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UNSOLVED EXAMPLES

1. A simple Rankine cycle works between pressure of 30 bar and 0.04 bar, the initial condition of steam
being dry saturated, calculate the cycle efficiency, work ratio and specific steam consumption.
[Ans. 35%, 0.997, 3.84 kg/kWh]
2. A steam power plant works between 40 bar and 0.05 bar. If the steam supplied is dry saturated and the
cycle of operation is Rankine, find :
(i) Cycle efficiency (ii} Specific steam consumption.
[Ans. (i) 35.5%, (ii) 3.8 kg/kWh]
3. Compare the Rankine efficiency of a high pressure plant operating from 80 bar and 400°C and a low
pressure plant operating from 40 bar 400°C, if the condenser pressure in both cases is 0.07 bar.
[Ans. 0.391 and 0.357]
4. A steam power plant working on Rankine cycle has the range of operation from 40 bar dry saturated
to 0.05 bar. Determine :
(i) The cycle efficiency ) (i) Work ratio
(iii) Specific fuel consumption. [Ans. (i} 34.64%, (i) 0.9957, (i) 8.8 kg/kWh]
5. In a Rankine cycle, the steam at inlet to turbine is saturated at a pressure of 30 bar and the exhaust
pressure is 0.25 bar, Determine :

(i) The pump work (ii) Turbine work
(#ii) Rankine efficiency (iv) Condenser heat flow
{v) Dryness at the end of expansion.
Assume flow rate of 10 kg/s. [Ans. (i) 30 kW, (if) T410 kW, (i) 29.2%, (iv) 17900 kW, (v) 0.763]

6. In aregenerative cycle the inlet conditions are 40 bar and 400°C. Steam is bled at 10 bar in regenerative
heating. The exit pressure is 0.8 bar. Neglecting pump work determine the efficiency of the cycle.
[Ans. 0.296]

7. Aturbine with one bleeding for regenerative heating of feed water is admitted with steam having enthalpy
of 3200 kJ/kg and the exhausted steam has an enthalpy of 2200 kJ/kg. The ideal regenerative feed water
heater is fed with 11350 kg/h of bled steam at 3.5 bar (whose enthalpy is 2600 kJ/h). The feed water
(condensate from the condenser) with an enthalpy of 134 kJ/kg is pumped to the heater. It leaves the
heater dry saturated at 3.5 bar. Determine the power developed by the turbine. [Ans. 16015 kW]

8. A binary-vapour cycle operates on mercury and steam. Saturated mercury vapour at 4.5 bar is supplied
o the mercury turbine, from which it exhaust at 0.04 bar. The mercury condenser generates saturated
steam at 15 bar which is expanded in a steam turbine to 0.04 bar.

(i) Find the overall efficiency of the cycle.

(ii) If 50000 kg'h of steam flows through the steam turbine, what is the flow through the mercury
turbine ?

(£if) Assuming that all processes are reversible, what is the useful work done in the binary vapour cycle
for the specified steam flow ?

(iv}) If the steam leaving the mercury condenser is superheated to a temperature of 300°C in a super-
heater located in the mercury boiler, and if the internal efficiencies of the mercury and steam tur-
bines are 0.85 and 0.87 respectively, calculate the overall efficiency of the ¢ycle. The properties of
saturated mercury are given below :

p (bar) t(°C) h, hg 8, 8, v v,
(ke [ kg) (kJ kg K} (m¥kg)

45 450 63.93 355.98 0.1352 0.5397 79.9 x10-% 0.068

0.04 216.9 29.98 329.85 0.0808 0.6925 76.5 x 102 5.178

[Ans. (i) 52.94%, {ii) 59.35 x 10* kghh, (iii) 28.49 MW, (jv) 46.2%]
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Volume or Otto cycle. 13.5. Constant pressure or Diesel cycle. 13.6. Dual combustion cycle.
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13.1. DEFINITION OF A CYCLE

A cycle is defined as a repeated series of operations occurring in a certain order. It may be
repeated by repeating the processes in the same order. The cycle may be of imaginary perfect
engine or actual engine. The former is called ideal cycle and the latter actual cycle. In ideal
cycle all accidental heat losses are prevented and the working substance is assumed to behave
like a perfect working substance.

13.2. ATIR STANDARD EFFICIENCY

To compare the effects of different cycles, it is of paramount importance that the effect of the
calorific value of the fuel is altogether eliminated and this can be achieved by considering air
(which is assumed to behave aa a perfect gas) as the working substance in the engine cylinder. The
efficiency of engine using air as the working medium is known as an “Air standard efficiency”.
Thie efficiency is oftenly called ideal efficiency.

The actual efficiency of a cyecle is always less than the air-standard efficiency of that cycle
under ideal conditions. This is taken into account by introducing a new term “Relative effi-
ciency” which is defined as :

'rﬁ"" - _ Actual thermal efficiency.
. lrelative ™ Ajr gtandard efficiency
The analysis of all air standard cycles is based upon the following assumptions :
Assumptions :
1. The gas in the engine cylinder is a perfect gas i.e., it obeys the gas laws and has con-
stant specific heats.
2. The physical constants of the gas in the cylinder are the same as those of air at moder-
ate temperatures i.e., the molecular weight of cylinder gas is 29.
c, = 1.005 kd/kg-K, ¢, = 0.718 kd/kg-K.
3. The compression and expansion processes are adiabatic and they take place without
internal friction, i.e., these processes are isentropic.
4. No chemical reaction takes place in the cylinder. Heat is supplied or rejected by bring-
ing a hot body or a cold body in contact with cylinder at appropriate points during the
process.

.(13.1)

604



GAS POWER CYCLES 605

5. The cycle is considered closed with the same ‘air’ always remaining in the cylinder to
repeat the cycle.

13.3. THE CARNOT CYCLE

This cycle has the highest possible efficiency and consists of four simple operations namely,

(a) Isothermal expansion

(b) Adiabatic expansion

(¢) Isothermal compression

{(d) Adiabatic compression,

The condition of the Carnot cycle may be imagined to occur in the following way :

One kg of a air is enclosed in the cylinder which (except at the end) is made of perfect non-
conducting material. A source of heat ‘H’ is supposed to provide unlimited quantity of heat, non-
conducting cover ‘C’ and a sump ‘S’ which is of infinite capacity so that its temperature remains
unchanged irrespective of the fact how much heat is supplied to it. The temperature of source H is
T, and the same is of the working substance. The working substance while rejecting heat to sump
‘S’ has the temperature. T, i.e., the same as that of sump S.

Following are the four stages of the Carnot cycle. Refer Fig. 13.1 (a).

Pa
' » T4
* | ,
— V, Tifremmamen- > 2
! Isotherms
1
5 & Y
i Adiabatics
]
t .
i ! T2 ----------- < 3
L 4
E i T, 13
' — Vs b
- N 1 >y »s
— V4 —D‘
ik
; : l (b) T-s diagram
L1

Non-conducting
walls and piston

(a) Four stages of the carnot cycle

Fig. 13.1. Carnot cycle.
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Stage (1). Line 1-2 [Fig. 13.1 (a)] represents the isothermal expansion which takes place at
temperature T'; when source of heat H is applied to the end of cylinder. Heat supplied in this case
is given by RT, log, 7 and where r is the ratio of expansion.

Stage (2). Line 2-3 represents the application of non-conducting cover to the end of the
cylinder. This is followed by the adiabatic expansion and the temperature falls from T, to T,

Stage (3). Line 3-4 represents the isothermal compression which takes place when sump
‘S" is applied to the end of cylinder. Heat is rejected during this operation whose value is given by
RT, log, r where r is the ratio of compression.

Stage (4). Line 4-1 represents repeated application of non-conducting cover and adiabatic
compression due to which temperature increases from T, to T),.

It may be noted that ratio of expansion during isotherm 1-2 and ratio of compression during
isotherm 3-4 must be equal to get a closed cycle.

Fig. 13.1 (b) represents the Carnot cycle on T-5 coordinates.

Now according to law of conservation of energy,

Heat supplied = Work done + Heat rejected

Work done = Heat supplied - Heat rejected
=RT, .log, r— RT, log, r
__Workdone  Rlog, r (T} - Ty)
~ Heat supplied RT; log,r

nh-T

= T ...(13.2)

From this equation, it is quite obvious that if temperature T, decreases efficiency increases
and it becomes 100% if T, becomes absolute zero which, of course is impossible to attain. Further
more it is not possible to produce an engine that should work on Carnot’s cycle as it would
necessitate the piston to travel very slowly during first portion of the forward stroke (isothermal

expansion) and to travel more quickly during the remainder of the stroke (adiabatic expansion)
which however is not practicable.

Example 13.1. A Carnot engine working between 400°C and 40°C produces 130 kJ of
work. Determine :

(i) The engine thermal efficiency.

(i) The heat added.
(iit) The entropy changes during heat rejection process.
Solution. Temperature, T/ =T,=400+273 =673 K

Efficiency of cycle

Temperature, T.=T,=40+273=313K
Work produced, W = 130 kJ.
(i) Engine thermal efficiency, 1, :
-31
Ny = _6%5_?’_ = 0.535 or 53.5%. (Ans.)
(zz) Heat added :
_ Work done
4. = Heat added
130
e, 0538 = —
€ Heat added
130
Heat added = 243 kJ. (Ans.)

= 0535



GAS POWER CYCLES

607

(iti) Entropy change during the heat rejection process, (8;-8):
Heat rejected = Heat added — Work done
=243 - 130 = 113 kJ
Ta
Isentroplcs
673K----- : \J
Isotherms 1
3M13Kp----- " + 3
S
Fig.13.2
Heat rejected =T, (8, - 8) =113
113 113
(8- 8)= T3 =313 = 0,361 kJ/K. (Ans.)

Example 138.2. 0.5 kg of air (ideal gas) executes a Carnot power cycle having a thermal
efficiency of 50 per cent. The heat transfer to the air during the isothermal expansion is 40 kJ. At
the beginning of the isothermal expansion the pressure is 7 bar and the volume is 0.12 m?.

Determine :

(i) The maximum and minimum temperatures for the cycle in K ;

{ii) The volume at the end of isothermal expansion in m3 ;
(iii) The heat transfer for each of the four processes in k.
For air ¢, = 0.721 kJ/kg K, and ¢, = 1.008 kJ/kg K.

(U.P.S.C. 1993)

Solutlon Refer Fig. 13.3. Given : m = 0.5 kg ; 0, = 50% ; Heat transferred during isothermal
expansion = 40 kJ ; p, = 7 bar, V; = 012 m?; ¢, = 0.721 kJ/kgK ¢, = 1.008 kJ/kg K.

({) The maximum and minimum temperatures, T,, T,

p,V, = mRT,
7x105x 012 = 0.5 x 287 x T,
. 7x10° x 012
Maximum temperature, T, = T 0Bx%8T = 5854 K. (Ans,)
T,-T, _ 5854-T
e =~ = 06= —p7

Minimum temperature, T, = 585.4 — 0.5 x 585.4 = 292.7 K.

{Ans.)
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{(ii) The volume at the end of isothermal expansion, V, :
Heat transferred during isothermal expansion

PA T4
1
1 - 2
Isotherms
2
s v
Isentropics 1
T : 2
o : »S
>V T-s diagram
p-V diagram
Fig. 13.3. Carnot cycle.
V, .
=p,V, In(r) = mRT, In v.i= 40 x 10? .. (Given)
i
0.5 x 287 x 585.4 In [12—] = 40 x 10°
' 012
Va 40x10°
h (ou) = 05x287x5854 - 0478
V, = 0.12 x ()" = 0.193 m3, (Ans.)
(iii) The heat transfer for each of the four processes :
Process Classification Heat transfer
1—2 Isothermal expansion
2—3 Adiabatic reversible expansion
3—4 Isothermal compression - 40 kJ
4—1 Adiabatic reversible compression (Ans.)

ssExample 18.3. In a Carnot cycle, the maximum pressure and temperature are limited

to 18 bar and 410°C. The ratio of isentropic compression is 6 and isothermal expansion is 1.5.
Assuming the volume of the air at the beginning of isothermal expansion as 0.18 m3, determine :

(i) The temperature and pressures at main points in the cycle.
(#) Change in entropy during isothermal expansion.
(iii) Mean thermal efficiency of the cycle.
(iv) Mean effective pressure of the cycle.

