESEL CYCLE (1892)

The limitation on compression ratio in the S.I. engine can be overcome by compressing air alone, instead of
the fuel-air mixture, and then injecting the fuel into the cylinder in spray form when combustion is desired.
The temperature of air after compression must be high enough so that the fuel sprayed into the hot air burns
spontaneously. The rate of burning can, to some extent, be controlled by the rate of injection of fuel. An
engine operating in this way is called a compression ignition (C.I.) engine. The sequence of processes in the
elementary operation of a C.I. engine, shown in Fig. 13.6, is given below.

Process 1-2, intake. The air valve is open. The piston moves out admitting air into the cylinder at constant
pressure.



Process 2-3, Compression. The air is then compressed by the piston
to the minimum volume with ali the valves closed.

Process 3—4, Fuel injection and combustion. The fuel valve is open,
fuel is sprayed into the hot air, and combustion takes place at constant
pressure.

Process 4-5, Expansion. The combustion products expand, doing
work on the piston which moves out to the maximum volume.
Process 5-6, Blow-down. The exhaust valve opens, and the pressure
drops to the initial pressure.

Pressure 6-1, Exhaust. With the exhaust valve open, the piston moves
towards the cylinder cover driving away the combustion products
from the cylinder at constant pressure.

The above processes constitute an engine cycle, which is completed
in four strokes of the piston or two revolution of the crank shaft.

Figure 13.7 shows the air standard cycle, called the Diesel cycle,
corresponding to the C.I. engine, as described above. The cycle is
composed of:

Two reversible adiabatics, one reversible isobar, and one reversible
isochore.

Air is compressed reversibly and adiabatically in process 1 — 2.
Heat is then added to it from an external source reversibly at con-
stant pressure in process 2 — 3. Air then expands reversibly and
adiabatically in process 3 — 4. Heat is rejected reversibly at constant
volume in process 4 — 1, and the cycle repeats itself.

For m kg of air in the cylinder, the efficiency analysis of the cycle
can be made as given below.

Heat supplied, 0,=0, y=mc,(I;-T)
Heat rejected, 0,=0, =mc,(T,-T)
.. Qz mcv(n _Tl)
Efficienc =]1-=2=1-—=7=
Y g ) me (I, —T)
-T
n=1- Lazh (13.6)
(T -T))

The efficiency may be expressed in terms of any two of the fol-
lowing three ratios

. . Vi v,
Compression ratio, r=—o =—
v, v,

. . v, v
Expansion ratio, r,= 4 -4
V3 Us

. V. v
Cut-off ratio, r.= 3 =23
v, v,

It is seen that r="r. T,
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Process 3—4

T r-1 1 -1
2 =15 = oA L=1 <
T Uy re:7 rk’YAl
Process 2-3
L _ my v, _ 1
T Pu; Uy Fe
1
T.=T,. —
2 3Ty
P -2 -
rocess 1 Ezﬂz—yl: 1
T2 ‘vl rk’)”l
1 T, 1
=T, — = “3"_:1_
LA A
Substituting the values of T}, T, and T, in the expression of efficiency (Eq. 13.6)
-1
& %T_%ﬁ%‘ 1 17—l
n=1 k k Micse = 1 — — = < (13.7)
YR -l
NL-T '*]
T

Y _
Asr > 1, —l—[r° !
ylr—1

] is also greater than unity. Therefore, the efficiency of the Diesel cycle is less than
14
that of the Otto cycle for the same compression ratio.

13.7 ' LIMITED PRESSURE CYCLE, MIXED CYCLE OR DUAL CYCLE

The air standard Diesel cycle does not simulate exactly the pressure-volume variation in an actual compression
ignition engine, where the fuel injection is started before the end of compression stroke. A closer approxi-
mation is the limited pressure cycle in which some part of heat is added to air at constant volume, and the
remainder at constant pressure.

Figure 13.8 shows the p — v and T— s diagrams of the dual cycle. Heat is added reversibly, partly at constant
volume (2 — 3) and partly at constant pressure (3 — 4).

Heat supplied 0, =mc, (T3—T2)+mcp (1,-1))
Heat rejected Q,=mc, (T,-T))
T, —T T,—-T
Efficiency n=1-22 —1_ me, (s = 1) =1- s (13.8)
o me, (Ty = T,) +me, (T, = T;) I -L)+V(T,-T)

The efficiency of the cycle can be expressed in terms of the following ratios

=~

Compression ratio, r=
Expansion ratio, r. =

Cut-off ratio, r =

RININTRIT
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Constant volume pressure ratio, r,= Py
pP;
It is seen, as before that
n=r.-re
or r,= us
T
Process 3 — 4
roVs _Lp _ L
¢ n Pl T
T,
I,= A
T
Process 2 -3
PV, _ Py
T I ~
T,
T,=T1, &2 = =
Dy el
Process 1 -2
L ()"
T2 Ul rk‘y—l
r——Tf (b)
1 -1
AN ' Limited pressure cycle,
Process 4 -5 » mixed cycle or dual cycle
(v __1
I, v_5 A
A
Iy=T1,- pour
Fi
Substituting the values of T}, T,, T;, and T in the expression of efficiency (Eq. 13.8).
y—1
T4 . rc‘y-_1 _ T4 -
ne1- % A
T, T,
_Ti 4 v []‘4 —_ ,i]
. hk TS
1 n -rY—1
Tow = 1 — (13.9)
Dual R =14n (1)

13.8 ' COMPARISON OF OTTO, DIESEL, AND DUAL CYCLES

The three cycles can be compared on the basis of either the same compression ratio or the same maximum
pressure and temperature.

Figure 13.9 shows the comparison of Otto, Diesel, and Dual cycles for the same compression ratio and
heat rejection. Here



386 ' Basic and Applied Thermodynamics

[ Comparison of otto, diesel and dual cycles for the same compression ratio

1-2-6-5 —Otto cycle
1-2-7-5 —Diesel cycle
1-2-3-4-5 ~—Dual cycle

For the same Q,, the higher the Q,, the higher is the cycle efficiency. In the T — s diagram, the area under
2 — 6 represents Q, for the Otto cycle, the area under 2 — 7 represents Q, for the Diesel cycle, and the area
under 2-3-4 represents Q, for the Dual cycle. Therefore, for the same r,and Q,
Moo = Mpual = Mpiesel
Figure 13.10 shows a comparison of the three air standard cycles for the same maximum pressure and
temperature (state 4), the heat rejection being also the same. Here

1-6-4-5 —Otto cycle
1-7-4-5 —Diesel cycle
1-2-3-4-5 —Dual cycle

Q, 1s represented by the area under 6—4 for the Otto cycle, by the area under 74 for the Diesel cycle and
by the area under 2-3-4 for the Dual cycle in the 7—s plot, Q, being the same.
’ "Diesel > Tbual > Mot

This comparison is of greater significance, since the Diesel cycle would definitely have a higher compression
ratio than the Otto cycle.

p

pv=c ~

(a)

: s Comparison of otto, diesel and dual cycles for the same maximum pressure and temperature




Fig. 13.11. Air is first compressed adiabatically in
process a — b, it then enters the combustion chamber
where fuel is injected and burned essentially at con-
stant pressure in process b — ¢, and then the products
of combustion expand in the turbine to the ambient
pressure in process ¢ — d and are thrown out to the
surroundings. The cycle is open. The state diagram
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13.9 ' BRAYTON CYCLE
A simple gas turbine power plant is shown in Fuel Combustion
I chamber

[ =]
e

Compressor

on the p — v coordinates is shown in Fig. 13.12. Air of z;?:::st:on
Open cycles are used in aircraft, automotive (buses (exhaust)

and trucks) and industrial gas turbine installations.
The Brayton cycle is the air standard cycle for
the gas turbine power plant. Here air is first com-

B A simple gas turbine plant

pressed reversibly and adiabatically, heat is added to it reversibly at constant pressure, air expands in the
turbine reversibly and adiabatically, and heat is then rejected from the air reversibly at constant pressure to

bring it to the initial state. The Brayton cycle, therefore, consists of:

Two reversible isobars and two reversible adiabatics.
The flow, p — v, and T - s diagrams are shown in Fig. 13.13. For m kg of air
Q, = heat supplied = mc, (- T)

Combustion
0, = heat rejected = mcp(T 1)
.". Cycle efficiency, n=1- —Q—Z- Q
O
T, —
=1- L-% (13.10)
L-T,
Now
T (y—D/y
-}2— = [&] = T—3 (Since p, = p,,and p, = p,)
1 P ¢ B State diagram of a gas
I 1= L ) turbine plant on p—v plot
I, L
Q
YWV
Heat
W, exchanger a 2 3
Compressor I
W, ~—
Heat
exchanger
1

023 —_—y

(@ (b)

R (a—c) Brayton cycle, (d) comparison of Rankine cycle and braytom cycle,
both operating between the same pressures p, and p,
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(y=1/ ~1
or T4"T1=£_ﬂ7 7____27 c, P1
T3 T T, 23 Y,
If r, = compression ratio = v /v, the efficiency b Po
becomes (from Eq. 13.10)
AN Py
=1-=2 Rankine
n T /
Y
1 I Brayton
= le(a-b-c-d)
or MBrayton = 1 ~ 5= (13.11) cyc
Brayt: rk’y 1 )
Work ratio = Wy —We - -9 / \
W W

If r = pressure ratio = p,/p, the efficiency may be
expressed in the following form also

(y=1)/~y
n=1- {ﬂ]
bp;
1

Brayton —1
; l (y—=1)/~
( P)

(13.12)

The efficiency of the Brayton cycle, therefore, depends upon either the compression ratio or the pressure
ratio. For the same compression ratio, the Brayton cycle efficiency is equal to the Otto cycle efficiency.

A closed cycle gas turbine plant (Fig. 13.13) is used in a gas-cooled nuclear reactor plant, where the source
is a high temperature gas-cooled reactor (HTGR) supplying heat from nuclear fission directly to the working
fluid (a gas).

Both Rankine cycle and Brayton cycle consist of two reversible isobars and two reversible adiabatics
(Fig. 13.13(d)). While in Rankine cycle, the working fluid undergoes phase change, in Brayton cycle the
working fluid always remains in the gaseous phase. Both the pump and the steam turbine in the case of
Rankine cycle, and the compressor and the gas turbine in the case of Brayton cycle operate through the same

Py
pressure difference of p, and p,. All are steady-flow machines and the work transfer is given by — f v dp.

For Brayton cycle, the average specific volume of air handled by the compressor is less than the same o? gasin
the gas turbine (since the gas temperature is much higher), the work done by the gas turbine is more than the
work input to the compressor, so that there is W, available to deliver. In the case of Rankine cycle, the specific
volume of water in the pump is much less than that of the steam expanding in the steam turbine, so W, >> W,.
Therefore, steam power plants are more popular than the gas turbine plants for electricity generation.

13.9.1 Comparison between Brayton Cycle and Otto Cycle

Brayton and Otto cycles are shown superimposed on the p — v and T ~ s diagrams in Fig. 13.14. For the same
r, and work capacity, the Brayton cycle (1-2-5-6) handles a larger range of volume and a smaller range of
pressure and temperature than does the Otto cycle (1-2-3-4).

In the reciprocating engine field, the Brayton cycle is not suitable. A reciprocating engine cannot efficiently
handle a large volume flow of low pressure gas, for which the engine size (n/4D? L) becomes large, and the
friction losses also become more. So the Otto cycle is more suitable in the reciprocating engine field.
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p

—

(a) (b)
- Comparison of otto and brayton cycles

In turbine plants, however, the Brayton cycle is more suitable than the Otto cycle. An internal combustion
engine is exposed to the highest temperature (after the combustion of fuel) only for a short while, and it gets
time to become cool in the other processes of the cycle. On the other hand, a gas turbine plant, a steady flow
device, is always exposed to the highest temperature used. So to protect material, the maximum temperature
of gas that can be used in a gas turbine plant cannot be as high as in an internal combustion engine. Also, in
the steady flow machinery, it is more difficult to carry out heat transfer at constant volume than at constant
pressure. Moreover, a gas turbine can handle a large volume flow of gas quite efficiently. So we find that the
Brayton cycle is the basic air standard cycle for all modern gas turbine plants.