(v) The theoretical power if there are 210 working cycles per minute.
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Solution. Refer Fig. 13.4.
Maximum pressure, p, = 18 bar
Maximum temperature, T, =(T,) =410 + 273 = 683 K

Ratio of isentropic (or adiabatic) compression, % =6
1

Ratio of isothermal expansion, %2- = 1.5.
1

Volume of the air at the beginning of isothermal expansion, V, = 0.18 m®.
(i) Temperatures and pressures at the main points in the cycle :
For the isentropic process 4-1 :

T v
T_l = (_“;_4.] = (6)14-1 = (6)°4 = 2.05
4 1
T,= ;Tlﬁ = :_—zi =3332K="T,
Ps T4
Isotherms ] R 5
_ Adiabatics or +
——— ~ “tsentropics L ]
]
I
4| N |3
b N 1 | o
v S
Fig. 134
v, Y
Also, % = [7“] = (6)14 = 12.29
4 1
) 18
= —— 5 — = 1.46 b
Pi= 19297 1229 ar
For the isothermal process 1-2 :
PV, = PV,
_pmV, 18
Py = v, =15 = 12 bar

For isentropic process 2-3, we have :
pyVy' = pgVyt
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¥ ¥ v V.
I A [ _4=_a—]
p3 = P2 x [VSJ =12 x (V4) V]_ V2

1\
=12 x (E] = 0.97 bar. (Ans.)

p1=18ba.r T1=Té=683K

Dy =12 bar Ans
Hence P3=097bar T;=T,=3332K ¢ )

Py = 1.46 bar
(i) Change in entropy :
Change in entropy during isothermal expansion,

- pV=mRT
- Val. By Y2 P
S, ~ 8, =mR log, [Vl] =L log, (Vl or mR _pv

T

_ 18x10° x 018
T 10° x683

(iii) Mean thermal efficiency of the cycle :

log, (1.5) = 0.192 kJ/K. (Ans.)

V.
Heat supplied, Q, = p,V, log, [72)
1

=T,(8,-8)
=683 x 0.192 = 131.1 kJ
. Va
Heat rejected, Q. =pV,log, (-ﬁ]
=T, (8, - 8,) because increase in entropy during heat addition
is equal to decrease in entropy during heat rejection.
€, =333.2 x 0.192 = 63.97 kJ
T S Y
Q, [*A
63.97
1311
(iv) Mean effective pressure of the cycle, p_ :
The mean effective pressure of the cycle is given by
- Work done per cycle

Efficiency,

=1- = 0,512 or 51.2%. (Ans.)

m Stroke volume
Vs
Vl = 6 b4 1.5 = 9
Stroke volume, V,=V,;-V,=9V,-V, =8V, =8 x 0.18 = 1.44 m?
@, -Q)xJd (@, -@)xl
b= - (- J=1)
™ VK VS

_ (1311-6397)x10°

24 % 10° = 0,466 bar. (Ans.)
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(v) Power of the engine, P :
Power of the engine working on this cycle is given by
P =(131.1 — 63.97) x (210/60) = 234.9 kW. (Ans.)

Example 13.4. A reversible engine converts one-sixth of the heat input into work. When
the temperature of the sink is reduced by 70°C, its efficiency is doubled. Find the temperature of
the source and the sink.

Solution. Let, T, = temperature of the source (K), and

T, = temperature of the sink (X)

First case :
-7, 1
T, 6
ie., 6T, - 6T, =T,
or 5T, = 6T, or T, =12T, (1)
Second case :
T -(T,~(70+273)] 1
7 -3
T -T,+348 1
‘i -
37, -37T,+1029=T

1
2T, = 3T, - 1029

2 x (1.2T,) = 3T, — 1029 (v Ty=1273)
24T, = 3T, — 1029
or 0.6T, = 1029

T, = % - 1715 K or 1442°C. (Ans)

and T, =12 x 1715 = 2058 K or 1785°C. (Ans.)

Example 13.5. An inventor claims that a new heat cycle will develop 0.4 kW for a heat
addition of 32.5 kJ/min. The temperature of heat source is 1990 K and that of sink is 850 K. Is
his claim possible ?

Solution. Temperature of heat source, T,=1990K

Temperature of sink, T,=850K
Heat supplied, = 32.5 kd/min
Power developed by the engine, P=04kW

The most efficient engine is one that works on Carnot cycle

T, -T. -
Nearmot = 1T1 2 - 1991(;90850 = 0.573 or 57.3%

Also, thermal efficiency of the engine,

B Work done 04  04x 60

Mth = Heat supplied ~ (325/60) ~ 325
= 0.738 or 73.8%
which is not feasible as no engine can be more efficient than that working on Carnot cycle.

Hence claims of the inventor is not true. (Ans.)
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Example 13.8. An ideal engine operates on the Carnot cycle using a perfects gas as the
working fluid. The ratio of the greatest to the least volume is fived and is x : 1, the lower tempera-
ture of the cycle is also fixed, but the volume compression ratio ‘r’ of the reversible adiabatic
compression is variable. The ratio of the specific heats is ¥.

Show that if the work done in the cycle is a maximum then,

x 1
{y— 1) log, - + e ~1=0,
Solution, Refer Fig. 13.1.

LR/
vi T v
During isotherms, since compression ratio = expansion ratio
Va V,
Vi TV
V3 V3 V1 1 X
Also Ve TV v TEX LSS

Work done per kg of the gas

= Heat supplied — Heat rejected = RT log, % - RT, log, 35—

x h x
=R(T, - T,) log, Lo RT, (T2 J log, -

-1
T V4
—_ = | = v-1
But 7, (VIJ r)

Work done per kg of the gas,
W=RT, ¢*"1-1) log, %

Differentiating W w.r.t. ¥’ and equating to zero

W _Rr (r‘f~1—1{£x(—xr‘2>}+logef—{(y—l)r*-z} -0
dr 2 x r
or (r"’l—l)[—lj +(y-1x 772 log, % =0
r
or —r7'2+1+r7'2 (1(—1)10g¢£ =0
r r
y-2 1 X
or r -1+ 7_2+(7"1)10ge— =0
r.r r
1 x
or ~1+ === +(@y~1log, — =0
r.r r

1
< —1=0. ... Proved.

(y~ 1) log, ~:-_:- *
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13.4. CONSTANT VOLUME OR OTTO CYCLE

This cycle is so named as it was conceived by ‘Otto’. On this cycle, petrol, gas and many
types of oil engines work. It is the standard of comparison for internal combustion engines.
Figs. 13.5 (@) and (b) shows the theoretical p-V diagram and T-s diagrams of this cycle
respectively.
e The point 1 represents that cylinder is full of air with volume V), pressure p, and absolute
temperature T,
o Line 1-2 represents the adiabatic compression of air due to which p,, V; and T, change to
Pys V, and T, respectively.
e Line 2-3 shows the supply of heat to the air at constant volume so that p, and T, change to
ps and Ty (V, being the same as V).
o Line 3-4 represents the adiabatic expansion of the air. During expansion p;, V, and T,
change to a final value of p,, V, or V, and T, respectively.
e Line 4-1 shows the rejection of heat by air at constant volume till original state (point 1)
reaches.
Consider 1 kg of air (working substance) :
Heat supplied at constant volume = ¢,(T; — T,).
Heat rejected at constant volume =c, (T, T)).
But, work done = Heat supplied — Heat rejected
zc, (Ty—-Ty—-c,(T,-T))
Workdone ¢, (T3 —Tp)-c, (Ty ~T1)
Heat supplied ¢, (T3 -Ty)
-7

=1- m ()

Efficiency =

1
1
1
|
|
1 |
/Clearanca volume }

1 4 »v L]
1—4“-— Swept volume ——b)

jp—— Total volume ———m

!

()
(@)

Fig.13.5
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Let compression ratio, r.(=r)= :—1
2
and expansion ratio, r,(=r)= %‘i
3
(These two ratios are same in this cycle)
t-1
-2
Y vy
Then, T,=T,. (r)" -1
-1
o T by '
Similarly, T, = [Ua)
or Ty=T,. )7}
Inserting the values of T, and T} in equation (i), we get
Nogio = 1 ~ T:—Tl — =1- _71‘4—T1
’1“4.(”')Y —T‘l.(r)‘,'I rY (T4‘—T'1)
1
=1- W—T ..(13.3)

This expression is known as the air standard efficiency of the Otto cycle.

It is clear from the above expression that efficiency increases with the increase in the value
of r, which means we can have maximum efficiency by increasing r to a considerable extent, but
due to practical difficulties its value is limited to about 8.

The net work done per kg in the Otto cycle can also be expressed in terms of p, v. If pis
expressed in bar i.e., 10° N/m?2, then work done

Vg ~ Pav Ug — Pyl
wo [PEaPfe Do “Pi | g2y .(13.4)
T-1 ¥-1
Also -p—3=r7=&
Py F41
P3Py
- = =r
Pz m P
where r, stands for pressure ratio.
b _Y_
and A R L [ vy U ":I

1 Py )
W= f ) -1 —plvl( -1
7—1[ b [P4U4 ) Py

1 D3 D2
- Ps 4 P24
Y —1[””4 (mr ] plvl[w )J

Y -1 _ 4y ¥-1_
“1[p4(r7 - py (r 1)]

Y
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- Y—"_l—l[w-l -~ 1(ps - 21|

Pivy -1
= ¥ 1 [(J"T —1)(I‘p —1)] [134 (a)]
Mean effective pressure (p_) is given by :
Pl — Paby  Dals — Dyt
b= [[ Y- 1 - = 11 J+(v1—u2)] bar ..-(13.5)
" plvl (r"f -1 - 1) (rp _ 1)]
Y-1
Also P =
{vy —vgy)
P -1
i " -De, -]
U — ﬁ'
r
PR -1, - 1)
a7
(%1
r
i _ pAG? T -1, - 1) (13.6)
ot pm" (Y—l){r—l) e .
Example 13.7. The efficiency of an Otto cycle is 60% and y = 1.5. What is the compression
ratio ?
Solution. Efficiency of Otto cycle, n = 60%
Ratio of specific heats, v=15
Compression ratio, r=7?

Efficiency of Otto cycle is given by,

1 =1- ,,_.1_
Otto (r)'y..]_

0.6=1-(T)3_'5j

1
or L _04 or ()08 = Y 25 or r=625

(r)*?

Hence, compression ratio = 6.25. (Ans.)

Example 13.8. An engine of 250 mm bore and 375 mm stroke works on Otio cycle. The
clearance volume is 0.00263 m®. The initial pressure and temperature are 1 bar and 50°C. If the
maximum pressure is limited to 25 bar, find the following :

(i) The air standard efficiency of the cycle.

(if) The mean effective pressure for the cycle.

Assume the ideal conditions.
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Solution. Bore of the engine, D=250mm =025 m

Stroke of the engine, L=37"mm=0375m
Clearance volume, V, = 0.00263 m3
Initial pressure, Py =1bar
Initial temperature, T,=50+273 =323 K
p {bar)
4
o5f----3

Adiabatics

L T —— 1

3
— V. Vg v
Fig.13.6
Maximum pressure, Pa =25 bar e e e :
5 " "Swept volume, V, = n/4 DL = n/d x 0.25% x 0.375 = 0.0184 m® °
1 Compression rati L. VtV._ 00184+000263
. e Ve 000263

(i) Air standard efficiency :
The air standard efficiency of Otto cycle is given by
1 1
Now, = 1 - Gy LT 1- g1 = 1= (8)04
=1-0435 = 0.565 or 56.5%. (Ans.)
(fi) Mean effective pressure, p, :
For adiabatic (or isentropic) process 1-2
Vi = pVy

¥
or Pe=py (%] =1x (14 =1 x (8)** = 18.38 bar
Pressure ratio ro= L —-2i = 1.36
’ P7 p, 1838

The mean effective pressure is given by
_ AT -1, - D1 1x 818 T -1 (136 - 1]

m {y-1¥r-1) (14-1)(8-1)
... [Eqn. (13.6)]
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8(2.297 - 1)0.36)
04x7
Hence mean effective pressure = 1.384 bar. (Ans.)

Example 13.8. The minimum pressure and temperature in an Otto cycle are 100 kPa and
t2?6< The amount of heat added to the air per cycle is 1500 kJ/kg.

(i) Determine the pressures and temperatures at all points of the air standard Otto cycle.
(it} Also calculate the specific work and thermal efficiency of the cycle for a compression
ratio of 8 : 1.
Take for air : ¢, = 0.72 kJ/kg K, and y = 1.4. (GATE, 1998)
Solution. Refer Fig. 13.7. Given : p; = 100 kPa = 105 N/m? or 1 bar ;
T, =27 + 273 = 300 K ; Heat added = 1500 kJ/kg ;
r=8:1;¢,=072kJkg; y=14.
Consider 1 kg of air.

= 1.334 bar

pa

Fig.13.7

(i} Pressures and temperatures at all points :
Adiabatic compression process 1-2 :

y-1
L _ [3] =) =@t 1=2297
(4 Uy

T, = 300 x 2.297 = 689.1 K. (Ans.)

Also Py = oy’
Y
or L [fl) =(8)!* = 18379
Py Uy

o Py = 1 x 18.379 = 18.379 bar. (Ans.)
Constant volume process 2-3 :
Heat added during the process,

e, (Ty— T,) = 1500
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or 0.72 (T, — 689.1) = 1500
1500
or g = 672— + 6891 = 27724 K. (Ans.)
Pa_ Ps poTs 18379 x2772.4
Also, A= = o = ———————— = 73.94 bar. (Ans.
> T, Ty = Py T, 6891 ar. (Ans.)

Adiabatic Expansion process 3-4 :

r-1
T3 Vs v-1 14-1
—_— = = =(8 =
T, (Va ) (r) (8) 2.297

= —3_ 27724 _ 19069 K. (Ans.)
2297 2.297

¥ 14
1
Also,  pus' =pw,t = Py=pyx [z—i] = 73.94 x [_8_) = 4.023 bar. (Ans.)

(ii) Specific work and thermal efficiency :
Specific work = Heat added — heat rejected
=¢, (T3=-T)-¢(Ty-T)=¢,[(T; - Ty - (T, - T}
= 0.72 [(2772.4 — 689.1) — (1206.9 — 300)] = 847 kJ/kg. (Ans.)
1

Thermal efficiency, m, =1- —
()"

1
=1- (—é';ﬁ-_T = 0.5647 or 56.47%. (Ans.)

Example 13.10. An air standard Otto cycle has a volumetric compression ratio of 6, the
lowest cycle pressure of 0.1 MPa and operates between temperature limits of 27°C and 1569°C.
(1) Calculate the temperature and pressure after the isentropic expansion (ratio of specific

heats = 1.4).

(i) Since it is observed that values in (i) are well above the lowest cycle operating condi-
tions, the expansion process was allowed to continue down to a pressure of 0.1 MPa. Which
process is required to complete the cycle 2 Name the cycle so obtained.

(iii) Determine by what percentage the cycle efficiency has been improved. (GATE, 1994)

Solution. Refer Fig. 138. Given : 1 =4 =y =6, p, =01 MPa = 1 bar ; T, = 27 + 273
Vg U

=300K; Ty=1569 + 273 =1842K; y=14.
(i) Temperature and pressure after the isentropic expansion, T,, p, :
Consider 1 kg of air :
For the compression process 1-2 :

y
1"1”1.'r = sz‘.zT = pPg=pn X (U—IJ =1x (6)L4 =123 bar
Uy

T v
Also Iy _ (P_l_] =6}t = 2,048
T]_ U2

T, = 300 x 2.048 = 614.4 K
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For the constant volume process 2-3 :

P2 _ P3 psls 1842
£ =2 ==£2==128x -
T, T, Ps="7 6144 = 36.9 bar
P4
3
Adiabatics
2
4
r
1
>y
Fig. 138

For the expansion process 3-4 ;

¥-1
T3—=[‘—’i] = (671 = 2.048

T4 U3
Ty 1842

T, 5048 = 2048 900 K. (Ans.)

s Y
Also pavs’ =pgvy’ = py=pax (f‘J
4
1
or p, = 369 x (EJ = 3 bar. (Ans))

(ii) Process required to complete the cycle :
Process required to complete the cycle is the constant pressure scavenging.
The cycle is called Atkinson cycle (Refer Fig. 13.9).
(iti) Percentage improvement/increase in efficiency :
1

619

1
Nowe = 1 = PR 1- G4t = 0.5116 or 51.16%. (Ans.)

Work done _ Heat supplied — Heat rejected
Heat supplied Heat supplied

l.l‘Atkinsm'l =

BT - -T) | - _, WG-T)

(T3 - Tp) T Ty B-T)
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¥ §
Adiabatics
2
A
5
1
>V
Fig. 13.9. Atkinson cycle.
v-1 14-1
Y 10 Y 1a
Now, L[| o T,-1842x —-—J =657 K
T3 Ps 36.9

14(657 - 300)
Natkinson = 1~ (7845 6144)

Improvement in efficiency = 59.29 - 51.16 = 8.13%. (Ans.)
Example 18.11. A certain quantity of air at a pressure of 1 bar and temperature of 70°C is

compressed adiabatically until the pressure is 7 bar in Otto cycle engine. 465 kJ of heat per kg of
air is now added at constant volume. Determine :

(i} Compression ratio of the engine.
(ii) Temperature at the end of compression.
(iii) Temperature at the end of heat addition.
Take for air c, = 1.0 kJikg K, ¢, = 0.706 kJ/kg K.
Show each operation on p-V and T-s diagrams.
Solution. Refer Fig. 13.10.
Initial pressure, p, = 1bar
Initial temperature, T,=T0+273=343 K
Pressure after adiabatic compression, p, = 7 bar
Heat addition at constant volume, Q, = 465 kJ/kg of air

= 0.5929 or 0569.29%.

Specific heat at constant pressure, ¢, = 1.0 kd/kg K
Specific heat at constant volume, ¢, = 0.706 kJ/kg K
c 1.0
= £ _ = _
Y=o = o70e = 4!

v
(i) Compression ratio of engine, r :
According to adiabatic compression 1-2

PV = pVyY
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p {bar) T (K)
F 3 4

3

Heat addition at 1262.3
constant volume

7ha.. Adiabatic 603.7
compression
L L LR L T 1 343
. v(m’) .
p-Vdiagram T-s diagram
Fig. 13.10
'
or [KJ iy
V.2 51
\'
or ) = P2 ( "}'1"'_"'J
”m 2
1 A
or r= [&J’ = (1]“‘” = (70709 = 3.97
M 1

Hence compression ratio of the engine = 3.97. (Ans.)
(i) Temperature st the end of compression, T, :
In case of adiabatic compression 1-2,

I _(n " -
T - [‘—,ﬂ = (3.97)141-1 = 1.76
o T, =176 T, = 1.76 x 343 = 603.7 K or 330.7°C
Hence temperature at the end of compression = 330.7°C. (Ans.)
(iii) Temperature at the end of heat addition, T :

According to corstant volume heating operation 2-3

Q,=c,(Ty— T, = 465
0.706 (T — 603.7) = 465

465
or T,-603.7 = 2706
465
= 7 =12623 K .3°C
or 3= 0706 + 603 2.3 K or 989.3

Hence temperature at the end of heat addition = 989.3°C. (Ans.)

Example 13.12. In a constant volume ‘Otto cycle’, the pressure at the end of compression
is 15 times that at the start, the temperature of air at the beginning of compression is 38°C and
maximum temperature attained in the cycle is 1950°C. Determine :
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(i) Compression ratio.
(ii) Thermal efficiency of the cycle,
{iit) Work done.
Take y for air = 1.4.
Solution. Refer Fig. 13.11.

ﬁ (bar) A

Pz T3

A ———— -

ENGINEERING THERMODYNAMICS

Py [---- Poosmsmssreseseneo oS 11 311
E E » »
¥ . 3,
- v(m) s{kJ/kg K)
— VC I‘If' VS
 — Total volume ————»
Fig. 13.11
Initial temperature, T, =38+273=311K
Maximum temperature, T, = 1950 + 273 = 2223 K
(i) Compression ratio, r :
For adiabatic compression 1-2,
pV( = pVy
T
or (ll] )
V2 F 41
But £z _ 15 ...{given)
F41
V;
T =1
(r)f =15 [ r V2]
ar (r)4 =15
1
or r= (15)14 = (1504 = 69
Hence compression ratio = 6.9. (Ans.)
(ii) Thermal efficiency :
. 1
Thermal efficiency, Ny =1- oy =1- (69)LA~1 = 0.538 or §3.8%. (Ans.)
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(iii) Work done :
Again, for adiabatic compression 1-2,

-1
T, _ YLY v-1 14-1 0.4
T = (VzJ = {r) = (6.9) =(6.9)% =218

or T,=T, x 2.16 = 311 x 2,16 = 671.7 K or 398.7°C
For adiabatic expansion process 3-4
Ty (V) ¥-1
-3 _ (X - = 4 _
T, = (Va) = (r) = (6.9 = 2.16
o _ 2B o
or T, = 516~ 216 - 1029 K or 756°C

Heat supplied per kg of air

= ¢ (Ty - Ty) = 0.717(2223 — 671.7)
= 1112.3 kd/kg or air

_ R 0287
@Y1 141
= 0717 kJ/ kg K

Heat rejected per kg of air
=¢(T,~ T) = 0.717(1029 - 311}
= 514.8 kd/kg of air
Work done per kg of air = Heat supplied ~ heat rejected
= 1112.3 - 514.8
= 597.6 kJ or 597500 N-m. (Ans.)

wExample 18.13, An engine working on Otto cycle has a volume of 0.45 m?3, pressure 1

bar and temperature 30°C at the beginning of compression stroke. At the end of compression
stroke, the pressure is 11 bar. 210 kJ of heat is added at constant volume. Determine :

(i) Pressures, temperatures and volumes at salient points in the cycle.
(i) Percentage clearance.
(iii) Efficiency.
(iv) Net work per cycle.
(v) Mean effective pressure.
(vi) Ideal power developed by the engine if the number of working cycles per minute is 210.
Assume the cycle is reversible.
Solution. Refer Fig. 13.12

Volume, V, = 045 m®

Initial pressure, p, = 1 bar

Initial temperature, T,=30+273=303K
Pressure at the end of compression stroke, p, = 11 bar

Heat added at constant volume =210 kJ

Number of working cycles/min. = 210.

{{) Pressures, temperatures and volumes at salient points :
For adiabatic compression 1-2

Vi = pVy
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>V (m)

1

1
b -~ =
or Pz = Z]-'- =Y or r= B 7 = (E)L‘l =(11)074 - 55
” Va P 1
T Vi ' -1 4-1
Also ‘ ~172 = [-‘-’LJ = (r)T = (5.5)1 T =1977~198
1 2

T,=T,x 198 =303 x 1.98 = 600 K. (Ans.)
Applying gas laws to points 1 and 2

Yy PV,
T, -~ T,
T, pn 600 x 1 x 0.45
= —=X—= = ——————— = {} 3.
Vs T, b, xV, 303 x11 0.081 m3, (Ans.)