13.9.2 Effect of Regeneration on Brayton Cycle Efficiency

The efficiency of the Brayton cycle can be increased by utilizing part of the energy of the exhaust gas from
the turbine in heating up the air leaving the compressor in a heat exchanger called a regenerator, thereby
reducing the amount of heat supplied from an external source and also the amount of heat rejected. Such a
cycle is illustrated in Fig. 13.15. The temperature of air leaving the turbine at S is higher than that of air leav-
ing the compressor at 2. In the regenerator, the temperature of air leaving the compressor is raised by heat
transfer from the turbine exhaust. The maximum temperature to which the cold air at 2 could be heated is
the temperature of the hot air leaving the turbine at 5. This is possible only in an infinite heat exchanger. In
the real case, the temperature at 3 is less than that at 5. The ratio of the actual temperature rise of air to the
maximum possible rise is called the effectiveness of the regenerator. For this case illustrated

O sivyyyyw

o—
Regenerator
HRte
Q,

(@)

@D Z7-c! of regencration on Brayton cycle
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h-h

Effectiveness =
ts—t,

When the regenerator is used in the idealized cycle (Fig. 13.15), the heat supplied and the heat rejected
are each reduced by the same amount, Q,. The mean temperature of heat addition increases and the mean
temperature of heat reje -tion decreases because of the use of the regenerator. The efficiency is increased as
a result, but the work output of the cycle remains unchanged. Here,

O, =h,—hy=c,(I,-T) Q,=hs—hy=c,(T,—-T)
We=hy—hs=c, (T,- Ty W.=hy~h =c,(T,-T)
_ 9 _ 1 I -1

0  T,-T,

In practice the regenerator is costly, heavy and bulky, and causes pressure losses which bring about a
decrease in cycle efficiency. These factors have to be balanced against the gain in efficiency to decide whether
it is worthwhile to use the regenerator.

Above a certain pressure ratio (p,/p,) the addition of a regenerator causes a loss in cycle efficiency
when compared to the original Brayton cycle. In this situation the compressor discharge temperature (7,)
is higher than the turbine exhaust gas temperature (T) (Fig. 13.18). The compressed air will thus be cooled
in the regenerator and the exhaust gas will be heated. As a result both the heat supply and heat rejected are
increased. However, the compressor and turbine works remain unchanged. So, the cycle efficiency (W_./Q,)
decreases.

Let us now derive an expression for the ideal regenerative cycle when the compressed air is heated to the
turbine exhaust temperature in the regenerator so that 7, = T and 7, = T, (Fig. 13.15). Therefore,

’)7:

pe1-@ __L-h | K@D % gll—m/n)
2} T,-T, I, [1-(Ty/T,) T, T |[1-(Ty/T,)
y=1/y
T,
Since L =P =4 r)=1—zw'—rp"‘”7 13.17)
L h I T,

For a fixed ratio of (7'/T,), the cycle efficiency drops with increasing pressure ratio.

13.9.3 Effect of Irreversibilities in Turbine and Compressor

The Brayton cycle is highly sensitive to the real machine effi-
ciencies of the turbine and the compressor. Figure 13.16 shows
the actual and ideal expansion and compression processes.

—h T, T,
Turbine efficiency, N = h=h _ LT ~
h3 - h4s TS - T;ts
- - I, T
Compressor efficiency, 7. = b —h _ D1,
h=h T,-T

Wnet = WTQ WC = (h3 - h4) - (hz - hl)

Q,=hy—hyand O, = h,— h,

—_— G

The net output is reduced by the amount [(h, — A, ) + (h, — ] Effect of machine efficiencies on
h,))], and the heat supplied is reduced by the amount (k, — 4,,). Brayton cycle
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The efficiency of the cycle will thus be less than that of the ideal cycle. As 7, and 7 decrease, 7, also
decreases. The cycle efficiency may approach zero even when 7, and 7 are of the order of 60 to 70%. This
is the main drawback of a gas turbine plant. The machines have to be highly efficient to obtain reasonable
cycle efficiency.

13.9.4 Effect of Pressure Ratio on the Brayton Cycle

The efficiency of the Brayton cycle is a function of the pressure ratio as given by the equation
1

(D

The more the pressure ratio, the more will be the efficiency.

Let T, = the lowest temperature of the cycle, which is the temperature of the surroundings (7 ), and
T, = the maximum or the highest temperature of the cycle limited by the characteristics of the material
available for burner and turbine construction (7, ).

Since the turbine, a steady-flow machine, is always exposed ¥ ar 3
to the highest temperature gas, the maximum temperature of > T
gas at the inlet to the turbine is limited to about 800°C by
using a high air-fuel ratio. With turbine blade cooling, how-
ever, the maximum gas inlet temperature can be 1100°C or
even higher.

Figure 13.17 shows the Brayton cycles operating between 2
the same 7_,_and 7, at various pressure ratios. As the pres- Tonin
sure ratio changes, the cycle shape also changes. For the cycle
1-2-3-4 of low pressure ratio Yy since the average temperature
of heat addition

n=1

4"

—_—

Effect of pressure ratio on

brayton cycle

Tzh’i_i

ml 55— 5,
is only a little greater than the average temperature of heat rejection

T . = h4_hl

n2 —
54— 8

the efficiency will be low. At the lower limit of unity pressure ratio,
both work output and efficiency will be zero.

As the pressure ratio is increased, the efficiency steadily
increases, because T, increases and T, decreases. The mean
temperature of heat addition 7, approaches 7, , and the mean
temperature of heat rejection 7, approaches T, withthe
increase inr,. In the limit when the compression process ends at
T .o the Carnot efficiency is reached, Ty has the maximum value
(7 1na)> DUt the work capacity again becomes zero.

Figure 13.18 shows how the cycle efficiency varies with the
pressure ratio, with r, varying between two limiting values of 1
and (7)) ey when the Carnot efficiency is reached. When r, = Effect of pressure ratio on

(7,) maro the cycle efficiency is given by " brayton cycle efficiency

n

p (r p)max
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From Fig. 13.17 it is seen that the work capacity of the
cycle, operating between T, and T .. 1s zero when "
= I passes through a maximum, and then again becomes (W) max
zero when the Carnot efficiency is reached. There is an
optimum value of pressure ratio ), opt 3 which work
capacity becomes a maximum, as shown in Fig. 13.19.

For 1 kg,

where

Now

Similarly

Basic and Applied Thermodynamics

1 T .
n=1- «r,) )‘7—1/7 = Tcamot = 1- Tmm
p /max max
(7))~ V7 = Tman
P min
(T ¥/(y-1)
(rp)mx_ Zmax (13.19)
Trnin

W=, [(T,~ T) ~ (T, ~ T))]

net E
=
T,=T_ andT, =T '
, 3 max 1 min 0 1 (rp)opt (o) max
2 =)o "
4

@ -t of pressure ratio on net output

— o g — (1)
T,=T, r, 00"
— . -1y
22 = 11 rp('Y v

Substituting in the expression for W_,

To find (rp)

or

Wnet < [T T (rp)‘(“"l)/'Y——Tl rp"*‘”"’+ T1] (13.15)
opt
daw, - -
drnet =c, [_TJ [_ Y l]rp(-H(l/'y)—l) -7 [’7 l]rp(l—(l/'r)—l)] =0
P Y Y
T3 [WJI]rp(l/yyz =T, ['7;1] ‘rp—1/~,
rotm-amsz2 - B
P I
v/2(y=1)
o= | 2
I
T v/2(y-1)
(rp)optz [._] (13.16)
Toin

From Egs. (13.14) and (13.26)

opt = ) max (13.17)

Substituting the values of (ry)op In Eq. (13.15)

Woet = (W o) max =

Ll v -1

5 2=l pl =c, T 2T, + 1))
L)2(y=-D) ~

o|T, — T[T]J— =1
L)2(v-1) ~
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or (Wnet)max = Cp (\/ Tmax - \/ Tmin )2 (1318)
1

T .
Negete = 1 — S = 1- [ - (13.19)
ycle rp"! Y Tmax

Considering the cycles 1-2/-3/-4’ and 1-27-3"-4" (Fig. 13.17), it is obvious that to obtain a reasonable
work capacity, a certain reduction in efficiency must be accepted.

13.9.5 Effect of Intercooling and Reheating on Brayton Cycle

The efficiency of the Brayton cycle may often be increased by the use of staged compression with intercool-
ing, or by using staged heat supply, called reheat.

Let the compression process be divided into two stages. Air, after being compressed in the first stage, is
cooled to the initial temperature in a heat exchanger, called an intercooler, and then compressed further in the
second stage (Fig. 13.20). 1-2’-5-6 is the ideal cycle without intercooling, having a single-stage compression,
1-2-3-4-6 is the cycle with intercooling, having a two-stage compression. The cycle 2-3-4-2" is thus added to the
basic cycle 1-2’-5-6. There is more work capacity, since the included area is more. There is more heat supply
also. For the cycle 4-2'-2-3, T is lower and 7, , higher (lower r,) than those of the basic cycle 1-2/-5-6. So the
efficiency of the cycle reduces by staging the compression and intercooling. But if a regenerator is used, the low
temperature heat addition (4-2’) may be obtained by recovering energy from the exhaust gases from the turbine.
So there may be a net gain in efficiency when intercooling is adopted in conjunction with a regenerator.

pv'=c¢

¢ Effect of intercooling on Brayton cycle

Similarly, let the total heat supply be given in two stages and the expansion process be divided in stages in
two turbines (7, and T,) with intermediate reheat, as shown in Fig. 13.21. 1-2-3-4/ is the cycle with a single-
stage heat supply having no reheat, with total expansion in one turbine only. 1-2-3-4-5-6 is the cycle with a
single-stage reheat, having the expansion divided into two stages. With the basic cycle, the cycle 4-5-6-4 is
added because of reheat. The work capacity increases, but the heat supply also increases.

In the cycle 4-5-6-4’, r_is lower than in the basic cycle 1-2-3-4’, so its efficiency is lower. Therefore, the
efficiency of the cycle decreases with the use of reheat. But T is greater than 7”,. Therefore, if regeneration
is employed, there is more energy that can be recovered from the turbine exhaust gases. So when regeneration
is employed in conjunction with reheat, there may be a net gain in cycle efficiency.

If in one cycle, several stages of intercooling and several stages of reheat are employed, a cycle as shown
in Fig. 13.22 is obtained. When the number of such stages is large the cycle reduces to the Ericsson cycle with
two reversible isobars and two reversible isotherms. With ideal regeneration the cycle efficiency becomes
equal to the Carnot efficiency.
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Q Reheater

pvi=c

—p

/— Isotherm

P

Isotherm

Isentropes <]\
A\

L 1sotherm

s

v
(a) (b)
@SR Broyion cycle with many stages of intercooling and reheating approximates to ericsson cycle

13.9.6 Ideal Regenerative Cycle with Intercooling and Reheat

Let us consider an ideal regenerative gas turbine cycle with two-stage compression and a single reheat.
It assumes that both intercooling and reheating take place at the root mean square of the high and low
pressure in the cycle, so that Py =P, =P, =pg= \/EP: = \/;E (Fig. 13.23). Also, the temperature
after intercooling is equal to the compressor inlet temperature (7, ) = T;) and the temperature after reheat
is equal to the temperature entering the turbine initially (7. e = Tg).

Here, 0, =cp(T6—T5)+cp (I,-T)
Since Lo =2 and T, = T it follows that T, = T, = T,
P; P
0, =2¢,(T,~T,)
Again, 0,= <, (Tyy—T) + cp(T2 -T)
but 2 _Pi g 1=,

b D3
so that I,=T,=T,,
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Cooling water

Intercooler

; Ideal regenerative gas turbine cycle with two-stage compression and reheat

o, ZZCP(TZ—TI)
W = 91— 9, = 2¢,[(T-T) - (T, - T))]

‘.'ncyclengetzl_uzl_EM-———l= —Exﬁlw}zl*ﬂx &71/7
0 T—T,  T,|1-(5,/T) T, " T |1-(5/Ty) r, \n
But Py = pps>
T (y=D/2y
Teyete = 1= —'[ﬂ] (13.20)
T\ p

13.9.7 Free-shaft Turbine

So far only a single shaft has been shown in flow diagrams, on which were mounted all the compressors and
the turbines. Sometimes, for operating convenience and part-load efficiency, one turbine is used for driving
the compressor only on one shaft, and a separate turbine is used on another shaft, known as free-shaft, for
supplying the load, as shown in Fig. 13.24.
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13.10 ' AIRCRAFT PROPULSION

Gas turbines are particularly suited for aircraft
propulsion because they are light and compact and
have a high power-to-weight ratio. Aircraft gas tur-
bines operate on an open cycle called “jet propul-
sion cycle”, as explained below. It can be of turbo-
jet, turbofan or turborop type. In a turbojet engine
(Fig. 13.25), high velocity air first flows through a
diffuser where it is decelerated increasing its pres-
sure. Air is then compressed in the compressor. It is
mixed with fuel in the combustion chamber, where
the mixture is burned at constant pressure. The
high pressure, high temperature combustion gases
partially expand in the turbine, producing enough
power to drive the compressor and any auxiliary
equipment. Finally, the gases expand in the nozzle to the ambient pressure and leave the aircraft at high
velocity. In the ideal case, the turbine work is assumed to be equal to the compressor work. The processes in
the diffuser, the compressor, the turbine, and the nozzle are assumed to be reversible and adiabatic.

The thrust developed in a turbojet engine is the unbalanced force caused by the difference in the momen-
tum of the air entering the engine and the exhaust gases leaving the engine, so that,

F= (mV) _(’hV)inle! = m(Vexit —Vinlet) (13.21)

The pressures at inlet and exit of the engine are the ambient pressure. For an aircraft cruising in still air, v
inlet is the aircraft velocity. The mass flow rates of the gases at the engine exit and the inlet are different, the
difference being equal to the combustion rate of the fuel. But the air-fuel ratio used in jet propulsion engines
is usually very high, making the difference very small. Thus 7in Eq. (13.21) is taken as the mass flow rate
of air through the engine. For an aircraft cruising at a steady speed, the thrust is used to overcome the fluid
drag, and the net force acting on the body of the aircraft is zero. Commercial airplanes save fuel by flying at
higher altitudes during long trips since the air at higher altitudes is of less density and exerts a smaller drag
force on the aircraft.

Free shaft
turbine

(Wr)est

exit

The power developed from the thrust of the engine is called the propulsive power, W, given by:

m(V.

exit

WP =F aircraft — I7inlet )V;ircraﬁ (1322)

The propulsive efficiency, 7 - is defined by:

T

p = const.

s Diffuser Compressor Burr_mer Turbine Nozzie
section

B Basic components of a turbojet engine and the T—s diagram of an ideal turbojet cycle



_ Propulsive power _ Wp

P

Energy inputrate O,

', 397

Gas Power Cycles

(13.23)

It is a measure of how efficiently the energy released during combustion is converted to propulsive power.
Space and weight limitations prohibit the use of regenerators and intercoolers on aircraft engines. The coun-
terpart of reheating is afterburning. The air-fuel ratio ina jet engine is so high that the turbine exhaust gases are

sufficiently rich in oxygen to support the combus-
tion of more fuel in an afterburner (Fig. 13.26).
Such burning of fuel raises the temperature of the
gas before it expands in the nozzle, increasing
the K.E. change in the nozzle and consequently
increasing the thrust. In the air-standard case, the
combustion is replaced by constant pressure heat
addition.

The most widely used engine in aircraft pro-
pulsion is the turbofan engine wherein a large
fan driven by the turbine forces a considerable
amount of air through a duct (cowl) surround-
ing the engine (Figs. 13.27 and 13.28). The fan
exhaust leaves the duct at a higher velocity,
enhancing the total thrust of the engine signifi-
cantly. Some of the air entering the engine flows
through the compressor, combustion chamber
and turbine, and the rest passes through the fan
into a duct and is either mixed with the exhaust
gases or is discharged separately. It improves the
engine performance over a broad operating range.
The ratio of the mass flow rates of the two streams
is called the bypass ratio.

Inlet; Compressor:Burner:Turbine: Afterburner ! Exhaust
. ! I ! | nozzle
—>

Fuel injectors Flame holder

Turbojet engine with afterburner

Low-pressure
compressor
Fan P

Low-pressure
turbine

Duct Burners

f_—=~ Fan exhaust
—Turbine
— — » exhaust

High-pressure

High-pressure
turbine

Fan compressor

. Turbofan engine

Combustion
chamber

\

—_—
uuuun

(@

Combustion
chamber

(b)

~ Turbofan or bypass jet engines
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Bypass ratio = Miotal ~ Mhurbine

Myyrbine

The bypass ratio can be varied in flight by various

means. Turbofan engines deserve most of the credit Propelier Burner
Compressor Turbine

for the success of jumbo jets, which weigh almost
400,000 kg and are capable of carrying 400 passen-
gers for up to 10,000 km at speeds over 950 km/h
with less fuel per passenger mile.

Increasing the bypass ratio of a turbofan engine
increases thrust. If the cowl is removed from the fan
the result is a turboprop engine (Fig. 13.29). Turbofan
and turboprop engines differ mainly in their bypass
ratio 5 or 6 for turbofans and as high as 100 for tur- Gear reduction
boprop. In general, propellers are more efficient than
jet engines, but they are limited to low-speed and low-
altitude operation since their efficiency decreases at
high speeds and altitudes.

A particularly simple type of engine known as
a ramjet is shown in Fig. 13.30. This engine requires /
neither a compressor nor a turbine. A sufficient pres- > éf \
sure rise is obtained by decelerating the high speed [é"
incoming air in the diffuser (ram effect) on being Air inlet Jet nozzles
rammed against a barrier. For the ramjet to operate,

13
€
the aircraft must already be in flight at a sufficiently \E‘ %z\ /

E: Turboprop engine

Fuel nozzles or spray bars

great speed. The combustion products exiting the =
combustor are expanded through a nozzle to pro- Flameholders
duce the thrust. +Figa 380 Ramjet engine

In each of the engines mentioned so far, combus-
tion of the fuel is supported by air brought into the
engines from the atmosphere. For very high altitude flights and space travel, where this is no longer possible,
rockets may be employed. In a rocket, both fuel and an oxidizer (such as liquid oxygen) are carried on board
of the craft. High pressure combustion gases are expanded in a nozzle. The gases leave the rocket at very high
velocities, producing the thrust to propel the rocket.

13.11 =¢f BRAYTON-RANKINE COMBINED CYCLE

Both Rankine cycle and Brayton cycle consist of two reversible isobars and two reversible adiabatics. While
the former is a phase change cycle, in the latter the working fluid does not undergo any phase change.

A gas turbine power plant operating on Brayton cycle has certain disadvantages like large compressor
work, large exhaust loss, sensitivity to machine inefficiencies (1, and 7.), relatively lower cycle efficiency
and costly fuel. Due to these factors, the cost of power generation by a stationary gas turbine in a utility
system is high. However, a gas turbine plant offers certain advantages also, such as less installation cost, less
installation time, quick starting and stopping, and fast response to load changes. So, a gas turbine plant is
often used as a peaking unit for certain hours of the day, when the energy demand is high. To utilize the high
temperature exhaust and to raise its plant efficiency a gas turbine may be used in conjunction with a steam
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turbine plant to offer the gas turbine advantages of quick starting and stopping and permit flexible operation
of the combined plant over a wide range of loads.

Let us consider two cyclic power plants coupled in series, the topping plant operating on Brayton cycle and
the bottoming one operating on Rankine cycle (Fig. 13.31). Helium may be the working fluid in the topping
plant and water in the bottoming plant. The overall efficiency of the combined plant is:

TI:771+772—771 772

where 77, and 7, are the efficiencies of the Brayton cycle and Rankine cycle respectively.

For capacity augmentation often supplementary firing is used (Fig. 13.32). For expansion of combustion
gases in the gas turbine

Qo
c
cc
N W= Wr - g Brayton
c jT—* cycle
HE d
Q 1
B .
/ \\ Wo=Wr - W, Rankine
P T —— cycle
N
(a)

¢ e
Q
1 d
b 1
Supplementary
heating o -
2 a
c §9,
— HRSG (é z 4 \
C.w. 3 2
1@ Aib@ /
s

(a)

Fig. 1332 Brayton/Rankine cyclic plants with supplementary heating
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TJT, = (p,Jp,)~
where v = 1.3 (assumed).
For the compressor, T/T, = (p/p )~

where v'=14.
Wor=w, e,y (T,— Ty —c,, (T, - T)]
neglecting the mass of fuel (for a high air-fuel ratio), and w, being the mass flow of air.
Wsp=w,(h = hy)
where w_ is the steam flow rate. The pump work is neglected. By energy balance,
woe (T.-T)=w (h —h,)

a“pg
Now, 0, =W, C,, (T.-T)+(T,-T)]
The overall efficiency of the plant is:
_ Wor +Ws;
9
Again, 0, =w;x CV.

where w, is the fuel burning rate.
High overall efficiency, low investment cost, less water requirement, large operating flexibility, phased
installation, and low environmental impact are some of the advantages of combined gas-steam cycles.

Solved Examples

Example 13.1

An engine working on the Otto cycle is supplied with air at 0.1 MPa, 35°C. The compression ratio is 8. Heat
supplied is 2100 kJ/kg. Calculate the maximum pressure and temperature of the cycle, the cycle efficiency,
and the mean effective pressure. (For air, ¢, = 1.005, ¢, = 0.718, and R = 0.287 kJ/kg K).

Solution From Fig. Ex. 13.1
T, =273 + 35 =308 K
p, = 0.1 MPa = 100 kN/m?

0, = 2100 kl/kg
rn=8~y=14
-1l L gses 56.5% A
T]cycle_ _ri:_] - -gﬁ_ _2_'5 = 0.565 or 56.5% ns.
1 .
—lﬁ-zs,vlz R_]_=0_281>_<ﬂ =0.884m3/kg
) 2! 100
_ 0.884

v, 3 =0.11 m%kg
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y-1
= [_“_1] =(8)"* =23
U2

LRy

P

T,=23 x 308 = 708.4K
0, =c, (T,— T,) = 2100 kikg

1,-7084 = 2% — 2925k
0718

or T,= T .= 3633 K Ans.

p Y
22 = U] =(8)*=1837
P U,

p, = 1.873 MPa

Again
PV PV

L L

36383 =9.426 MPa Ans.

P3 = Pax = 1.837 %

W= 0, X Nyyqe = 2100 x 0.565

= 1186.5 kl/kg
=p_(v, -v,) =p,(0.884 - 0.11)

_ 11865 _ 1533 kpa=1.533 MPa Ans.

0.774

p,=me

| Example 13.2
A Diesel engine has a compression ratio of 14 and cut-off takes place at 6%

standard efficiency.

of the stroke. Find the air

Solution From Fig. Ex. 13.2

~

|

|

i
=
p

v, — v, = 0.06 (1 v, = U,y)

3
=0.06 (14 v, - v,)

=0.78 v,

vy = 1.78 v,
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Cut-offratio, r, = YL = 1.78

/)
1 1 -1 1 1 Q784 -1
MDiesel = 1——- T =l-—. 0.4
YR -1 1.4 (14)°* 1.78-1
=1-0248 - 124 _ 0605, i 60.5% Ans.
0.78

I Example 13.3

In an air standard Diesel cycle, the compression ratio is 16, and at the beginning of isentropic compres-
sion, the temperature is 15°C and the pressure is 0.1 MPa. Heat is added until the temperature at the end
of the constant pressure process is 1480°C. Calculate (a) the cut-off ratio, (b) the heat supplied per kg of
air, (c) the cycle efficiency, and (d) the m. ep.

Solution From Fig. Ex. 13.3

_u _
rk = U— =16 2 3
2 Q pi=c¢
T,=273 +15=2838K
p, = 0.1 MPa = 100 kN/m?
T,= 1480 + 273 = 1753 K 4
1
T, !
2 ﬂ] = (16)*4 = 3.03 - v
Ly, (a)
T, =288 x 3.03 = 873K
PrVs _ D3y -
T T

(a) Cut-off ratio,

rC:—— :—:*2201 Ans-

(b) Heat supplied, 0, = ¢, (I;-T,)

= 1.005 (1753 — 873)

= 884.4 ki/kg

-1 -1
L (v _[u,u) _[__16 JM =229
T, Uy U, Uy 2.01
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T,= 1753 _ 266k

2.29
Heat rejected, 0, = c, (T, - T,) = 0.718 (766 — 288) = 343.2 ki/kg

(c) Cycle efficiency = 1- 22 = 1- 382 _ 4612 or 61.2%
0, 884.4

It may also be estimated from the equation
cycle vy R -1 14 (16)° 2.01-1

—1-L. 1 164—06120r612%

W =0, X Noyepe = 884.4 x 0.612 = 541.3 kl/kg

= Bh_ 0287x288 _ 007 ik
)2 100

= %627 = 0.052 m¥kg

v, —v, = 0.827 - 0.052 = 0.775 m’/kg
(d) m.ep.= —W“L = 3413 = 698.45 kPa
U] - Uz 0775

| Example 13.4

Ans.

Ans.

Ans.

An air standard dual cycle has a compression ratio of 16, and compression begins at 1 bar, 50°C. The maxi-
mum pressure is 70 bar. The heat transferred to air at constant pressure is equal to that at constant volume.
Estimate (a) the pressures and temperatures at the cardinal points of the cycle, (b) the cycle efficiency, and

(¢) the m.e.p. of the cycle, c, = 0.718 kJ/kg K, = 1.005 kJ/kg K.