The heat supplied during the process 2-3 is given by :
Qs =meg, (T3 - T2)

V, 1x10°x045
where m= 22X x04

= RT, = “287xa03 - 0Pl7ks
210 = 0.517 x 0.71 (T; - 600)
210
or T, = 0517x071 +600=1172 K. (Ans.)
For the constant volume process 2-3
Ps _ P2
I; T
T, 1172

p3= T_2 Xp2= W X11=2l.48bar- (Ans-)
V,= V,= 0.081 m%. (Ans.)
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For the adiabatic (or isentropic) process 3-4
pVy'=p,V)]

Y ¥
Py= Py X (Y_'i] =py X (1]
V4 r

1\t
= 21.48 x (%) = 1.97 bar. (Ams,)

-1 y-1 14-1
T, Ve Y 1 1
Al 4 _ |2 = (—) = [_m) =
50 T, ( ,J - 55 0.505

T, = 0505 T = 0.505 x 1172 = §91.8 K. (Ans.)
V,=V, =045 m® (Ans.)
(ii) Percentage clearance :

Percentage clearance
1 Vs, 0.081

GO0 =y, 19" Gas—ooer ¥ 1Y
= 21.95%. (Ans.)
(iii) Efficiency :
The heat rejected per cycle is given by
Qr = mcr.'(T-i - Tl)
= 0.517 x 0.71 (591.8 — 303) = 106 kJ
The air-standard efficiency of the cycle is given by

Moo = QHQ;QL - %Qﬁ = 0.495 or 49.5%. (Ans.)

Alternatively :

1 1

Nt =1 — G—F =1- (5—5)1-4—3 = 0.495 or 49.6%. (Ans.)

(iv) Mean effective pressure, p_
The mean effective pressure is given by
W (workdone) @Q,-@, e &, VO
P = V. (swept volume) TV -Vy)

_ (210-106)x10?
~ (045 - 0.081) x 10°
" (v) Power developed, P :

Power developed, P = Work done per second
= Work done per cycle x number of cycles per second

= (210 - 106) x (210/60) = 364 kW. (Ans.)

Example 138.14. (a) Show that the compression ratio for the maximum work to be done
per kg of air in an Otto cycle between upper and lower limits of absolute temperatures Tyand T,

is given by
T.
_ | =2
"= (Tz

= 2.818 bar. (Ans.)

J1/2 (y~1
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(b) Determine the air-standard efficiency of the cycle when the cycle develops maximum
work with the temperature limits of 310 K and 1220 K and working fluid is air. What will be the
percentage change in efficiency if helium is used as working fluid instead of air ? The cycle
operates between the same temperature limits for maximum work development.

Consider that all conditions are ideal.

Solution. Refer Fig. 13.13.

Py
3
»
.

; 4

t

!

i X

v, v v

Fig. 13.13

(a) The work done per kg of fluid in the cycle is given by
W= Qs— Qr =& (TB_ T2)— < (T4_ Tl)

T v-1
But 5,-51’-.—. [ﬂ] = ()71
T,=T,. 0! (i)
Similarly, Ty=T,. 77! i)
W=e¢, [Ta ~Ty .- {rf;s‘l + Tl} ...{iid)
This expression is a function of r when T, and T are fixed. The value of W will be maximum
when,
W _o.
dr
%g T =1 O Ty ) =0
or Ty ' =T, (ryY 2
T.
or 'if':‘ = (r2-b



GAS POWER CYCLES 627

(b) Change in efficiency :

For air y= 1.4
(1, V2(14-1) i (1220)110.8 554
"=n T e
The air-standard efficiency is given by
1 1
Motta = 1 — w1 = 1- GEa T - 0.483 or 49.5%. (Ans.)

If helium is used, then the values of
¢, = 5.22 kl/kg K and ¢, = 3.13 kl/kg K

¢, 532
=222 67
1= T 513

The compression ratio for maximum work for the temperature limits T, and T}, is given by

T3 1/2(y-1) (1220)1/2(L67—1)
r=[|—= = | —_— = 2.77
T, 310

The air-standard efficiency is given by
I S

ry ! (27nter-t
Hence change in efficiency is nil. (Ans.)

Example 13.15. (a) An engine working on Otto cycle, in which the salient points are 1, 2,
3 and 4, has upper and lower temperature limits T, and T,. If the maximum work per kg of air is
to be done, show that the intermediate temperature is given by

T,=T,= JTT;.
(b) If an engine works on Otto cycle between temperature limits 1450 K and 310 K, find the
maximum power developed by the engine assuming the circulation of air per minute as 0.38 kg.
Selution. (a¢) Refer Fig. 13.13 (Example 13.14).
Using the equation (iZi} of example 13.14,

= 0.496 or 49.5%.

notm=1

W=c, [Ts-—Tl.(r)T'l— T3 +T1]
(r)

and differentiating W w.r.t. r and equating to zero

23_ Y2(y-1)
r= T]

Ty=Tyr* ! and T, = T/ (r)'™*
Substituting the value of r in the above equation, we have

7, veiy-n7 1 T, Ve
n-r,|(2) (2] -

Similarly, T, = Ty ki = JT:Ty

4 g T 2
5 veiy -1 (z&}
T, n
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. T2 = T4 = T1T3 . Proved.
(b) Power developed, P :

T =310K
T3 =1450K ....(given}
m =038 kg
Work done W=e, [(T;-T,) - (T,-T)I

T,=T,= Ty =/310x1450 = 6704 K
W = 0.71 [(1450 — 670.4) — (670.4 — 310)]
= 0.71 (779.6 — 360.4) = 297.6 kJ/kg
Work done per second = 297.6 x (0.38/60) = 1.88 kJ/s
Hence power developed, P = 1.88 kW. (Ans.)

Example 13.18. For the same compression ratio, show that the efficiency of Otto cycle is
greater than that of Diesel cycle.

Solution. Refer Fig. 13.14.

Pa

Pa
2 3
3
2
4 &
1 1
>y 3
Oftto cycle Diesel cycle
Fig. 13.14
We know that
oo = 1 = =T
1 1]p"-1
and g = 1 — X —
picse (ry 1 Y{P-l}
As the compression ratio is same,
wow
Vo, ~ V' T
Y T rati i’ _r
vy = r,, then cut-off ratio, p = v,



GAS POWER CYCLES 629

Putting the value of p in N, We get

— 1 1
Mpiesal =+~ {57=T X

.

n

1
Y

From above equation, we observe

r
—>1
n

Let r, = r — 8, where 8 is a small quantity.

r r r
Then bl o

and
r r

y o 5Y " ®  yy+D) &
(r} - _._..__)}_=(1_--;] =1+ —+—~§“!—-—2— + e

¥.8 y(y+d) 52

1 l ; Y .r—2+ ......
anesel (r)'r—l ¥ § 82
—+—2+ ......
r r
5 y+1 &
—t— =t
1 r 2 r
vy -1 2
(r) §+8—2+ ......
r r

The ratio inside the bracket is greater than 1 since the co-efficients of terms &/r? is greater
than 1 in the numerator. Its means that something more is subtracted in case of diesel cycle than

in Otto cycle.
Hence, for same compression ratio Weu, > Ndiesel -

13.5. CONSTANT PRESSURE OR DIESEL CYCLE

Thie cycle was introduced by Dr. R. Diesel in 1897. It differs from Otto cycle in that heat is
supplied at constant pressure instead of at constant volume. Fig. 13.15 (a and b) shows the p-v
and T-s diagrams of this cycle respectively.

This cycle comprises of the following operations :

(i) 1-2......Adiabatic compression.

(i) 2-3......Addition of heat at constant pressure.

(iii) 3-4......Adlabatic expansion.

(iv) 4-1......Rejection of heat at constant volume.

Point 1 represents that the cylinder is full of air. Let p,, V; and T, be the corresponding
pressure, volume and absolute temperature. The piston then compresses the air adiabatically (i.e,

PV = constant) till the values become p,, V, and T, respectively (at the end of the stroke) at point
9. Heat is then added from a hot body at a constant pressure. During this addition of heat let
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Pa T4

Fig. 13.15

volume increases from V, to V,; and temperature T, to T}, corresponding to point 3. This point (3)
is called the point of cut-off. The air then expands adiabatically to the conditions p,, V, and T,
respectively corresponding to point 4. Finally, the air rejects the heat to the cold body at constant
volume till the point 1 where it returns to its original state.

Consider 1 kg of air.

Heat supplied at constant pressure = c (T, — T))

Heat rejected at constant volume =c(T,-T))

Work done = Heat supplied — heat rejected
=¢,(Ty—Tp)-c(T - T)
Mo = Work done
diesel " Heat supplied
_ Cp(Ta —T2) - L'v(T4 —T]_)
- ¢, (T3 -Ty)
(T, -Ty) ) p
=] ——— @) | =
1T =Ty @ e, Y
Let compression ratio, r= A , and cut-off ratio, p= ] j.e., Volume at cut-off
vy Vg Clearance volume

Now, during adiabatic compression 1-2,

T (n) 1
o= [—1) =Yl or Ty=T,. ()"

Tl - Ug

During constant pressure process 2-3,
T3 Ug -1
T, " v =p or Ty=p.T,=p. T . ()

During adiabatic expansion 3-4

T (o)
T4_ Uz
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i‘!_l ('_' E&_:.’i:ﬂ.xy&:r_}
P vg Us Uy Uz P

T, _p. T !

1]

T4= Y -1 T-1 =T1.p‘¥
r r
(P] ' (P]
By inserting values of T, T; and T, in eqn. (i), we get
Ny =1— (Tl.pT-Tl) 1 (p? -1)
el Y. . -T. ()™ h ¥ p-1)
1 pf -1

emg = 1~ — = (187

or Nigioser = 1 oy T [ p—l] (13.7)

It may be observed that eqn. (13.7) for efficiency of diesel cycle is different from that of the
Otto cycle only in bracketed factor. This factor is always greater than unity, because p > 1. Hence
for a given compression ratio, the Otto cycle is more efficient.

The net work for diesel cycle can be expressed in terms of pv as follows :

- Wa — Py
W = Dyug — vp) + Bals — Pyly  Pols — Pith

v-1 v-1
P3pUs — D4ty DPals — Py
=p2(pvz—u2)+ 7_14 2 _ o
-Ui=p S Ug =plg andL=r . v =Ty
V2 )
But vy =t S Uy =Ty
P3PUy — Pyl PgVs ~ PYVs
e =Py (p- 1)+ v=1 - 7-1
= _ tylpy(p— DY =D+ pop— pyr — (pp — pyr)]
<% . - 'Y_I
[ P4l 2
pg(p—l)(}'-l)+p3[p——)—p2[1——1—]
_ 02- b3 Py
= )

- poallp-D(y-D+p-p' .17 —(1-r"")]
¥-1

P11’17‘T_1[(p—1)(7 —1)+p—p7r1‘7 —1-r"7

¥v-1
o Y v
&=[—i] or pp=py.riandL=r or vy=uvr}
o \ve Vg
y-1 N =rl-T(p —
o P Iyp-D-r Y (p -1 (13.8)

(yv-1)
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Mean effective pressure p_ is given by :
pioy? iyp -1 -7 (pY - 1]

Py = —
(- 1oy [’" 1]
r
_ o e -1 -7 (! - 1)
or Pp = T-Dr-D ..(13.9)

Example 138.17. A diesel engine has a compression ratio of 15 and heat addition at con-
stant pressure takes place at 6% of stroke. Find the air standard efficiency of the engine.

Take ¥ for air as 1.4.
Solution. Refer Fig. 13.16.

pA
— V; ——»
2 > 3
4
1
: »V
— VZE: Vs
& V1
Fig. 13.16
. . vV
Compression ratio, r |=—=-| =15
Ve
v for air = 1.4
Air standard efficiency of diesel cycle is given by
1 |p'-1 .
. =1- — )
Tldmsel Y(r)7'1|:|3—1:|
L
where p = cut-off ratio = 7=
2
6
But Vo— Vo= — V (V, = stroke volume)

100 °
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= (.06 (Vl — V2) =0.06 (15 V2 - V2)
=084V, or VH =184 V2
.Y?'_ _ 184V,

v, Vs = 1.84

Putting the value in eqn. (i), we get

ndiesel = ]'F 1.4 (15)].4—1 1.84_1
=1-0.2417 x 1.605 = 0.612 or 61.2%. (Ans.)