Solution Given: (Fig. Ex. 13.4)
T,=273 +50=323K

Lo_ [ﬂ]”’v1 = (16)%4

Tl U,
T,=979K
)
P,=Pp, [ﬂ] = 1.0 x (16)!“4=48.5 bar
Uy
I,=T,- 2 979 x 7% _ 1413k
D, 48.5

0, ,=c, (T,~T,) =0.718 (1413 - 979) = 312 kl/kg

Now
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Q2~3=Q3*4=cp(T4_T3)
312
T,= —— +1413=1723K
4 1.005
Vo =T _1723 — 12
v, T, 1413

Vs U Uy 16

B _u, B g3
v, v, v, 122
v~—1
T,=T,|%| =1723x —104- =615K
v 3.0
T 615
= 2 =1.0x — =19bar
Bs=h [T] 323
s @ e "
e 0) e (I, - L) +c,(T, - T3)
_ . 0.718(615—323)
312-312
= 10718292 _ ) 665 0r 66.5%  Ans. (b)
624
RT, .
o= 55 _ 0.287 sz/kg K><2323 K _ 0927 m¥ke
P 102 kN/m
v, -V, =v, — ﬂ:EU
P2 16 16 !
Wia = Q1 X Noyge = 0.665 x 624 kJ/kg
W )
mep. = — Dt = 150 665xKI/kg  _ 476 kN/m? = 4.76 bar Ans. (¢)
YTV 2240927 md/kg
16
I Example 13.5

In a gas turbine plant, working on the Brayton cycle with a regenerator of 5% effectiveness, the air at the
inlet to the compressor is at 0.1 MPa, 30°C, the pressure ratio is 6, and the maximum cycle temperature is
900°C. If the turbine and compressor have each an efficiency of 80%, find the percentage increase in the
cycle efficiency due to regeneration.

Solution Given: (Fig. Ex. 13.5)

p; = 0.1 MPa
T,=303K
T,=1173K

rp=6,1].l.=17c=0.8
Without a regenerator
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(y-1)/
L (] 2L = (6)**14 = 1.668
T; Pl T4s
T,, = 303 x 1.668 = 505 K N
1, = 173 705k
1.66
T, — —
ro7, = Bemh 5052303 _pep
Tlc

T,-T,=n(T,- T,) =08 (1173-705) = 375K
Wy=hy—h,=c,(T,-T)
= 1.005 x 375 = 376.88 kJ/kg
We=h,—h =c,(T,~T)) = 1.005 x 252 = 253.26 kl/kg
T,=252+303 =555K
Q, = hy—h,=c, (T,— T,) = 1.005 (1173 - 555) = 621.09 kl/kg
Wy —We _ 376.88-25326 _ (199 or 19.9%
o 621.09

With regenerator

T’:

T,=T,-375=1173-375=798K

T, —T,
Regenerator effectiveness = —2—2 = 0.75
a— T
. T, —555=0.75 (798 - 555)
or T,=7373K

Q, = hy—hy=c, (T, ~ T = 1.005 (1173 - 737.3) = 437.88 ki/kg

W, remains the same.
W,
p= 2me _ 12362 _ 5837 5r2837%
o) 437.9
Percentage increase due to regeneration

~ 0.2837-0.199 _ 4 4756, or 42.56%
0.199

Example 13.6

A gas turbine plant operates on the Brayton cycle between T_, = 300 K and T, = 1073 K. Find the
maximum work done per kg of air, and the corresponding cycle efficiency. How does this efficiency
compare with the Carnot cycle efficiency operating between the same two temperatures?

Solution

W oedmax = € Tz =T )> = 1:005 (41073 —4/300)?

= 1.005 (15.43)* = 239.28 kJ/kg Ans.

Taswh
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1 T. 300
Noge=1———T—- =1- |2 =} [ =0470r47% Ans.
evele (r,) 7" Tpur 1073
T 300
=1--20 =] =0.7210r72.1%
Mcamot Tm 1073 o
MBryon - 047 _ 65 Ans.
Meant 0721

Example 13.7

In an ideal Brayton cycle, air from the atmosphere at 1 atm, 300 K is compressed to 6 atm and the maxi-
mum cycle temperature is limited to 1100 K by using a large air-fuel ratio. If the heat supply is 100 MW,
find (a) the thermal efficiency of the cycle, (b) work ratio, (c) power output, (d) exergy flow rate of the
exhaust gas leaving the turbine.

Solution The cycle efficiency,
1

Neyete = 1= r;»,—l)/«,
TYT, = (r)0~ " = 1.67
T,= 501K
TJT, = 1.67, T, = 1100/1.67 = 658.7K
W, = 1.005 (501 - 300) = 202 kl/kg
W, = 1.005 (1100 — 658.7) = 443.5 kl/kg
Wo—We _ 2415

1
=1- qoana = 0.401 or 40.1% Ans. (a)

Work ratio = = 0.545 Ans. (b)
/8 4435
Power output = 100 x 0.401 = 40.1 MW Ans. (¢)
0, = mc, (T, - T,) = 100,000 kW
m = 166.1 kg/s
Exergy flow rate of the exhaust gas stream
=mc, T, §—~1—ln£ =166.1 x 1.005 x 300 @—l—lnw
P T, o 300 300

= 20.53 MW Ans.

| Example 13.8

The following refer to a stationary gas turbine:
Compressor inlet temperature = 311 K
Compressor pressure ratio = 8
Combustion chamber pressure drop = 5% of inlet pressure



Gas Power Cycles ' 407

Turbine inlet temperature = 1367 K
Turbine exit and compressor inlet pressures are atmospheric.

There exists a facility to take air from the compressor exit for use in cooling the turbine. Find the per-
centage of air that may be taken from the compressor for this purpose so that the overall cycle efficiency
drops by 5% from that of the case of no usage of compressed air for cooling of turbine. For simplicity,
assume the following: (a) Take properties of gas through the turbine as those of air, (b) Addition of cool-
ing air to the turbine and addition of fuel to the combustion chamber do not affect the turbine power,
(c) Compressor and turbine efficiencies are 0.87 and 0.90 respectively.

Solution Given: 7. = 0.87, n, = 09, T, = 311 K,
pz/pl =8,
py=095p,, T, = 1367 K, p, =p, = 1 atm,
vy=14
Case-1: No cooling ~
WC — rhacpa(T2s _Tl)
e
W= n"zgcpg(T3—T45)nT
0, = i p, (T, T;)
Here, rha=rhg=rhc=rh

Cpa = Cpg = Cpe = Sp

(TZS/TI =pzs/pl)(’7—1)/"r — 80.4/].4 =1.181

T, =5633K
Tl g, T,=601K
L-n
0.95 0.4/1.4
TJT,, = (pfp )~V = | 222 =1.785
4
T, =76583K

We =290 mc, Wy = 541.06 mc,and O, = 766 m ¢,

541.06 —290
Neyele = e =0.328
Case-2: With cooling
Neyete = 0-328 - 0.05 =0.278
Since the extraction of compressed air for turbine cooling does not contribute to turbine work
or burner fuel flow, it can be treated as an increment x added to the compressor mass flow.

541.06 —290(1+x) _ 78
766

s x=0.13
% of compressor delivery air flow = % x 100 = 11.6% Ans.
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Example 13.9

In a gas turbine plant the ratio of T max’ Lmin iS fixed. Two arrangements of components are to be investi-
gated: (a) single-stage compression followed by expansion in two turbines of equal pressure ratios with
reheat to the maximum cycle temperature, and (b) compression in two compressors of equal pressure
ratios, with intercooling to the minimum cycle temperature, followed by single-stage expansion. If 7 and
7y are the compressor and turbine efficiencies, show that the optimum specific output is obtained at the
same overall pressure ratio for each arrangement.

Ifncis0.85and 1, is0.9, andT, max’ Lmin 8 3.5, determine the above pressure ratio for optimum specific output
and show that with arrangement (a) the optimum output exceeds that of arrangement (b) by about 11%.

Solution (a) With reference to Fig. Ex. 13.9(a)

7 Py _ Dy
=Ty =T,=T,, p— B p*
4 |
Py= PP,
P _ r, pressure ratio
b

Pys =D, =1,

Py= \/"_'Pl
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where x= r-1
v
TZs = Tmin re
(ATs)wmp= I,-T,= T Toin= T ..(*=1)
T (rf—1
(AT) = 2 ( )
Mc
Y] X
L r&]“ " (| e
S Irm
—x12

T,=T,r2=T,r

(ATs)mszT3—T4S=Tmax—Tm'r_X/2=Tmax(l—r_X/Z)

(AT = T Tax (1 1) = (AT 2

W= C, tznTTm (1-r2)- Toin (- 1]\
Nc ’
W c |2n.T Xt ——T“““ x-r =0
~—%p 14 max 2 n -
c

On simplification

- max
nT nC Tmin
2y/3(y-1)
r - max
opt — |ThTlc ]
[ Tmin

(b) With reference to Fig. Ex. 13.9(b)

TZS _ [&](7—1)/'7 _ (J;)x _

T, b

min

(ATs)cnmp 1= TZS_ Tl = Tmin (rX/Z -1
T oz )
(AT) oy = Zminlr ) = (AT) g2

Tc
(v
Toue _ [p_] A
T6$ Ds
TGs = Smax r
(AT = Toan — Tos = Togn (1 =77

(AT =7 T =779

3
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27 . (7% —1
Woer = € | Tras (177 ) - _"‘ﬂ%
c
aw, ~(x+1) 2T X (w/2)1
—c T x-r — —min T, =0
5 p |74 max e 2
T 29/3(y-1)
on simplification Popt = [Tl-r"?c ﬂ]
Tin
This is the same as in (a).
If nc = 0.85’ T’T = 0.9
1_ 4 _14_7
x ~—1 04 2
Tmex _ 3
Tmin
T = (0.85 X 0.9 x 3.5)23%72 = 9 933 e
T.
W @=c, 20, T (1—p*/2) - Zmin [(x l
net P T ( ) T]C ( )

2x0.9xT,,, (1-9.9337014) - ET% (9.93302% — 1)]

=cC
P

1
=, T [2%0.9%3.5 [I_Iﬁ] —T1.178 (0.928)]
=0.670c,- T,
2
- _ -0286) _ 2 0.143 _
Woer 0) = ¢, T, [0.9x3.5 (1 9.933702%¢) YT (9.933 1)]
=¢, T, (1.518-0914) = 0.604 c T,
Wnet (a) - Wnel (b) x 100

Woet (@)
= 0.670-0.604 100 — 10.9% Proved.

0.670

Example 13.10

A turbojet aircraft flies with a velocity of 300 m/s at an altitude where the air is at 0.35 bar and — 40°C.
The compressor has a pressure ratio of 10, and the temperature of the gases at the turbine inlet is 1100°C.
Air enters the compressor at a rate of 50 kg/s. Estimate (a) the temperature and pressure of the gases at the
turbine exit, (b) the velocity of gases at the nozzle exit, and (c) the propulsive efficiency of the cycle.
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Solution (a) For isentropic flow of air in the diffusor (Fig. Ex. 13.10)

=0

-0 -0
fa-vi
e - Mo = R-h o+ 2

2
0=c, (,-T)- K;_

VZ 2
T,=T,+ - =233+ 390 _ 103
2(:p 2x1.005
=277.78K
Py=D (TZ/Tl)*r/(7~ 1)
1.4/04
=35 KN [2_77ﬁ] — 64.76 kPa
m2 | 233
Py=r,p,= 10 x 64.76 = 647.6 kPa

(=1
T,= [&] T, = 277.78 (10)°414
P,

=536.66 K

W, =W,
hy—hy=h,~h

4 5

or, ,-T,=T,-T,

T,=T,-T,+ T,= 1373 - 536.66 + 277.78 = 1114.12K

¥/(y-1) 35
I p,=647.6 [M‘_zj =311.69K Ans. (a)
T, 1373

(b) For isentropic expansion of gases in the nozzle,

(r=1)/7 0.286
T, =T, [26_] =1114.12[ 35 ] =596.12K

Ps=

Ds 311.69
Neglecting the K.E. of gas at nozzle inlet,

Ve=1[2c,(Ts— T x 100072 = [2 x 1.005 (1114.12 - 596.12) x 1000]'?
= 1020.4 m/s Ans. (b)

(c) The propulsive efficiency of a turbojet engine is the ratio of the propulsive power developed
W, to the total heat transfer to the fluid.

2
Wo =WV, — Viiod Virern = 50 [1020.4 — 300] x 300 X8 an_ = 10.806 MW

S S
Q, =w(h,—hy) =50 x 1.005 (1373 - 536.66) = 42.026 MW

= 10806 _ 557 or 25.7% Ans.
42.026

P
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Example 13.11

In a combined GT - ST plant, the exhaust gas from the GT is the supply gas to the steam generator at which
a further supply of fuel is burned in the gas. The pressure ratio for the GT is 8, the inlet air temperature is
15°C and the maximum cycle temperature is 800°C.

Combustion in the steam generator raises the gas temperature to 800°C and the gas leaves the genera-
tor at 100°C. The steam condition at supply is at 60 bar, 600°C and the condenser pressure is 0.05 bar.
Calculate the flow rates of air and steam required for a total power output of 190 MW and the overall
efficiency of the combined plant. What would be the air-fuel ratio? Assume ideal processes. Take Cog = =1.11

and c, = 1.005 kJ/kg K, Y, =133,7,=14C V. of fuel = 43.3 MJ/kg. Neglect the effect ofﬂelﬂow on
the total mass flow of gas expandmg in the gas turbine.

Solution With reference to Fig. 13.32.
T, =T, (py/p,]7 V=288 x 81404 =522 K

T, 1073 1073
T

= rph—l)M 8033/133 1.682

Wor = Cpg (r,-T)- <, (1,-1)

= 1.11 (1073 — 638) — 1.005 (522 — 288) = 249 kJ/kg
0, =c, (T,-T) = 1.11 (1073 - 522) = 612 kl/kg

=638K

o, = Cpg (T,-T)=1.11(1073 - 638)
= 483 kJ/kg
h, = 3775, h, = 2183, h; = 138 = h,, all in kJ/kg
(Q)s, = h, —hy=3775-138 = 3637 kl/kg
Q" = 1.11(800 — 100) = 777 kJ/kg
By energy balance of the steam generator,
w, X 777 = w, X 3637
w/w_ = 4.68
Wer = h,—h,=3775-2183 = 1592 kJ/kg
w, x 249 + w_ x 1592 =190 x 10° kW
w, (4.68 x 249 + 1592) = w_x 2.757 x 10° = 190 x 10
w, = 68.9 kg/s and w, = 322.5 kg/s

Now, (612 + 483) = w, x 43,300
w/w. = AJF ratio = 43300 _ 395 Ans.
1095
3225 _ _
Fuel energy input = x 43,300 = 353525 kW = 353.5 MW
Ton = —20_ = 0.537 or 53.7% Ans,

353.5
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13.13

13.14

13.15

13.16

13.17

What are cyclic and non-cyclic heat engines?
Give examples.

What are the four processes which constitute the
Stirling cycle? Show that the regenerative Stirling
cycle has the same efficiency as the Carnot cycle.
State the four processes that constitute the Ericsson
cycle. Show that the regenerative Ericsson cycle
has the same efficiency as the Carnot cycle.
Mention the merits and demerits of the Stirling
and Ericsson cycles.

What is an air standard cycle? Why are such
cycles conceived?

What is a spark ignition engine? What is the air
standard cycle of such an engine? What are its
four processes?

Show that the efficiency of the Otto cycle depends
only on the compression ratio.

How is the compression ratio of an SI engine fixed?
What is a compression ignition engine? Why is
the compression ratio of such an engine more
than that of an SI engine?

State the four processes of the Diesel cycle.
Explain the mixed or dual cycle.

For the same compression ratio and heat rejec-
tion, which cycle is most efficient: Otto, Diesel
or Dual? Explain with p—v and T-s diagrams.
With the help of p—v and T-s diagrams, show that
for the same maximum pressure and temperature
of the cycle and the same heat rejection,

biesel =~ Moual > Moto
What are the three basic components of a gas tur-

bine plant? What is the air standard cycle of such
a plant? What are the processes it consists of ?

Show that the efficiency of the Brayton cycle
depends only on the pressure ratio.

What is the application of the closed cycle gas
turbine plant?

Discuss the merits and demerits of Brayton and Otto
cycles applied to reciprocating and rotating plants.

13.18
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13.20

13.21

13.22

13.23
13.24

13.25

13.26

13.27

13.28

13.29

13.30

13.31
13.32

13.33

13.34

Gas Power Cycles T 413

What is the effect of regeneration on Brayton
cycle efficiency? Define the effectiveness of a
regenerator.

What is the effect of irreversibilities in turbine
and compressor on Brayton cycle efficiency?

Explain the effect of pressure ratio on the net
output and efficiency of a Brayton cycle.

Drive the expression of optimum pressure
ratio for maximum net work output in an ideal
Brayton cycle. What is the corresponding cycle
efficiency.

Explain the effects of: (a) intercooling, and (b)
reheating, on Brayton cycle.

What is a free shaft turbine?

With the help of flow and T-s diagrams explain
the air standard cycle for a jet propulsion plant.

With the help of a neat sketch explain the opera-
tion of a turbojet engine. How is the thrust devel-
oped in this engine? Why does a commercial air-
plane fly at high altitudes?

Define propulsive
efficiency.

power and propulsive

Why are regenerators and intercoolers not used in
aircraft engines? What is after-burning? Why is it
used?

Explain the working of a turbofan engine with the
help of a neat sketch. Define “bypass ratio”. How
does it influence the engine thrust?

How does a turboprop engine differ from a turbo-
fan engine?

What is a ramjet? How is the thrust produced
here?

What is a rocket? How is it propelled?

Explain the advantages and disadvantages of a
gas turbine plant for a utility system.

What are the advantages of a combined gas tur-
bine-steam turbine power plant?

With the help of flow and T-s diagrams explain
the operation of a combined GT-ST plant. Why is
supplementary firing often used?
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13.7
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In a Stirling cycle the volume varies between 0.03
and 0.06 m?, the maximum pressure is 0.2 MPa,
and the temperature varies between 540°C and
270°C. The working fluid is air (an ideal gas). (a)
Find the efficiency and the work done per cycle
for the simple cycle. (b) Find the efficiency and
the work done per cycle for the cycle with an ideal
regenerator, and compare with the Carnot cycle
having the same isothermal heat supply process
and the same temperature range. Ans. (a)
27.7%, 53.7 kJ/kg, (b) 32.2%

An Ericsson cycle operating with an ideal regen-
erator works between 1100 K and 288 K. The
pressure at the beginning of isothermal compres-
sion is 1.013 bar. Determine (a) the compressor
and turbine work per kg of air, and (b) the cycle
efficiency. Ans. (a) W = 465 kl/kg, W, = 121.8
kJ/kg (b) 0.738

Plot the efficiency of the air standard Otto cycle
as a function of the compression ratio for com-
pression ratios from 4 to 16.

Find the air standard efficiencies for Otto cycles
with a compression ratio of 6 using ideal gases
having specific heat ratios 1.3, 1.4 and 1.67.
What are the advantages and disadvantages of
using helium as the working fluid?

An engine equipped with a cylinder having a bore
of 15 cm and a stroke of 45 cm operates on an
Otto cycle. If the clearance volume is 2000 cm?,
compute the air standard efficiency. Ans. 47.4%

In an air standard Otto cycle the compression ratio
is 7, and compression begins at 35°C, 0.1 MPa.
The maximum temperature of the cycle is 1100°C.
Find (a) the temperature and pressure at the cardi-
nal points of the cycle, (b) the heat supplied per kg
of air, (c) the work done per kg of air, (d) the cycle
efficiency, and (¢) the m.e.p. of the cycle.

An engine working on the Otto cycle has an air
standard cycle efficiency of 56% and rejects
544 kJ/kg of air. The pressure and temperature of air
at the beginning of compression are 0.1 MPa and
60°C respectively. Compute (a) the compression ratio
of the engine, (b) the work done per kg of air, (c) the
pressure and temperature at the end of compression,
and (d) the maximum pressure in the cycle.

13.9

13.10

For an air standard Diesel cycle with a compres-
sion ratio of 15, plot the efficiency as a function
of the cut-off ratio for cut-off ratios from 1 to 4.
Compare with the results of Problem 13.3.

In an air standard Diesel cycle, the compression
ratio is 15. Compression begins at 0.1 MPa, 40°C.
The heat added is 1.675 MJ/kg. Find (a) the maxi-
mum temperature of the cycle, (b) the work done
per kg of air, (c) the cycle efficiency, (d) the tem-
perature at the end of the isentropic expansion, (¢)
the cut-off ratio, (f) the maximum pressure of the
cycle, and (g) the m.e.p. of the cycle.

Two engines are to operate on Otto and Diesel
cycles with the following data:

Maximum temperature 1400 K, exhaust tempera-
ture 700 K. State of air at the beginning of com-
pression 0.1 MPa, 300 K.

Estimate the compression ratios, the maximum
pressures, efficiencies, and rate of work outputs
(for 1 kg/min of air) of the respective cycles.
Ans. Otto—r, = 5.656, p_, = 2.64 MPa, W =
2872 kJ/kg, n = 50%

Diesel—r, = 7.456,p_. = 1.665 MPa, W = 446.45

13.11

13.12

KJ/kg, n = 60.8%

An air standard limited pressure cycle has a com-
pression ratio of 15 and compression begins at 0.1
MPa, 40°C. The maximum pressure is limited to 6
MPa and the heat added is 1.675 MJ/kg. Compute
(a) the heat supplied at constant volume per kg of
air, (b) the heat supplied at constant pressure per
kg of air, (c) the work done per kg of air, (d) the
cycle efficiency, (¢) the temperature at the end of
the constant volume heating process, (f) the cut-
off ratio, and (g) the m.e.p. of the cycle. Ans. (a)
235 kl/kg, (b) 1440 kJ/kg, (c) 1014 kJ/kg,

(d) 60.5%, (e) 1252 K, (f) 2.144, (g) 1.21 MPa

In an ideal cycle for an internal combustion
engine the pressure and temperature at the begin-
ning of adiabatic compression are respectively
0.11 MPa and 115°C, the compression ratio being
16. At the end of compression heat is added to the
working fluid, first, at constant volume, and then
at constant pressure reversibly. The working fluid
is then expanded adiabatically and reversibly to
the original volume.



13.13

13.14

13.15

An

13.16

1=

If the working fluid is air and the maximum pres-
sure and temperature are respectively 6 MPa and
2000°C, determine, per kg of air (a) the pressure,
temperature, volume, and entropy of the air at the
five cardinal points of the cycle (take s, as the
entropy of air at the beginning of compression), and
(b) the work output and efficiency of the cycle.

Show that the air standard efficiency for a cycle
comprising two constant pressure processes and
two isothermal processes (all reversible) is given

by
(T1 _ Tz) In ("p )(7—1)7

" [1 +In (rp)(”_')/’ - TZ}

where T, and 7, are the maximum and minimum
temperatures of the cycle, and r, is the pressure
ratio.

Obtain an expression for the specific work done
by an engine working on the Otto cycle in terms of
the maximum and minimum temperatures of the
cycle, the compression ratio ,, and constants of
the working fluid (assumed to be an ideal gas).

Hence show that the compression ratio for maxi-
mum specific work output is given by

(T 1/2(1-7)
T

max

A dual combustion cycle operates with a volumetric
compression ratio , = 12, and with a cut-off ratio
1.615. The maximum pressure is given by p_ =
54p,, where p, is the pressure before compression.
Assuming indices of compression and expansion

of 1.35, show that the m.e.p. of the cycle

p,=10p,
Hence evaluate (a) temperatures at cardinal points
with T, = 335 K, and (b) cycle efficiency.

.@T,=805K,p,=292p,T,=1490K, T, =

2410K, T, = 1200 K, (b) = 0.67

Recalculate (a) the temperatures at the cardinal
points, (b) the m.e.p., and (c) the cycle efficiency
when the cycle of Problem 13.15 is a Diesel cycle
with the same compression ratio and a cut-off
ratio such as to give an expansion curve coinci-
dent with the lower part of that of the dual cycle
of Problem 13.15. Ans. (@) T,=805K, T; =
1970K, T, = 1142 K (b) 6.82 p;, (¢) n = 0.513

13.17

13.18

13.19

l 415

In an air standard Brayton cycle the compres-
sion ratio is 7 and the maximum temperature of
the cycle is 800°C. The compression begins at
0.1 MPa, 35°C. Compare the maximum specific
volume and the maximum pressure with the Otto
cycle of Problem 13.6. Find (a) the heat supplied
per kg of air, (b) the net work done per kg of air,
(c) the cycle efficiency, and (d) the temperature at
the end of the expansion process.