Example 13.18. The stroke and cylinder diameter of a compression ignition engine are
250 mm and 150 mm respectively. If the clearance volume is 0.0004 m3 and fuel injection takes
Place at constant pressure for 5 per cent of the stroke determine the efficiency of the engine.
Assume the engine working on the diesel cycle.

Solution. Refer Fig. 13.16.

1 [(1.84)“ -1}

Length of stroke, L=250mm=025m
Diameter of eylinder, D =150 mm = 0.15m
Clearance volume, V, = 0.0004 m? )
Swept volume, V, = w4 D’L = n/4 x 0.15% x 0.25 = 0.004418 m3
Total cylinder volume = Swept volume + clearance volume

= 0.004418 + 0.0004 = 0.004818 m®
Volume at point of cut-off, Vo=V, + % Vv,

= 0.0004 + 1_36 x 0.004418 = (.000621 m?

_ Vy _ 0:000621
P= ¥, 00004

Vy _V,+Vy _ 0.004418 + 0.0004

Cut-off ratio, = 1.55

Compression ratio, r= Fz- v, 0.0004 =12.04
- 1 1 fpr-1]_, 1 56y -1
f—‘“ ence, Ndiesel = ,Y(r)'y—l p_l 14)((1204)]"4“1 1551
R = 1- 0264 x 154 = 0.593 or 59.3%. (Ans.)

i Example 13.19. Calculate the percentage loss in the ideal efficiency of a diesel engine with
compression ratio 14 if the fuel cut-off is delayed from 5% to 8%. ,
Solution. Let the clearance volume (V,) be unity.

Then, compression ratio, r=14
Now, when the fuel is cut off at 5%, we have
p-1_ 5 p-1 _ 1< -
1-T00 % 14°1 =005 or p-1=13x 0.05=0.65
p = 1.65

1 1 [pr-1]_, 1 (1.65) -1
Naieser = 1 = -1 , 7151~ Ta-1 -
¥(r) p-1 1.4 x (14) 165-1
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=1-0248 x 1.563 = 0612 or 61.2%
When the fuel is cut-off at 8%, we have
p-1_ 8 p-1_8 _
r-1-100 & 14a-1 100 - 008

p=1+104=204
1 {p'-1 1 (20404 -1
Ngiosal = 1 — 1 =1- 13-1
T(r)Y p-1 14 x (14" 204-1

=1-0.248 x 1.647 = 0.591 or 59.1%.
Hence percentage loss in efficiency due to delay in fuel cut off
=612 - 591 = 2.1%. (Ans.)
Example 13.20. The mean effective pressure of a Diesel cycle is 7.5 bar and compression
ratio is 12.5. Find the percentage cut-off of the cycle if its initial pressure is 1 bar,
Solution. Mean effective pressure, p, = 7.5 bar
Compression ratio, r=125
Initial pressure, p,=1bar
Refer Fig. 13.15.
The mean effective pressure is given by

o prlye-D-r T -1

" (y-Dr-D
1x (125414 (p— 1) - (1251 14 (pt* - 1))
(14-1X125-1)

34.33[1.4 p - 14 - 0.364p™* + 0.364]
75 = 16

7.5 = 746 (1.4 p - 1.036 — 0.364 pl4)
1.005 = 1.4 p — 1.036 — 0.364 pl4

or 2.04 =14 p—-0364 pl* or 0346 pl*-14p+204=0
Solving by trial and error method, we get
p =224
p-1 224-1
% cut-off = 1 X 100 = 195-1 % 100 = 10.78%. (Ans.))

wExample 13.21. An engine with 200 mm cylinder diameter and 300 mm stroke works

on theoretical Diesel cycle. The initial pressure and temperature of air used are 1 bar and 27°C.
The cut-off is 8% of the stroke. Determine :

(i) Pressures and temperatures at all salient points.

(ii) Theoretical air standard efficiency.

(iii) Mean effective pressure.

(iv) Power of the engine if the working cycles per minute are 380.

Assume that compression ratio is 15 and working fluid is air.

Consider all conditions to be ideal.
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Solution. Refer Fig. 13.17.

4 p (bar)

. T T

) S S —1(27°C)
l _I »V(m’)
—’I 3 Vs *
Fig. 13.17
Cylinder diameter, D=200mmor 0.2 m
Stroke length, L =300 mm or 0.3 m
Initial pressure, p; = 1.0 bar
Initial temperature, T, =27+273=300K
Cut-off S V. =008V
ue 100 T s
@) Pressures and temperatures at salient points :
Now, stroke volume, V = w4 DL = m/4 x 0.22 x 0.3 = 0.00942 md T
.
V, bl Vo= Vs
V1=Vs+ Vc= VS+ r—sl :){\;WD\[ cT .1
1 r il k
= 1 — | =
Vv, ( +r—1) — x V.
_ 15 15
ie., Vv, = (T xV, = I7hs 0.00942 = 0.0101 m3. (Ans.)
Mass of the air in the cylinder can be calculated by using the gas equation,
p,V, = mRT,

_pVh_1x 10° x 00101

= &7, = 287 x 300 = 0.0117 kg/cycle



636

ENGINEERING THERMODYNAMICS

For the adiabatic (or isentropic) process 1-2

Also,

% cut-off ratio

ie.,

Y
P1V1‘r = szzY or ig- = (EJ =(r)

V2
Pg=py. (r)7=1x(15)14 = 44.31 bar. (Ans.)
-1
T, Vi ! ¥-1 14-1
P =1 = = 15 = 4.
T (sz r) (15) 2.954

T,=T, x 2954 = 300 x 2.954 = 886.2 K. (Ans.)

Vv 0.00942
Vo=V = -1 15-1 -0.0006728111. (Ans.)

Py = py= 44.31 bar. (Ans.)

p-1

T r-1

8 _ el
100~ 15-1

p=008x14+1=212
Vy=p V, =212 x 0.0006728 = 0.001426 m®. (Ans,)
[V3 can algo be calculated as follows : ]

V3 = 0.08V, +V, = 0.08 x 0.00942 + 0.0006728 = 0.001426 m°

For the constant pressure process 2-3,

Vi Ve
I, T,
Vi 0.001426
Tyg=T,x V_2 = 886.2 x 0.0008728 = 1878.3 K. (Ans.)
For the isentropic process 3-4,
paVy' = p, V"
A Vi i Vi
1 v == e Ly &
P4=P3)<[—3) =P3X——=¢ i » Vi V, W
Vy (7.07) r v 15 707
44.31 == 4= =0 =
=———=2866 bar. (Ans. p 212
707 ‘

T, Vs -1 (1 141

?; = (ﬁ-] —(m) = 0.457

T, = Ty x 0.457 = 1878.3 x 0.457 = 858.38 K. (Ans.)
V,=V, = 00101 m® (Ans.)

(ii}) Theoretical air standard efficiency :

I S L | (2120 -1
Ndiesel = vy T p-1 140151 212-1

=1-0.2418 x 1.663 = 0.598 or 59.8%. (Ans.)
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(iii) Mean effective pressure, p_ :
Mean effective pressure of Diesel cycle is given by

_ pMyp-D-r'"T (p' -1)

P = (y-1Xr-1)
_ 1x(15)M414(212-1) - 15) "M (2121 - 1))
- (14-1X15-1)
44.31{1.568 ~ 0.338 x 1.863]

= 04 x1d = 7.424 bar. (Ans.)

(iv) Power of the engine, P :
5

Work done per cycle =p,V = 7424 x l(l)osx 000942 = 6.99 kJ/cycle
Work done per second = Work done per cycle x no. of cycles per second

= 6.99 x 380/60 = 4427 kJ/s = 44.27 kW
Hence power of the engine = 44,27 kW. (Ans.)

Example 13.22. The volume ratios of compression and expansion for e diesel engine as
measured from an indicator diagram are 15.3 and 7.5 respectively. The pressure and tempera-
ture at the beginning of the compression are 1 bar and 27°C.

Assuming an ideal engine, determine the mean effective pressure, the ratio of maximum
pressure to mean effective pressure and cycle efficiency.

Also find the fuel consumption per RWh if the indicated thermal efficiency is 0.5 of ideal
efficiency, mechanical efficiency is 0.8 and the calorific value of oil 42000 kJ (kg
Assume for air :c, = 1.005 kJ/kg K ;c, = 0.718 kJ/kg K, Y= 1.4. (U.P.8.C., 1996)
Solution. Refer Fig. 13.18. Given : n =153 ; Vs
Vy Vs
py=1bar; T, =27+ 273 =300 K; ngq, = 0.5 X My pondara 3 Mimeen, = 0.8 5 € = 42000 kJ/kg.
The cycle iz shwon in Fig. 13.18, the subscripts denote the respective points in the cycle.

=175

7'\

Fig. 13.18. Diesel cycle.
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Mean effective pressure, p_ :

_ Work done by the cycle
m Swept volume
Work done = Heat added — heat rejected
BHeat added = me, (Ty— T,), and
Heast rejected =mec, (T,-T)

Now assume air as a perfect gas and mass of oil in the air-fuel mixture is negligible and is
not taken into account.

Process 1-2 is an adiabatic compression process, thus

¥y-1 14-1
L. (Y or T,=T, x n (since y = 1.4)
2 1 V.

T, \V, 2
or T, = 300 x (15.3)°4 = 893.3 K
v Y
Also, V' =pVy' = p,=p, x [VL] =1 x (15.3)}4 = 45.56 bar
2
Process 2-3 is a constant pressure process, hence
V. _ Vs Valy y
T, = T, = Ty= v, - 2.04 x 8933 = 18223 K

Assume that the volume at point 2 (V) is 1 m3. Thus the mass of air involved in the process,

—_— - - o

s mePVe  $BBEXICXL_ oo Vs V3 VW
o RT, 287 x 893.3 V3=_LX.Y§._@_2_04
S V. Vi Vi 75
Process 3-4 is an adiabatic expansion process, thus ' \x\ _ ’
7-1 14-1 ~ 5
Ty =[Z§.J =(ij = 0.4466 -
T, \V, 75 e
or T, =1822.3 x 0.4466 = 8138 K
Work done =me, (Ty3- Tp))— me, (T, - T)
= 17.77 {1.005 (1822.3 - 893.3) - 0,718 (813.8 - 300)] = 10035 kJ
p = Workdone 10035 10035 10035
m

Swept volume  (V; -V,) (153V;-V,) 143
701.7 kN/m? = 7.017 bar. (Ans.)

'+ Vy =1m® assumed)
Ratio of maximum pressure to mean effective pressure

P 4556
= —==— = 649. .
b, - 7017 9. (Ans.)
Cycle efficiency, 1 eycle *
Work done

ncyele

Heat supplied
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_ 10085 _ . 10035
T me, (T-Ty) 17.77x 1.005(1822.3 - 897.3)
Fuel consumption per kWh ; m,:
Tap = 05 Nyyee = 0.5 x 0.6048 = 0.3024 or 30.24%
Mg, = 0-3024 x 0.8 = 0.242

= 0.6048 or 60.48%. (Ans.)

-
Also. N - 1 3600
’ th(B) ~ - -
/ mexC o My songp T X 42000
. 3600
or B 0242 = — 200
%T ; my x 42000
R 3600
or M= o 19000 0.354 kg/kWh., (Ans.)

13.6. DUAL COMBUSTION CYCLE

This cycle (also called the limited pressure cycle or mixed cycle) is a combination of Otto
- and Diesel cycles, in a way, that heat is added partly at constant volume and partly at constant
pressure ; the advantage of which is that more time is available to fuel (which is infected into the
engine cylinder before the end of compiession stroke) for combustion. Because of lagging charac-
teristics of fuel this cycle is invariably used for diesel and hot spot ignition engines.