Gas Power Cycles

A gas turbine plant operates on the Brayton cycle
between the temperatures 27°C and 800°C. (a)
Find the pressure ratio at which the cycle effi-
ciency approaches the Carnot cycle efficiency,
(b) find the pressure ratio at which the work done
per kg of air is maximum, and (c) compare the
efficiency at this pressure ratio with the Carnot
efficiency for the given temperatures.

In a gas turbine plant working on the Brayton cycle
the air at the inlet is at 27°C, 0.1 MPa. The pres-
sure ratio is 6.25 and the maximum temperature
is 800°C. The turbine and compressor efficiencies
are each 80%. Find (a) the compressor work per
kg of air, (b) the turbine work per kg of air, (c)
the heat supplied per kg of air, (d) the cycle effi-
ciency, and (e) the turbine exhaust temperature.

Ans. (a) 259 kl/kg, (b) 351.68 kl/kg, (c) 569.43 ki/kg, (d)

13.20

13.21

13.22

1323

13.24

13.25

13.26

13.27

16.2%, (e) 723 K

Solve Problem 13.19 if a regenerator of 75%
effectiveness is added to the plant.

Solve Problem 13.19 if the compression is
divided into two stages, each of pressure ratio 2.5
and efficiency 80%, with intercooling to 27°C.

Solve Problem 13.21 if a regenerator of 75%
effectiveness is added to the plant.

Solve Problem 13.19 if a reheat cycle is used. The
turbine expansion is divided into two stages, each
of pressure ratio 2.5 and efficiency 80%, with
reheat to 800°C.

Solve Problem 13.23 if a regenerator of 75%
effectiveness is added to the plant.

Solve Problem 13.24 if the staged compression of
Problem 13.21 is used in the plant.

Find the inlet condition for the free-shaft turbine if
a two-shaft arrangement is used in Problem 13.19.
A simple gas turbine plant operating on the Brayton
cycle has air inlet temperature 27°C, pressure ratio
9, and maximum cycle temperature 727°C.
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13.28

13.29

13.30

1331

13.32

What will be the improvement in cycle efficiency
and output if the turbine process is divided into
two stages each of pressure ratio 3, with interme-
diate reheating to 727°C?  Ans. — 18.3%, 30.6%

Obtain an expression for the specific work output
of a gas turbine unit in terms of pressure ratio,
isentropic efficiencies of the compressor and tur-
bine, and the maximum and minimum tempera-
tures, T, and T,. Hence show that the pressure
ratio r for maximum power is given by

v/ 2(y—1)

r. = 7) n .]:l

JJ Tllc T,
HT,=1073K,T, = 300K, n.= 08,7, =08
and vy = 1.4 compute the optimum value of pres-
sure ratio, the maximum net work output per kg
of air, and corresponding cycle efficiency. Ans.
4.263, 100 kJ/kg, 17.2%

A gas turbine plant draws in air at 1.013 bar, 10°C
and has a pressure ratio of 5.5. The maximum
temperature in the cycle is limited to 750°C.

Compression is conducted in an uncooled rotary
compressor having an isentropic efficiency of
82%, and expansion takes place in a turbine
with an isentropic efficiency of 85%. A heat
exchanger with an efficiency of 70% is fitted
between the compressor outlet and combustion
chamber. For an air flow of 40 kg/s, find (a) the
overall cycle efficiency, (b) the turbine output,
and (c) the air-fuel ratio if the calorific value of
the fuel used in 45.22 MJ/kg. Ans. (a) 30.4%, (b)
4272 kW, (c) 115

A gas turbine for use as an automotive engine is
shown in Fig. P 13.30. In the first turbine, the gas
expands to just a low enough pressure p, for the
turbine to drive the compressor. The gas is then
expanded through a second turbine connected to
the drive wheels. Consider air as the working fluid,
and assume that all processes are ideal. Determine
(a) pressure p;, (b) the net work per kg and mass
flow rate, (c) temperature T, and cycle thermal
efficiency, and (d) the 7-s diagram for the cycle.

Repeat Problem 13.30 assuming that the com-
pressor has an efficiency of 80%, both the tur-
bines have efficiencies of 85%, and the regenera-
tor has an efficiency of 72%.

An ideal air cycle consists of isentropic compres-
sion, constant volume heat transfer, isothermal

13.33

13.34

13.35

13.36

13.37

expansion to the original pressure, and const.ut
pressure heat transfer to the original temperature.
Deduce an expression for the cycle efficiency in
terms of volumetric compression ratio 7, and
isothermal expansion ratio, 7. In such a cycle,
the pressure and temperature at the start of com-
pression are 1 bar and 40°C, the compression
ratio is 8, and the maximum pressure is 100 bar.
Determine the cycle efficiency and the m.e.p.

Ans. 51.5%, 3.45 bar

For a gas turbine jet propulsion unit, shown in
Fig. 13.24, the pressure and temperature entering
the compressor are 1 atm and 15°C respectively.
The pressure ratio across the compressor is 6 to 1
and the temperature at the turbine inlet is 1000°C.
On leaving the turbine the air enters the nozzle
and expands to 1 atm. Determine the pressure at
the nozzle inlet and the velocity of the air leaving
the nozzle.

Repeat Problem 13.33, assuming that the effi-
ciency of the compressor and turbine are both
85%, and that the nozzle efficiency is 95%.

Develop expressions for work output per kg and
the efficiency of an ideal Brayton cycle with
regeneration, assuming maximum possible regen-
eration. For fixed maximum and minimum tem-
peratures, how do the efficiency and work outputs
vary with the pressure ratio? What is the optimum
pressure ratio?

For an air standard Otto cycle with fixed intake and
maximum temperatures, T’ , and T, find the com-
pression ratio that renders the net work per cycle
a maximum. Derive the expression for cycle effi-
ciency at this compression ratio.

If the air intake temperature, T 1» is 300 K and
the maximum cycle temperature, T3, is 1200 K,
compute the compression ratio for maximum net
work, maximum work output per kg in a cycle,
and the corresponding cycle efficiency.

Find the changes in work output and cycle effi-
ciency when the compression ratio is increased
from this optimum value to 8. Take ¢, = 0.718
kJkg K.

Ans. 5.65, 215 kl/kg, 50%, AW, = - 9 kl/kg,
An =+ 64%

Show that the mean effective pressure, p_, for the
Otto cycle is given by
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= (P3 - Pl"kv)

1__3_7]
('7”1)(rk ‘1)

there P3 = Progo Pr = Prmin and r, is the compres-
sion ratio.

A gas turbine plant operates on the Brayton
cycle using an optimum pressure ratio for maxi-
mum net work output and a regenerator of 100%
effectiveness.

Derive expressions for net work output per kg
of air and corresponding efficiency of the cycle
in terms of the maximum and the minimum
temperatures.

If the maximum and minimum temperatures are
800°C and 30°C respectively, compute the opti-
mum value of pressure ratio, the maximum net
work output per kg and the corresponding cycle
efficiency.

Ans. (W) pax = €, (\/Fm:_ m)z

(nc}’cle)max =1- " Tmin > (rP)OP‘ =9.14,
Tmax

(W) e = 236.79 KI/Kg; 7, = 0.469

A gas turbine unit is to provide peaking power
for an electrical utility with a net power output of
10 MW. The pressure ratio across the compressor
is 7, the efficiency of the compressor 80%, and
the efficiency of the turbine is 92%. In order to

13.40

Wiy = 150 kW

Power
e 1)

t, = 920°C
p;=1atm

conserve fuel, a regenerator with an effectiveness
of 85% is used. The maximum temperature of the
cycle is 1200 K. The air at compressor inlet is at
20°C, 1.1 bar. Assume the working fluid to be air
which behaves as an ideal gas with c,= 1.005 kJ/
kg K and v = 1.4. Neglect pressure drops in the
combustion chamber and regenerator. Determine
the required air flow and the fuel flow rates for
a fuel heating value of 42 MJ/kg, and the power
plant efficiency.

Show that for the Stirling cycle with all the pro-
cesses occurring reversibly but where the heat
rejected is not used for regenerative heating, the
efficiency is given by

l£—1]+(7—1)lnr

T2

=l T,
L il4(v-1)2tn
[Tz ]“L(” g,

where r is the compression ratio and T,/T, the
maximum to minimum temperature ratio.

Determine the efficiency of this cycle using
hydrogen (R = 4.307 kJ/kg K, ¢, = 14.50 kJ/kg
K) with a pressure and temperature prior to iso-
thermal compression of 1 bar and 300 K respec-
tively, a maximum pressure of 2.55 MPa and
heat supplied during the constant volume heat-
ing of 9300 kJ/kg. If the heat rejected during
the constant volume cooling can be utilized to
provide the constant volume heating, what will
be the cycle efficiency? Without altering the
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temperature ratio, can the efficiency be further
improved in the cycle?

Helium is used as the working fluid in an ideal
Brayton cycle. Gas enters the compressor at 27°C
and 20 bar and is discharged at 60 bar. The gas is
heated to 1000°C before entering the turbine. The
cooler returns the hot turbine exhaust to the tem-
perature of the compressor inlet. Determine: (a) the
temperatures at the end of compression and expan-
sion, (b) the heat supplied, the heat rejected and the
net work per kg of He, and (c) the cycle efficiency
and the heat rate. Take ¢, =5.1926 kl/’kg K.

Ans. (a) 465.5, 820.2 K, (b) 4192.5, 2701.2,
1491.3 kl/kg, (c) 0.3557, 10,121 kJ/kWh

In an air standard cycle for a gas turbine jet propul-
sion unit, the pressure and temperature entering the
compressor are 100 kPa and 290 K, respectively.
The pressure ratio across the compressor is 6 to 1
and the temperature at the turbine inlet is 1400 K.
On leaving the turbine the air enters the nozzle and
expands to 100 kPa. Assuming that the efficiency
of the compressor and turbine are both 85% and
that the nozzle efficiency is 95%, determine the
pressure at the nozzle inlet and the velocity of the
air leaving the nozzle. Ans. 285 kPa, 760 m/s

A stationary gas turbine power plant operates
on the Brayton cycle and delivers 20 MW to
an electric generator. The maximum tempera-
ture is 1200 K and the minimum temperatures
is 290 K. The minimum pressure is 95 kPa and
the maximum pressure is 380 kPa. If the isen-
tropic efficiencies of the turbine and compres-
sor are 0.85 and 0.80 respectively, find (a) the
mass flow rate of air to the compressor, (b) the
volume flow rate of air to the compressor, (c)
the fraction of the turbine work output needed to
drive the compressor, (d) the cycle efficiency.

If a regenerator of 75% effectiveness is added
to the plant, what would be the changes in the
cycle efficiency and the net work output?  Ans.
(a) 126.37 kg/s, (b) 110.71 m%s, (c) 0.528, (d)
0.2146, Anp = 0.148 AW, =0

Air enters the compressor of a gas turbine operating
on Brayton cycle at 1 bar, 27°C. The pressure ratio
in the cycle is 6. Calculate the maximum tempera-
ture in the cycle and the cycle efficiency. Assume
W.=25W.andy=14. Ans. 1251.4K, 40%

13.45
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In an ideal jet propulsion cycle, air enters the con-
pressor at 1 atm, 15°C. The pressure of air leaving
the compressor is 5 atm and the maximum tem-
perature is 870°C. The air expands in the turbine
to such a pressure that the turbine work is equal to
the compressor work. On leaving the turbine the
air expands reversibly and adiabatically in a nozzle
to 1 atm. Determine the velocity of air leaving the
nozzle. Ans. 710.3 m/s

In a gas turbine the compressor is driven by the
h.p. turbine. The exhaust from the h.p. turbine
goes to a free-shaft 1.p. turbine which runs the
load. The air flow rate is 20 kg/s, and the mini-
mum and maximum temperatures are respectively
300 K and 1000 K. The compressor pressure ratio
is 4. Calculate the pressure ratio of the 1.p. turbine
and the temperature of the exhaust gases from the
unit. The compressor and turbine are isentropic.
Take <, of air and exhaust gases as 1 kJ/kg K and
y=14. Ans. 23,673 K

A regenerative gas turbine with intercooling and
reheat operates at steady state. Air enters the com-
pressor at 100 kPa, 300 K with a mass flow rate
of 5.807 kg/s. The pressure ratio across the two-
stage compressor as well as the turbine is 10. The
intercooler and reheater each operate at 300 kPa.
At the inlets to the turbine stages, the temperature
is 1400 K. The temperature at inlet to the second
compressor stage is 300 K. The efficiency of each
compressor and turbine stage is 80%. The regen-
erator effectiveness is 80%. Determine (a) the
thermal efficiency, (b) the back work ratio, w./
W., (c) the net power developed. Ans. (a) 0.443,
(b) 0.454, (c) 2046 kW