The dual combustion cycle (Fig. 13.19) consists of the following operations :
(i) 1-2-—Adiabatic compression

(ii) 2-3—Addition of heat at constant volume

(iii) 3-4—Addition of heat at constant pressure

(iv) 4-6——Adiabatic expansion

(v) 5-1—Rejection of heat at constant volume.

pa T?




or

or
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Consider 1 kg of air.
Total heat supplied = Heat supplied during the operation 2-3
+ heat supplied during the operation 3-4

=c(Ty—- T+ (T, - Ty
Heat rejected during operation 5-1 = c (T — T)
Work done = Heat supplied — heat rejected

=€, (Ty = T+ ¢ (Ty - Tp) - ¢ (T - T))

Workdone c(B-Thi+c, Ty-TB)~c, (-1

Mauar = Heat supplied ¢ L -T)+c, (T4~ Ty
=1 Cy (T5 —T]_)
-7 Cv(Ts*T2)+Cp(T4—T3)
¢, (Ts-T7) . c
=1- = voy=-£
Ty —Ty)+ 7Ty - Ty) @ [ ! )
Compression ratio, r= 51-
2 .
During adiabatic compression process 1-2,
L_(u 1f‘1=(r)7‘1 | (i)
Tl -— U2 e
During constant volume heating process,
Pz _ P2
; T
I3 _ps_ - . .
= Py B, where B is known as pressure or explosion ratio.
2
T.
T,= —Bi ...dii)

During adiabatic expansion process,

-1
ﬂ_(v_ET
T5- Uy

y-1
r
- (EJ i)

( YU _bi v Ui,
Vg Ug Uz Uy 3 Uy

= i, p being the cut-off ratioJ
During constant pressure heating process,

Y3 _ba

I, 7,
v _

T, =T, U—‘* =pT, : (v)
3

Putting the value of T, in the eqn. (iv), we get

T-1
pT3 _(?"] p y-1
- | T = . T |-
Ts p o Ts=P- T (r)
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Putting the value of T, in eqn. (ii), we get
yi
_Ez T -1
T, (r)
L 1
OB et
Now inserting the values of T}, T,, T, and T in eqn. (i), we get
y-1
T 1
) 1 (51
[p a[f] p (r)"_l} (,-)T—l[py B]
et =1~ d=1-0
[[TS‘%]+Y(‘)T3 "'Ts)] (I—EJ"'Y(p‘”l)
. 1 B.p"-1
€., il = 1- : ..(13.10)
- Maunl == =T @ - D+ Py - 1)
Work done is given by,
- _ P4Vs — Ppls _ Palz — it
W= pilv, — vg) + y=1 y=1
=pogp—1) + (pgpuv3 — Psf'vi):l(sza ~ pyvs)
Pas (p = 1XY ~ 1) + pgvy (p - —pir] - Poys {1 - ﬂr)
- Py Py
= 1
Y ¥ Y
Also Eﬁ.z[v_‘lJ =(B) and 22 __.[EI_J =7
Py \Us r P \V2
also, Py® Py Ug=Vg Vg =1y
Wo blm@-DG=D+p-pir! M -pA-ri"")]
-1
Gl _ PP -D(y-D+Bp-pr M -a-r"")
S - (y-1
_ p( By (p -1+ (B-1-r' " (Bp"-1)]
= -1
¥-1 - 1 =Y Lpa? —
_ by {By(p 1)4:{(?1 1)-r"(Bp'-1)] (13.11)
Mean effective pressure (p,) is given by,
oo W W _pwlrTBre-D+@-D-rTT (B! - 1)
- o () o-vu[221)
( r r

\ _ PR -D+B-D-r"" (Bp' -1 13.12
/_! pm - (,Y _ 1)(', _ 1) ..-( . )
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Example 13.23. The swept velume of a diesel engine working on dual cycle is 0.0053 m?
and clearance volume is 0.00035 m?. The maximum pressure is 65 bar. Fuel injection ends at 5
per cent of the stroke. The temperature and pressure at the start of the compression are 80°C and
0.9 bar. Determine the air standard efficiency of the cycle. Take ¥ for air = 1.4.

Solution. Refer Fig. 13.20.

4 p (bar)

65 |-

e rm e ——————

5
0.9 brobomm T 1{80°C)
- | »V(m’)
—-|/, le—— v, = 0.0053 m’—— |
Vg = Vy =V, = 000035 m
Fig. 13.20
Swept volume, V, = 0.0053 m?
Clearance volume, V, =V, =V, =0.00035 m?
Maximum pressure, b3 = p, = 65 bar
Initial temperature, T, =80 + 273 = 353 K
Initial pressure, p; = 0.9 bar
Naual = ?
The efficiency of a dual combustion cycle is given by
1 B.p" -1 _
=1- ol
T]dual (r)y—l [(B_1)+37(P—1):| 3)
. . V, V. +V, 00053+ 0.00035
= —= = = 1 .
Compression ratio, r v, v 0.00035 6.14
[+ V, =V, =Clearance volume]
5 V. +V.
: Va_100 " '3 _005V, +V, V. ZV. =
Cut-off ratio, p= v, A = v, (v Vy=V3=V)
0.05 x 0.0053 + 0.00035

= 0.00035 = 1.7567 say 1.76
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Also during the compression operation 1-2,
V"= pVy

pa_(nY
or 2= [—‘] = (16.14)!4 = 49.14
h Ve
or Py =p; x49.14 = 0.9 x 49.14 = 44.22 bar
Pressure or explosion ratio, p = i—: = Zgg—z =147

Putting the value of r, p and B in egn. (i), we get

M= 1 147 x (176" -1
dual (161441 | (147 -1)+147x14(176 - 1)
3.243-1
=7 -0328 [m] = {.6383 or 63.83%. (Ans.)

Example 13.24. An oil engine working on the dual combustion cycle has a compression
ratio 14 and the explosion ratio obtained from an indicator card is 1.4. If the cut-off occurs at 6
per cent of stroke, find the ideal efficiency. Take vy for air = 1.4.

Solution. Refer Fig. 13.19.

Compression ratio, r=14
Explosion ratio, =14
i ; p-1_ 6 et
If p is the cut-off ratio, then 7T "0 o141t 0.06
p = 1.78

Ideal efficiency is given by

I Bp’ -1
Nideal or dual = (r)‘!‘l (ﬁ-—l)'{'ﬂY(P_l)

-1 1 1.4 % (178)* -1
ST a1 (14-1)+14x1.41.78-1)

. 3138 -1 . s
=1-0348 | 1505 | = 0614 or 61.4%. (Ans)

Example 13.25. The compression ratio for a single-cylinder engine operating on dual cycle
is 9. The maximum pressure in the cylinder is limited to 60 bar. The pressure and temperature of
the air at the beginning of the cycle are 1 bar and 30°C. Heat is added during constant pressure
process upto 4 per cent of the stroke. Assuming the cylinder diameter and stroke length as
250 mm and 300 mm respectively, determine :

(i) The air standard efficiency of the cycle.

(ii) The power developed if the number of working cycles are 3 per second.
Take for air ¢, = 0.71 kJ /kg K and : ¢, =10 kJ/hg K

Solution. Refer Fig. 13.21.

Cylinder diameter, D=250mm=025m

Compression ratio, r=9

Stroke length, L =300 mm=03m
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Initial pressure, p; = 1bar

Initial temperature, T, =30 + 273 =303 K
Maximum pressure, pg= p, = 60 bar

Cut-off = 4% of stroke volume
Number of working cycles/sec. = 3.

p (bar}

Fig. 13.21

(i) Air standard efficiency :
Now, swept volume, V = /4 DL = w/4 x 0.25% x 0.3
= 0.0147 m?

VE +Vz
V.

[4
0.0147 +V,
=

c

Vo ST g g

Also, compression ratio, r =

<

Vy=V,+ V, = 00147 + 0.0018 = 0.0165 m?

For the adiabatic (or zsentrapzc) process 1-2,
P 1V V= pzv !

1
Pa=P X (-“;—1] =1x () =1x (9 =2167bar
2

T! v, Y !
Also, —2=[—A} =Y " L1=(9P* 1 = (9)°4 = 2.408
Tl V2
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, _ To=T, x2.408 = 303 x 2408 = 7296 K
For the constant volume process 2-3,

L.
D3 - P2
Ty=T,. ;’—: = 729.6 x 2;_527 = 2020 K
p-1 4
Also, r—1 100 ©°r 0.04
Pl _ 004 or p=132
9-1
For the constant pressure process 3-4,
Vo _ Vs L, Vs _
T, Ty T, V;

T,=Tyx p=2020x 1.32 = 26664 K

Vo Vo Vo, Vi Vg r

Also expansion ratio, -o=_%x_Z2=_1,_ 8__ [ Vz=Vyand V, =V;]
Ve Vo V, Vy, Vg op e TR

For adiabatic process 4-5,

T4 V5 r
y-1 14-1
T, =T, (EJ = 2666.4 (—1‘_3—2} =1237K
r
Also PV, = pV.!
V) Leox [Z] =60 [EEJM 4.08 b

p5 = _p4 . -"V-'S- = b4 P = b 4 9 = 4, ar

Heat supplied, Q=cT3— Ty + Ty~ Ty
= 0.71 (2020 - 729.6) + 1.0 (2666.4 — 2020) = 1562.58 kJ/kg

Heat rejected, & =c, (T,-T)

= 0.71 (1237 ~ 303) = 663.14 kJ/kg

_6.-Q, 1562.85-66314
Nair-standard = Qs = 1562.58
(ii) Power developed by the engine, P ;
Mass of air in the cycle is given by

pVi  1x10°x0.0165
= = = 0.0189 k
™= RTy 287 x 303 g

Work done per cycle =m(Q, - @)
= 0.0189 (1562.58 — 663.14) = 16.999 kJ
Power developed = Work done per cycle x no. of cycles per second
= 16.999 x 3 = 50.99 say 51 kW. (Ans.)

= 0.5756 or 57.56%. (Ans.)
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wExample 13.26. In an engine working on Dual cycle, the temperature and pressure at

the beginning of the cycle are 90°C and 1 bar respectively. The compression ratio is 9. The
maximum pressure is limited to 68 bar and total heat supplied per kg of air is 1750 kdJ.
Determine :

(i) Pressure and temperatures at all salient points
(iz) Air standard efficiency
(iii) Mean effective pressure.

Solution. Refer Fig. 13.22.

Ap (bar)

68 |---

Adiabatics

Ll R bbb b 1(80°C)
»V(m®)
Fig. 13.22
Initial pressure, p, = 1 bar
Initial temperature, T,=90+273=363 K
Compression ratio, r=9
Maximum pressure, p3 = p, = 68 bar
Total heat supplied = 1750 kdJ/kg

(i) Pressures and temperatures at salient points :
For the isentropic process 1-2,
P,V = paVy

Y
Py =Dy X [%} =1x(r)' =1 x (914 = 21.67 bar. (Ans.)
2

|
Also, I =[ﬂJ —(r~L=(91 = 2.408
n, \V
T,= T, x 2.408 = 363 x 2.408 = 8741 K. (Ans.)
Py = p,= 68 bar. (Ans.)



GAS POWER CYCLES 647

For the constant volume process 2-3,

by _Py
T, Ty

Ty=Tyx 22 28741 x

6
p2 5167 = 27429 K. (Amns.)