In a regenerative gas turbine power plant air enters
the compressor at 1 bar, 27°C and is compressed
to 4 bar. The isentropic efficiency of the compres-
sor is 80% and the regenerator effectiveness is
90%. All of the power developed by the h.p. tur-
bine is used to drive the compressor and the 1.p.
turbine provides the net power output of 97 kW.
Each turbine has an isentropic efficiency of 87%
and the temperature at inlet to the h.p. turbine is
1200 K. Determine (a) the mass flow rate of air
into the compressor, (b) the thermal efficiency, (c)
the temperature of the air at the exit of the regen-
erator. Ans. (a) 0.562 kg/s, (b) 0.432, (c) 523.2K



14.1 ‘ REFRIGERATION BY NON-CYCLIC PROCESSES

Refrigeration is the cooling of a system below the temperature of its surroundings.
The melting of ice or snow was one of the earliest methods of refrigeration and is still employed. Ice melts

at 0°C. So when ice is placed in a given space
warmer than 0°C, heat flows into the ice and the
space is cooled or refrigerated. The latent heat of
fusion of ice is supplied from the surroundings,
and the ice changes its state from solid to liquid.
Another medium of refrigeration is solid
carbon dioxide or dry ice. At atmospheric pres-

sure CO, cannot exist in a liquid state, and con- 60°C | - - -

Per = 73 atm
t = 31°C

Py =5.11 atm
Py = —60°C

Heat of

sequently, when solid CO, is exposed to atmo-

1 atm ~ sublimation

-78.5°Ct- -
i limates, i.e. it irectl S+ V
sphere, it sublimates, i.e. it goes directly from 650 kilkg // /

solid to vapour, by absorbing the latent heat of

sublimation (620 kJ/kg at 1 atm, —78.5°C from — s

the surroundings (Fig. 14.1). Thus dry ice is
suitable for low temperature refrigeration.

:4 id = T-s diagram of CO,

In these two examples it is observed that the refrigeration effect has been accomplished by non-cyclic
processes. Of greater importance, however, are the methods in which the cooling substance is not consumed

and discarded, but used again and again in a thermodynamic cycle.

14.2 ‘ REVERSED HEAT ENGINE CYCLE

A reversed heat engine cycle, as explained in Sec. 6.12, is visualized as an
engine operating in the reverse way, i.e. receiving heat from a low tempera-
ture region, discharging heat to a high temperature region, and receiving a net
inflow of work (Fig. 14.2). Under such conditions the cycle is called a hear
pump cycle or a refrigeration cycle (see Sec. 6.6). For a heat pump

(cop), , = 9_ 9
W 0-0,
and for a refrigerator
(cop) . = &__9
ref 174 Q1 _ Q2
The working fluid in a refrigeration cycle is called a refrigerant. In the
reversed Carnot cycle (Fig. 14.3), the refrigerant is first compressed reversibly

Fig.14.2  Reversed heat
engine cycle
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and adiabatically in process 1-2 where the work input per kg of Q
refrigerant is /¥, then it is condensed reversibly in process 2-3 where Condenser
the heat rejection is Q,, the refrigerant then expands reversibly and Pe
adiabatically in process 3—4 where the work output is ¥, and finally Compressor TO we
it absorbs heat Q, reversibly by evaporation from the surroundings Expansion
in process 4-1. ~ |, | engine —
A
Here Q,=T\(s,—53), @, = Ty(5, =5, We @ Fv—aﬂator P !
w_.r
and Wnet:WC_WE=Q1_Q2=(T1_T2)(S1_s4) Q
where T is the temperature of heat rejection and T, the temperature ®
of heat absorption. '
o it Q
(COPref)m :WZ :T ZT — T 3/ P2 T X
net 1742 1-- | 2
; o w
and (COPyp) = & __h (14.1) L~
B Wnet Ti - 2 T /P1 c
27 4 1
As shown in Sec. 6.16, these are the maximum values for any refrig- %% o~
erator or heat pump operating between T, and 7,. It is important to s

note that for the same 7, or 7, the COP increases with the decrease
in the temperature difference (T, — T,), i.e. the closer the tempera-
tures 7, and T, the higher the COP.

(b)

Reversed carnot cycle

14.3 ‘ VAPOUR COMPRESSION REFRIGERATION CYCLE

In an actual vapour refrigeration cycle, an expansion engine, as shown in Fig. 14.3, is not used, since power
recovery is small and does not justify the cost of the engine. A throttling valve or a capillary tube is used
for expansion in reducing the pressure from p, to p, The basic operations involved in a vapour compression
refrigeration plant are illustrated in the flow diagram, Fig. 14.4, and the property diagrams, Fig. 14.5.

The operations represented are as follows for an idealized plant:

1. Compression A reversible adiabatic process 12 or 1’-2/ either starting with saturated vapour (state 1),
called dry compression, or starting with wet vapour (state 1'), called wet compression. Dry compression
(1-2) is always preferred to wet compression (1'-2"), because with wet compression there is a danger of the
liquid refrigerant being trapped in the head of the cylinder by the rising piston which may damage the valves
or the cylinder head, and the droplets of liquid refrigerant may wash away the lubricating oil from the walls
of the cylinder, thus accelerating wear.

It is, therefore, desirable to have compression with vapour initially dry saturated at 1, as shown in Fig. 14.5(b)
or even slightly superheated. The state of the vapour at the end of dry compression will be at 2 at pressure p,
which is the saturation pressure of the refrigerant corresponding to the condensing temperature ¢, instead of
being at ¢, for the Carnot cycle. The increased work of the cycle due to the dry compression instead of wet
compression is given by the area 2-2'-2", known as superheat horn (Fig. 14.5(b))

2. Cooling and Condensing A reversible constant pressure process, 2-3, first desuperheated and then
condensed, ending with saturated liquid. Heat Q, is transferred out.
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apour compression refrigeration cycle: Throttling vs Isentropic expansion

()

3. Expansion An adiabatic throttling process 3—4, for which enthalpy remains unchanged. States 3 and 4
are equilibrium points. Process 3—4 is adiabatic (then only A, = h, by S.FE.E.), but not isentropic.

szdp
Tds =dh—vdp, or s4—s3_—__f_T_
P
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Hence it is irreversible and cannot be shown in property diagrams. States 3 and 4 have simply been joined
by a dotted line.

The positive work recovered during the isentropic expansion in the expansion engine is given by the area
3 —a— b -4/ (Fig. 14.5(d)), which is much smaller than the compressor work given by the area 1 =2 —a - b
— 1. In a steady flow process, the work done is given by — f vdp. For the same pressure difference dp, the
work depends on the volume v of the working fluid.

In the expander, the refrigerant is in the liquid phase, whereas in the compressor, it is in the gas phase. The
volume of the vapour is very large compared to the volume of the liquid(vg> >v,). Hence, the positive work
of isentropic expansion is seldom large enough to justify the cost of the expander. Moreover, the friction and
other losses may exceed the gain in work. Therefore, the isentropic expansion process of the Carnot cycle is
replaced by a simple throttling or isenthalpic process by the use of a throttle valve or a capillary tube.

4. Evaporation A constant pressure reversible process, 41, which completes the cycle. The refrigerant
is throttled by the expansion valve to a pressure, the saturation temperature at this pressure being below the
temperature of the surroundings. Heat then flows, by virtue of temperature difference, from the surround-
ings, which gets cooled or refrigerated, to the refrigerant, which then evaporates, absorbing the latent heat of
evaporation. The evaporator thus produces the cooling or the refrigerating effect, absorbing heat Q, from the
surroundings by evaporation.

In refrigeration practice, enthalpy is the most sought-after property. The diagram in p—h coordinates is
found to be the most cor ,'nient. The constant property lines in the p—h diagram are shown in Fig. 14.6, and
the vapour compression cycle in Fig. 14.7.

14.3.1 Performance and Capacity of a Vapour Compression Plant

Figure 14.8 shows the simplified diagram of a vapour compression refrigeration plant.
When steady state has been reached, for 1 kg flow of refrigerant through the cycle, the steady flow energy equa-
tions (neglecting K.E. and PE. changes) may be written for each of the components in the cycle as given below.

Compressor h + W, =h,
W.= (h,— h) kl/kg

Subcooled
Critical point Region toona Critical Point
t‘l
Sat lig.
line
(x=0)
7
Liquid vap. —— h Sat. vap.
mixture line (x=1)
Fjg.lé.ﬁ Phase diagram with constant property lines Fig,14.7 Vapour compression cycle on

on p-h plot p-h diagram
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Condenser h,=Q, + h, Q

AW Pe

= (h,— h,) kI/k
Q= (h, ~hy) kilke Condenser -®
Expansion valve hy=h, Expansion  Space to be cooled
or refrigerated
or (hf)P1 = (hf)pz + Xy (hfg)p2 We
Compressor
_ () P = (k) o
=
(hfg ) p2

. . . . 8 Vapour compression plant
This is the quality of the refrigerant at the inlet to ve Vap P P

the evaporator (mass fraction of vapour in liquid-vapour mixture).
Evaporator h,=Q,=h,
) 0,=(h,—h) kl/kg
This is known as the refrigerating effect, the amount of heat removed from the surroundings per unit mass
flow of refrigerant.

If the p-h chart for a particular refrigerant is available with the given parameters, it is possible to obtain
from the chart the values of enthalpy at all the cardinal points of the cycle. Then for the cycle

cop=L _h-h (14.2)
We h—h
If w is the mass flow of refrigerant in kg/s, then the rate of heat removal from the surroundings
=w(h,— h)) KIls =w(h —h,) x 3600 kJ/h

One tonne of refrigeration is defined as the rate of heat removal from the surroundings equivalent to the
heat required for melting 1 tonne of ice in one day. If the latent heat of fusion of ice is taken as 336 kJ/kg, then
1 tonne is equivalent to heat removal at the rate of (1000 x 336)/24 or 14,000 kJ/h
.. Capacity of the refrigerating plant

apacity of the relfigeratng p w(h — hy)x 3600

14,000
One ton or ton or tonne of refrigeration is SI units is often taken approximately equivalent to the heat
removal rate of 3.5 kW or 210 kJ/min or 12,600 kJ/h.
The rate of heat removal in the condenser
Q,=w(h,—hy)Kl/s
If the condenser is water-cooled, 71, the flow-rate of cooling water in kg/s, and (¢, — ) the rise in temp-

erature of water, then .
Ql = W(hz '—h?) =m., (tc2 _tcl)k‘l/S

provided the heat transfer is confined only between the refrigerant and water, and there is no heat interaction
with the surroundings. ’
The rate of work input to the compressor
W, =w(h,— h)kl/s
Expressing the power consumption per ton of refrigeration as unit power consumption, we have mass flow
rate and power consumption per ton refrigeration.

tonnes

3.5
— 22 kg/(SATR)
“T o
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35l zhlkw,s _ 35 kw

=3 5[ ViR = cop /TR
Theoretical piston displacement of the compressor or suction volume flow rate

V =wv, m¥s

where v, is the specific volume at suction:

wy,
Mvol
where 7, is the volumetric efficiency, defined later. Suction volume requirement per ton is

V= EIQUI m?/(minx TR)

2
The isentropic discharge temperature ¢, can be found by one of the following three methods:

m’/s

Actual piston displacement =

(i) Graphically, from the p—4 diagram of the refrigerant by drawing the isentropic line from point 1
(at pressure p, ) to pressure p, or by iteration, finding ¢, corresponding to s, =5,
(ii) Using saturation properties and the specific heat of vapour o

s=s5=5+c, 1n-17[
(iii) Using superheat tables and interpolating for the degree of superheat T, Tz) corresponding to the

entropy difference (s, —s;) which is known.
Degree of subcooling

14.3.2 Actual Vapour Compression Cycle |__/,| 7 &L
In order to ascertain that there is no droplet of liquid St Aw 7 /,
refrigerant being carried over into the compressor, N ' :// //
some superheating of vapour is recommended after I | /)' /
the evaporator. 1717 ,
A small degree of subcooling of the liquid refrig- "1/ 4 - 1
erant after the condenser is also used to reduce the x; Xﬁ 4 /ﬁﬂ"& Degree of superheat
mass of vapour formed during expansion, so that too — oh

many vapour bubbles do not impede the flow of liquid
refrigerant through the expansion valve.

Both the superheating of vapour at the evaporator
outlet and the subcooling of liquid at the condenser outlet contribute to an increase in the refrigerating effect as
shown in Fig. 14.9. The compressor discharge temperature, however, increases, due to superheat, from t tot,,
and the load on the condenser also increases.