Heat added at constant volume
=¢, (Ty3- T,) = 0.71 (2742.9 - 874.1) = 1326.8 kJ/kg

. Heat added at constant pressure
= Total heat added — heat added at constant volume
= 1750 — 1326.8 = 423.2 kJ/kg

¢,(Ty — T3) = 423.2

or 1T, — 2742.9) = 423.2
. T, = 8166 K. (Ans.)
For constant pressure process 3-4,

V. _Ty 3166
=——— =115
P=Vv, T, 27429

For adiabatic (or isentropic) process 4-5,

Vs Vs Ve Vi Yyt A
Ve Vo Vy Vp Vo op Vs
Also p V= p;Vy!
t ' 14
115
Py =Py x [Yi] = 68 x (P-) =68 x (—J - 3.81 bar. (Ans.)
Vi r 9
v-1 ¥-1 14-1
: Ts _[Ya) _ [P"J W[ﬁ}
Again, T, * (Vs) ; 9 = 0.439
: Tg =T, % 0.439 = 3166 x 0.439 = 1389.8 K. (Ans.)
(u) Air standard efficlency
Heat rejected during constant volume process 5-1,
Q, = c(Ty — T)) = 0.71(1389.8 - 363) = 729 kJ/kg
e _ _Workdone _@Q,-@
air-standard = Froat supplied Q.
1750 - 729
= "“—17—50—— = 00,5834 or 58.34%. (Ans.)
{iif) Mean effective pressure, p_, :
Mean effective pressure is given by
. Work done per cycle
m Stroke volume
1 PyVy - P5V5 P2V2 Vi
= V4 -V,
V,+V, s
Vi=V=rVeV,=V3=V,V, =pV, CorETy sy
V,=(r-1nV, ¢ <

V,=(r-1V,
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1 PV, — pg xrV,  psV, - pirV,
= ——— V.-V c c _ ¢ ¢
r=9p=115 v= 14
p, = 1 bar, p, = 21.67 bar, pg = p, = 68 bar, p; = 3.81 bar

Substituting the above values in the above equation, we get

1 68x115-3.81x9 2167 -9]

_ L lesais-1
P (9—1)[ ( T 14-1

= 1 (102 + 109.77 ~ 31.67) = 11.04 bar

Hence, mean effective pressure = 11.04 bar. (Ans.)

Example 13.27. An L.C. engine operating on the dual cycle (limited pressure cycle} the
temperature of the working fluid (air) at the beginning of compression is 27°C. The ratio of the
maximum and minimum pressures of the cycle is 70 and compression ratio is 15. The amounts of
heat added at constant volume and at constant pressure are equal. Compute the air standard
thermal efficiency of the cycle. State three main reasons why the actual thermal efficiency is
different from the theoretical value. (U.P.S.C. 1997)

Take ¥ for air = 1.4.

Solution. Refer Fig. 13.23. Given : T; =27+ 273 =300 K; £2 =70, 21" 15
: 151 Ua Us

P4

Fig. 13.23. Dual cycle.

Air standard efficiency, n; . q0.4 °
Consider 1 kg of air.
Adiabatic compression process 1-2 :

T, e
T . (ﬂJ =154 - 2.954
Tl Ug
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T, =300 x 2954 = 886.2 K

T
&__,[ﬂ) =15} = p, =443 p,

P\
Constant pressure process 2-3 :
Pz _Py
, T,
or T,=T,x 23 _8862x —PL _ 1400 K
3 2 Po 4431)1
Also, Heat added at constant volume = Heat added at constant pressure ..{Given)
or c, (Ty-Ty= c, (T, -Ty
or T3-Ty=y(T,~T,)
~T. ~ 886.
or T4=T3+T3 2=1400+E%§§E=1767K
Constant volume process 3-4 :
Yg Vs vs Ty 1767
T3 T4 = I'J3 T3 1400 - 126
Y4 Uy
Also, — = =12 =0
80 vs ~ (15) 126 or v, =0.084 v,
Also, v = v,

Adiabatic expansion process 4-5 :

¥-1 14-1
Ts \vg 0.084v, o
T, 1767
= ——=———"=h569K
8 269 269
Workdone  Heat supplied — Heat rejected

TNairstandard = Foap supplied Heat supplied

_ Heat rejected
Heat supplied
&(Ts - Ty)
CU(TS - T2) + CP(T4 - T3)

(Ts - T
T (T3 -Tp) + YT, - Tp)
{656.9 — 300)
" (1400 - 886.2) + 1.4(1767 - 1400)
Reasons for actual thermal efficiency being different from the theoretical value :
1. In theoretical cycle working substance is taken air whereas in actual cycle air with fuel
acts as working substance.

2. The fuel combustion phenomenon and associated problems like dissociation of gases,
dilution of charge during suction stroke, etc. have not been taken into account.

=1

= 0.853 or 65.3%. (Ans.)

=1
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3, Effect of variable specific heat, heat loss through cylinder walls, inlet and exhaust veloci-
ties of air/gas etc. have not been taken into account.

swExample 13.28. A Diesel engine working on a dual combustion cycle has a stroke vol-

ume of 0.0085 m® and a compression ratio 15 : 1. The fuel has a calorific value of 43890 kdlkg. At
the end of suction, the air is at 1 bar and 100°C. The maximum pressure in the cycle is 65 bar and
air fuel ratio is 21 : 1. Find for ideal cycle the thermal efficiency. Assume ¢, = 10and c, = 0.71.

Solution. Refer Fig. 13.24.

p (bar)
3

65 ---

N N Ry

5
1 fmmdmmme- oo SIS 11(100°C)
j »V(m’)
e V, =0.0085 m’ vl
Fig.13.24

Initial temperature, T, =100+273=3713K

Initial pressure, p, = L bar

Maximum pressure in the cycle, p; = p, = 65 bar

Stroke volume, V, = 0.0085 m?

Air-fuel ratio =21:1

Compression ratio, r=15:1

Calorific value of fuel, C = 43890 kJ/kg

¢, =10, ¢, = 0.71
Thermal efficiency :
V,=V,-V, =0.0085
Vi

and as r= V2 = 15, then V, = 15V,

. 15V, - V, = 0.0085
or 14V, = 0.0085

0.00

or V2 = V3 = Vc = (;485 = 0.0006 Iffl3

or V, = 15V, = 15 x 0.0006 = 0.009 m?
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For adiabatic compression process 1-2,
PV = pVy
T
= i = 141 = %o _ ——0— =141
or p2 = pl‘ (V_z] = 1 x (15) Y CU 0'71
= 45,5 bar
4
T, (VY y-1 141-1
—=1 T = =(15 =
Also, T, (VJ (r} (15) 3.04
T,=T, x 3.04 = 373 x 3.04 = 1134 K or 861°C
For constant volume process 2-3,
P2 P
Ty, T,
B3 65
T, = — =113 — = 1347°
or 3= Ty % 2o 4 x 155 1620 X or 1347°C
According to characteristic equation of gas,
prl = mRTl
_ pVi_1x10°x0009 _
= ‘rT, AT X378 - 0.0084 kg (air)
Heat added during constant volume process 2-3,
=mxc, (T;-T,)
= 0.0084 x 0.71 (1620 — 1134)
= 2.898 kJ
Amount of fuel added during the constant volume process 2-3,
2398 0.000066 k
= 43890 T g
Also as air-fuel ratio is 21 : 1.
0.0084
Total amount of fuel added =51 = 0.0004 kg
Quantity of fuel added during the process 3-4,
= 0.0004 — 0.000066 = 0.000334 kg
Heat added during the constant pressure operation 3-4
= 0.000334 x 43890 = 14.66 kJ
But (0.0084 + 0.0004) c, (T, - Ty) = 14.66
or 0.0088 x 1.0 (T, — 1620) = 14.66
14.66
= —— +1620 =3286 K 13°C
T, 5.0088 + 1620 = 328 or 30
Again for process 3-4,
V, V, V,T, 0.0006 x 3286
Ya _ Y4 vV = = = 0.001217 m3
T, o1, 4T 1620 001217 m
For adiabatic expansion operation 4-8,
T, (Vi) ' ( oo0os Y
M| 1s =) — =227
T, \Vy 0.001217



652 ENGINEERING THERMODYNAMICS

7. To 3286
57 227 227
Heat rejected during constant volume process 5-1,
=m Cv (T5 - Tl)
= (0.00854 + 0.0004) x 0.71 (1447.5 — 373) = 6.713 kJ
Work done = Heat supplied — Heat rejected
= (2.898 + 14.66) — 6.713 = 10.845 kJ

or = 1447.5 K or 1174.5°C

. Thermal efficiency,
Work done 10.845
N = Hoat supplied (2,898 + 14.66) = 0.6176 or 61.76%. (Ans.)

*Example 13.29. The compression ratio and expansion ratio of an oil engine working on

the dual cycle are 9 and 5 respectively. The initial pressure and temperature of the cir are 1 bar
and 30°C. The heat liberated at constant pressure is twice the heat liberated at constant volume.
The expansion and compression follow the law pV?2% = constant. Determine :

(t) Pressures and temperatures at all salient points.

(ii) Mean effective pressure of the cycle.
(iii) Efficiency of the eycle.
(iv) Power of the engine if working cycles per second are 8.
Assume : Cylinder bore = 250 mm and stroke length = 400 mm.
Solution. Refer Fig. 13.25.

4p (bar)

3 4

N

pV"25 = Constant

i Y g VU

5
y
th--- 11 (30°C)
1 >\ (ma)
— VC 4 VS
Fig. 13.25
Initial temperature, T, =30+273=303 K
Initial pressure, py=1Dbar

Compression and expansion law,
pV13 = Constant
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Compression ratio,
Expansion ratio,
Number of cycles/sec.
Cylinder diameter,
Stroke length,

!‘c=9
r,=56
=8

D=250 mm =025m
L=400mm =04 m
Heat liberated at constant pressure

= 2 x heat liberated at constant volume

(i) Pressure and temperatures at all salient points :
For compression process 1-2,

Also,

Also,

pv" = p vy

v,
Pg=Dp % V_2

 \V,

653

) =1 x (9% = 15.59 bar. (Ans.)

-1
§=(YLJE =(9%-1 _ 1732

T, = T, x 1.732 = 303 x 1.732
= 524.8 K or 251.8°C. (Ans.)

For constant pressure process 3-4,

ey(Ty— T =2 x ¢(Ty— Ty ...... (given)

T, _Vy __ Compression ratio(r,)
I W Expansion ratio (r,)
=2 18
5
T, - 1.87;

Substituting the values of T, and T, in the eqn. (i), we get

Also,

LO(1.8T; - Ty) = 2 x 0.7UT,, ~ 524.8)

0.8T, = 14T, — 524.8)
0.8T, = 1.42T, — 745.2

T, = 1201.9 K or 928.9°C. (Ans.)

0.62T, = 745.2
By _Dy
T, T

T3
Pg =Py x T_2 = 15.59 x

12019
524.8

P, = pg= 35.7 bar. (Ans.)
T,= 18T, =18 x 1201.9 = 21634 K or 1890.4°C. (Ans.)
For expansion process 4-5,

PV = ps V5"

= 35.7 bar.

’rg)=Y.5..x_Vi
s V,
N 1
Vi p
N 1l.r
Vo pop
= _n
P Vr
v, ]

..... for process 2-3

(Ans.)
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1’ 1 357
Ps =Dy X [T/;J =p,x T *(5)1? = 477 bar. (Ans.)
-1

T, (VY 1 1

— = | ——— = = = 0.668
Also T‘4 [VS] (re )n—l (5)L25-1
. Ty=T,x 0.668 = 2163.4 x 0.668 = 1445 K or 1172°C. (Ans.)
(i{) Mean effective pressure, p_, :
Mean effective pressure is given by

P

1 [Pa(V4 V) + paVs - psVs  poVp — P1V1]
v

A n-1 n-1

PP — By P2~ Pie
-1+ -
(rc-1)["3(p A n—l]

r.=p,p=18, n=125 p, = 1bar, p, = 15.59 bar, p; = 35.7 bar,
py = 35.7 bar, p; = 4.77 bar

= L |357(18-1)+ 387 x18-477x9 1559 -1x9
9-1) 125-1 1951

Now,

Pm

1
=3 [28.56 + 85.32 — 26.36] = 10.94 bar

Hence mean effective pressure = 10.94 bar. (Anas.)
(iii) Efficiency of the cycle :
Work done per cycle is given by W=p, V,

Here, V, = W4DPL = /4 x 0.25% x 0.4 = 0.0196 m?
10.94 x 10° x 0.0196
= 1000 kd/cyele = 21.44 kd/cycle
Heat supplied per cycle = mQ,,
where m is the mass of air per cycle which is given by
me PV here v, =V, +V,= Te_V,
1 e~ 1
V. +V Vv, V.
r,=—f—£=14-% or V,=—"?
V. Vv, ¢ -1
\'s 1 r,
s V=V, +—-=V_[1+ = el YV
177 r,-1 s[ rc-lJ rn-1°
9
= — x 0.0196 = 0.02205 m3
9-1
1x10° x 0.02205
m = 287 % 303 = 0.02536 kg/cycle

Heat supplied per cycle

m@, = 0.02535lc (T3 ~ Ty) + ¢, (T, - Tyl
= 0.02535[0.71(1201.9 ~ 524.8) + 1.0(2163.4 — 1201.9)]
= 36.56 kd/cycle

. Work done per cycle 2144
E, = =
ficiency Heat supplied per cycle  36.58

= 0.5864 or 58.64%. (Ans.)
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(iv) Power of the engine, P :

Power of the engine, P = Work done per second
= Work done per cycle x no. of cycles/sec.
=21.44 x 8 = 171.52 kW. (Ans.)