Sometimes, a liquid-line heat exchanger is
used in the plant, as shown in Fig. 14.10. The
liquid is subcooled in the heat exchanger, reduc-
ing the load on the condenser and improving the T
COP. For 1 kg flow Q p,

Q,=hy—h;, O, =h,—h, 4
W.=h,—h b—a,—+

c

Superheat and subcooling in a vapour
compression cycle

3 lc =40°C 2 2

te=—-5C 1
=_10°C

and

h,— hy=hy—h, h—

Effect of evaporator pressure
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14.3.3 Effect of Change in Operating Conditions on the Performance of Vapour
Compression Cycle

(a) Effect of Evaporator Pressure For a single stage, freon compressor, let 7, = -5°C, ¢, = 40°C. Let
there be a decrease of evaporator temperature to —10°C. (Fig. 14.10). It is found that there is

. . . . ’ ,
(i) adecrease in refrigerating effect from (k, — h,) to (k) —hy)
(ii) an increase in specific volume of suction vapour from v, to o (v > ).
(iii) a decrease in volumetric efficiency, due to increase in the pressure ratio

(iv) an increase in compressor work from (h, — h,) to (h, —h)).

(b) Effect of Condenser Pressure An increase
in condensing pressure results in a decrease of the 3 AT, = 45°C
refrigerating capacity and an increase in power con- Piz 3 t—40c \ 2
sumption, as seen from the cycle 1-2-3—4 changed 2

to cycle 1-2'-3/—4’ for ¢, = 45°C from ¢, = 40°C,
as seen in Fig. 14.11. The decrease in refrigerating

p—
s
o".
I
|
[¢)]
(]
(9]
N
X

o . . . P
capacity is due to the decrease in refrigerating effect ! / 4 & 1
and volumetric efficiency. The increase in power —Q,
consumption is due to the increased mass flow due f—Q, = (hy — hy)

to decreased refrigerating effect and an increase
in specific work due to increased pressure ratio,
although the isentropic line remains the same.

h —

:Effect of condenser pressure

(c) Effect of Suction Vapour Superheat

Superheating of suction vapour is useful, as mentioned earlier, because it ensures complete vaporization
of liquid in the evaporator before it enters the compressor. It can be seen from Fig. 14.12, that the effect of
superheating of the vapour from ¢, = ¢, to t is as follows:

(i) increase in specifici volume of suction Steeper isentropic  Flatter isentropic
vapour from v, to v,
(ii) increz}se ;ln refrigerating effect from (b, — h,) 3 o | 2
to —ny).
(iii) increase in specific work from (A, — hl) T ) Vi
to (k) —h)). t, h ¢
. . . Q / 4 Y
(iv) increase in condenser load from (h, — k) 3l 4
to (K, —hy), | —t=tiot

(d) Effect of Liquid Subcooling It is possible to
reduce the temperature of the liquid refrigerant by
installing a subcooler between the condenser and
the expansion valve. The effect of subcooling of the
liquid from £, = £, to t; (Fig. 14.13), it is seen that subcooling reduces flashing of the liquid during expansion
(x4 < x,) and increases the refrigerating effect. Cooling water usually first passes through the subcooler and

Effect of suction vapour superheat
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:

L=t Condenser o

ty s

regenerative —————

Liquid-vapour
heat exchanger §

1% 1

313 L 2

Evaporator

%@ Effect of using suction line regenerative
heat exchange

then through the condenser. Subcooling of liquid
reduces bubble formation which impedes the flow
through the expansion valve or capillary tube.

(e) Effect of Using Suction Line Regenerative
Heat Exchanger A liquid — vapour regenerative

heat exchanger may be installed as shown in Fig. T ]
14.14. In this, the refrigerant from the evaporator is o / et
superheated in the regenerator with consequent sub- =

cooling of the liquid from the condenser (Fig. 14.15). / 4l 4 te v

Since the mass flow rate of the liquid and vapour is

the same, by energy balance we have

hl/ —h=h— hs'/ h '
(hs ~ hiy)—=—| e - hy)
The degree of superheat (1 —r,) and the degree of
subcooling (¢, —¢#;) need not be the same, since the A8:; Vapour compression system with

specific heats of the vapour and liquid phases are T liquid-vapour regenerative heat exchanger
different. For 1-kg flow, , )
Oy =h—h, O =h—n

We="hy—h, h—~h=h—h

/
cop="="
b —hy

14.3.4 Actual Vapour Compression Cycle

As the refrigerant flows through the condenser, evaporator and piping, there will be drops in pressure. There
will also be heat losses or gains depending on the temperature difference between the refrigerant and the sur-
roundings. Further, compression will be polytropic with friction and heat transfer instead of isentropic. The
actual vapour compression cycle may have some or all of the items of departure from the simple saturation
cycle as enlisted below and shown on the p-h diagram as shown in Fig. 14.16.



(i) Superheating of vapour in the evaporator,
1d-1c

(i) Heat gain and superheating of the vapour
in the suction line, lc — 14
(iii)  Pressure drop in the suction line, 16 — la
(iv) Pressure drop due to throttling in the
compressor—suction valve, la — 1
(v) Polytropic compression, 1 —2
(vi) Pressure drop at the compressor—-
discharge valve, 2 - 2a
(vii) Pressure drop in the delivery line, 2a - 2b
(viii) Heat loss and desuperheating of vapour
in the delivery line, 2b — 2¢
(ix) Pressure drop in the condenser, 25 — 3
(x) Subcooling of the liquid in the condenser,
3-3a
(xi) Heat gain in the liquid line, 3a - 3b
(xii) Pressure drop in the evaporator, 4 - 1d

It may be observed that the pressure drop in the

p ——

Pe1
Pe2

3a

Refrigeration Cycles

3b

evaporator is large, while that in the condenser is not significant.

14.3.5 Components in a Vapour Compression Plant

(a) Condenser 1t is in the condenser that heat is
rejectedinavapourcompressionplant. Desuperheating
of the vapour takes place in the discharge line and
in the first few coils of the condenser. It is followed
by the condensation of the vapour at the saturation
temperature. Then, subcooling may take place
near the bottom. However, the sensible heat of the
desuperheating and subcooling processes is quite
small compared to the latent heat of condensation.

The type of condenser is generally characterized
by the cooling medium used. There are three types
of condensers: (i) air-cooled condensers, (ii) water-
cooled condensers, and (iii) evaporative condensers.
An air-cooled condenser is used in small self-
contained units below 5 TR because of high power
consumption and large fan noise.

Water-cooled condensers can be of three types,

4 1d

/ 1c 1b

/ /18.1 P
h——

Actual vapour compression cycle on
p-h diagram

Refrigerant vapour

!

Refrigerant liquid

: Schematic representation of a two-pass
water-cooled shell and tube condenser

viz., shell and tube, shell and coil and double tube. The shell-and-tube type with water flowing through tubes
and the refrigerant condensing in the shell is the most commonly used condenser (Fig. 14.17).

(b) Expansion Device An expansion device in a refrigeration system normally serves two functions, viz.,
(i) it reduces the pressure from the condenser to the evaporator, and (ii) it regulates the flow of the refrigerant
to the evaporator depending on the load. It is essentially a restriction offering resistance to flow so that the
pressure drops, resulting in a throttling process. There are two types of such devices, viz.,
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(i) Variable restriction type
(ii) Constant restriction type
In the variable restriction type, the extent of opening or area of flow keeps on changing depending on the
control required. There are two types of such control devices:

(i) Automatic expansion valve
(ii)) Thermostatic expansion valve

The constant restriction type device is the capillary tube which is a long narrow tube of small diameter.
Once the size and length are fixed, the evaporator pressure, etc., gets fixed. No modification in the operating
conditions is possible.

The basic function of an automatic expansion valve (A.E.V))"is to maintain constant pressure in the
evaporator. A bellows is acted on by forces to push a needle to open or close the orifice with the variation
of cooling load.

A thermostatic expansion valve, (T.E.V.) maintains a constant degree of superheat in the evaporator.
A sensing bulb at the evaporator outlet maintains the constant temperature of the refrigerant entering the
compressor (Fig. 14.18).

(c) Compressor Compressors may be of three types: (1) reciprocating, (b) rotary, and (c) centrifugal. When
the volume flow rate of the refrigerant is large, centrifugal compressors are used. Rotary compressors are
used for small units. Reciprocating compressors are used in plants up to 100 tonnes capacity. For plants of
higher capacities, centrifugal compressors are employed.

Bulb
| D

To
compressor

Evaporator
(b)

: Arrangement showing installation of thermostatic expansion valve and its thermal bulb

*To understand the mechanisms and functions of the A.E.V. and T.E.V. See Refrigeration and Air Conditioning by C.P. Arora. The T.E.V.
mezts the varying load requirements better than the A.E.V.
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In reciprocating compressors, which may be single-cylinder or multi-cylinder ones, because of clearance,
leakage past the piston and valves, and throttling effects at the suction and discharge valves, the actual volume
of gas drawn into the cylinder is less than the volume displaced by the piston. This is accounted for in the term
volumetric efficiency, which is defined as

_Actual volume of gas drawn at evaporator pressure and temperature
vol ™

: Piston displacement
.". Volume of gas handled by the compressor

:w-v,(ms/s)-——

™ .2 N
—D*L—n|x
4" 60 ] ool

where w is the refrigerant flow rate,
v, is the specific volume of the refrigerant at the compressor inlet,
D and L are the diameter and stroke of the compressor,
n is the number of cylinders in the compressor, and
Nis the r.p.m.
The clearance volumetric efficiency is given by Eq. (18.13)
1/n
=1+Cc-c|2
Tvol + P,

where C is the clearance. For details see the Chapter 19.

(d) Evaporator The evaporator is the component of a refrigeration system in which heat is removed from
air, water, brine, etc, required to be cooled by the evaporating refrigerant. Evaporators are classified as flooded
or dry. In flooded evaporators, the liquid refrigerant covers the entire heat transfer surface. A float valve is
used for the expansion of the refrigerant. In dry evaporators, a part of the heat transfer surface is used for the
superheating of vapour. A thermostatic expansion valve for large units or a capillary tube for small units is
used in conjunction with a dry evaporator. The refrigerant flows inside the tubes in dry or direct expansion
(D — X) evaporators, whereas it flows outside the tubes in flooded evaporators. One D — X coil with fins on
the air side is shown in Fig. 14.19 with 4 rows of tubing and a T.E.V.

14.3.6 Multi-Stage Vapour Compression Systems

For a given condensation temperature, the lower the evaporator temperature, the higher becomes the compressor
pressure ratio. For a reciprocating compressor, a high pressure ratio across a single stage means low volumetric

Thermostatic
expansion valve Air in cross-flow
Liquid fine ’4‘)‘” 4
- - Y- Finned
Row 3 )) D-x
coil
Suction line ) Row2
-—
\ Row 1

t 4 ¢ ¢

- Mustration of a dry evaporator, direct-expansion cooling coil with thermosatic-expansion valve




430 ' Basic and Applied Thermodynamics

Q

Condenser
P
1@

my

X @ Pi —

1
Pl @ oo 5///’;\\ 4

compressor Q
T | f
. A my
i 6
[ :

L.P. compressor ——h

Direct
contact heat
exchanger

(b)
Two-stage vapour compression system

efficiency. Also, with dry compression the high pressure ratio results in high compressor discharge tempera-
ture which may damage the refrigerant. To reduce the work of compression and improve the COP, multistage
compression with intercooling may be adopted. Since the intercooler temperature may be below the temperature
of available cooling water used for the condenser, the refrigerant itself may be used as the intercooling medium.
Figure 14.20 shows a two-stage compression system with a direct contact heat exchanger.

As shown later in Sec. 14.5, for minimum work, the intercooler pressure p, is the geometric mean of the
evaporator and condenser pressures, p, and p,, or

Pi=P - P

However, this condition is true for complete intercooling to the initial temperature. In refrigeration systems,
it is not possible. It is seen that the discharge temperature of the low-stage is much lower than that of the high
stage. To reduce the discharge temperature of the higher stage, therefore the pressure ratio of the lower stage
can be increased, with a corresponding reduction in the pressure ratio of the higher stage. The expression
recommended for determining the intermediate pressure in refrigeration systems is

T./T,
RN

By making an energy balance of the direct contact heat exchanger,

myhy + myhg = myhy + by

m_h—h
my by —h
The desired refrigerating effect determines the flow rate in the low pressure loop, m,, as given below
. 14000
m —h)=——F7xP
2 U ~h) =20
where P is the capacity, in tonnes of refrigeration.
. 3.89P
m, = ——Kkg/s

b —hy