13.7. COMPARISON OF OTTO, DIESEL AND DUAL COMBUSTION CYCLES

Following are the important variable factors which are used as a basis for comparison of
the cycles :

o Compression ratio.
Maximum pressure
Heat supplied
Heat rejected
Net work

Some of the above mentioned variables are fixed when the performance of Otto, Diesel and
dual combustion cycles is to he compared.

13.7.1. Efficiency Versus Compression Ratio

Fig. 13.26 shows the comparison for the air standard efficiencies of the Otto, Diesel and
Dual combustion cycles at various compression ratios and with given cut-off ratio for the Diesel
and Dual combustion cycles. It is evident from the Fig. 13.26 that the air standard efficiencies
increase with the increase in the compression ratio. For a given compression ratio Otto cycle is
the most efficient while the Diesel cycle is the least efficient. (M gy > Mgy > Naiesel

Note. The maximum compression ratio for the petrol engine is limited by detonation. In their respective
ratio ranges, the Diesel cycle is more efficient than the Otto cycle.

13.7.2. For the Same Compression Ratio and the Same Heat Input

A comparison of the cycles (Otto, Diesel and Dual) on the p-v and T-s diagrams for the same
compression ratio and heat supplied is shown in the Fig. 13.27.

70+

—
(=2
o
I

T gl
=
40
30 L i ] 1 ] 1 ] ] 1
2 4 6 8 10 12 14 .16 18 20
6-9 v 15-20
S.1. engine operating C.I. engine operating

compresgion ratio range  compression ratio range
Compression ratio {r) ——————»

Fig. 13.26. Comparison of efficiency at various compression ratios.
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P;P
Otto=1,2, 3", 4" T4
3 Diesel = 1,2, 3, 4
Duat=1,2' 3., 4
&
2l
2
4
4f
4 ”
1
>V
{a}
Fig. 13.27. (@) p-v diagram, (b) Ts diagram.
We know that, n=1- M ...(13.13)
Heat supplied

Since all the cycles reject their heat at the same specific volume, process line from state 4 to
1, the quantity of heat rejected from each cycle is represented by the appropriate area under the
line 4 to 1 on the T-s diagram. As is evident from the eqn. (13.13) the cycle which has the least
heat rejected will have the highest efficiency. Thus, Otto cycle is the most efficient and Diesel cycle
is the least efficient of the three cycles.

i.e., MNotte > Ndual > Mdiesel «

13.7.8. For Constant Maximum Pressure and Heat Supplied

Fig. 13.28 shows the Otto and Diesel cycles on p-v and T-s diagrams for constant maximum
pressure and heat input respectively.

T4

{a) (b)
Fig. 13.28. (a) p-v diagram, (b) T-s diagram.
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— For the maximum pressure the points 3 and 3’ must lie on a constant pressure line.

— On T-s diagram the heat rejected from the Diesel cycle is represented by the area under
the line 4 to 1 and this area is less than the Otto cycle area under the curve 4’ to 1 ;
hence the Diesel cycle is more efficient than the Otto cycle for the condition of maxi-
mum pressure and heat supplied.

Example 13.30. With the help of p-v and T-s diagram compare the cold air standard otto,
diesel and dual combustion cycles for same maximum pressure and maximum temperature.

(AMIE Summer, 1998)
Solution. Refer Figs. 13.29 (a) and (b).

The air-standard Ctto, Dual and Diesel cycles are drawn on common p-v and T-s diagrams
for the same maximum pressure and maximum temperature, for the purpose of comparison.

Otto 1.2-3-4-1, Dual 1-2’-3°-3-4-1, Diesel 1-2"-3-4-1 (Fig 13.29 (a)).
Slope of constant volume lines on 7-s diagram is higher than that of constant pressure
lines. (Fig. 13.29 (b)).

P&
23 3 T4

v
<

(a) (b}
Fig. 13.29
Here the otto cycle must be limited to a low compression ratio (r} to fulfill the condition that

point 3 (same maximum pressure and temperature) is to be a common state for all the three cycles.

The construction of cycles on T-s diagram proves that for the given conditions the heat
rejected is same for all the three cycles (area under process line 4-1). Since, by definition,

Heat rejected, @, _1- Const.
Heat supplied, @, Q,
the cycle, with greater heat addition will be more efficient. From the T-s diagram,
@, (diesen) = Area under 2°-3
@, gua) = Area under 2°-3"-3
@, o110y = Area under 2-3.
It can be seen that, @ i)y > Quiguay > Ustorto)
and thus, M. > Nua > Moo

13.8. ATKINSON CYCLE

This cycle eonsists of two adiabatics, a constant volume and a constant pressure process.
p-V diagram of this cycle is shown in Fig. 13.30. It consists of the following four operations :

n=1-
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(i) 1-2—Heat rejection at constant pressure
(&) 2-3—Adiabatic compression
(iif) 3-4—Addition of heat at constant volume
(iv) 4-1—Adiabatic expansion.

Pa

>y
Fig. 13.30
Considering 1 kg of air.
Compression ratio =2 _q
L’3
. . Uy
Expansion ratio =—==r
Uy
Heat supplied at constant volume = ¢ (T, — T)
Heat rejected =c (T, - Ty
Work done = Heat supplied - heat rejected

= CU(T4 - T3) - Cu(Tl - TZ)
Work done ¢, (Ty —T3) - ¢, (T} - Ty)

~ Heat supplied ¢, (Ty - Ty)
(-7 .
=1-y, ——2L
¥ T, ~Ty) (i)

During adiabatic compression 2-3,
y-1
L] _@
T, \u
or Ty=T, (a)! ()
During constant pressure operation 1-2,

vL_by
T, T,
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or

h » r
During adiabatic expansion 4-1,

&{ﬂ)""l:w_l

L v _«o ...(iid) [gg_:gz;xv_a=ng_4=g]

TI Uy
T, .

L= (i)

Putting the value of T, in eqn. (iii), we get
VS
ety
OLT4
== (V)
Substituting the value of T, in eqn. (ii), we get
V]
7, = %04 (gyr-t =[5J . T,
r' r
Finally putting the values of T, T, and T, in eqn. (i), we get
Ty _oly
-1 ¥ r-a
T|=1.-.'Y _..]:.._.m__.g.-_)_m:]_—‘y(y ‘.{J
T - E T r-o
475 ) 1
. ) r-o
Hence, air standard efficiency =1-7. [ y ,{] ..(13.14)
rf -«

Example 13.31. A perfect gas undergoes a cycle which consists of the following processes

taken in order :

(@) Heat rejection at constant pressure,
(b) Adiabatic compression from 1 bar and 27°C to 4 bar.
(c) Heat addition at constant volume to a final pressure of 16 bar,
(d} Adiabatic expansion to 1 bar.
Calculate : (i) Work donefkg of gas.
(1) Efficiency of the cycle.
Take : c, = 0.92, c, = 0.75.
Solution. Refer Fig. 13.31
Pressure, py=p,; = 1bar
Temperature, T,=27+ 273 =300 K
Pressure after adiabatic compression, p; = 4 bar
Final pressure after heat addition, p, = 16 bar
For adiabatic compression 2-3,

y-1 122 -1
£=(&] Y =[£J 1227 _og4 {y:%l’_-_-g.'?_z.-_—],ﬂ]
T, \pe v

1
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2(27°C)

v(ma)
Fig.13.31

Ty=T, x 1.284 = 300 x 1.284 = 385.2 K or 112.2°C
For constant volume process 3-4,

Ps_P3
T, T
7, = PsTa _16x3852 o108 K or 1267.8°C
DPs 4
For adiabatic expansion process 4-1,
¥-1 122-1
ﬂ:(”—**} ’ =[E] L2 _ 648
n bh 1
T, 15408
=——2—="—9— = 9349 K or 661.9°C.
o 171648 1648 or
(i} Work done per kg of gas, W :
Heat supglied =c, (T, - Ty
= 0.75 (1540.8 — 3856.2) = 866.7 kd/kg
Heat rejected = ¢, (T, — Ty) = 0.92(934.9 — 300) = 584.1 kd/kg

Work done/kg of gas, W = Heat supplied — heat rejected

= 866.7 — 584.1 = 282.6 kJ/kg = 282600 N-m/kg. (Ans.)
(ii) Efficiency of the cyele : :
Work 282.6
Efficiency, ork done __

n= Heat supplied ~ 866.7

= 0.328 or 32.6%. (Ans.)

13.9. ERICSSON CYCLE
It is 50 named as it was invented by Ericsson. Fig. 13.32 shows p-v diagram of this cycle.
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It comprises of the following operations :

(i) 1-2—Rejection of heat at constant pressure
(ii) 2-3—Isothermal compression
(ii) 3-4—Addition of heat at constant pressure
(tv) 4-1—Isothermal expansion.

Pa

Fig. 13.32
Considering 1 kg of air. -
a_by
U3 Uy
Heat supplied to air from an external source
= Heat supplied during the isothermal expansion 4-1

Volume ratio, r=

=RT, log, r
Heated rejected by air to an external source = RT, . log, r
Work done = Heat supplied — heat rejected

=RT, .log,r—RT, .log, r = R log, r (T, - T),)
_ Workdone _ Rlog, r(T) - T)
n= Heat supplied RT, log, r
"h-T

S ..(13.15)

which is the same as Carnot cycle.
Note. For ‘Stirling cycle’, Miller cycle and Lenoir cycle please refer to the Author’s popular
book on “I.C. Engines”.

13.10. GAS TURBINE CYCLE—BRAYTON CYCLE

13.10.1. Ideal Brayton Cycle

Brayton cycle is a constant pressure cycle for a perfect gas. It is also called Joule cycle.
The heat transfers are achieved in reversible constant pressure heat exchangers. An ideal gas
turbine plant would perform the processes that make up a Brayton cycle. The cycle is shown in the
Fig. 13.33 (a) and it is represented on p-v and T-s diagrams as shown in Figs. 13.33 (b) and (¢).
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The various operations are as follows :

Operation 1-2. The air is compressed isentropically from the lower pressure p, to the
upper pressure p,, the temperature rising from T, to T,. No heat flow occurs.

Operation 2-3. Heat flows into the system increasing the volume from V, to V, and tem-
perature from T, to T whilst the pressure remains constant at p,. Heat received = mc, (T - T}).

Operation 3-4. The air is expanded isentropically from p, to p,, the temperature falling
from T, to T,. No heat flow occurs.

Operation 4-1. Heat is rejected from the system as the volume decreases from V, to V, and
the temperature from T, to T, whilst the pressure remains constant at p,. Heat rejected = mc,,
(T, - T).

_Work done _

Heat received

_ Heat received/cycle — Heat rejected/cycle
N Heat received/cycle

Nair-standard =

_me, (T3 -Ty)—me, (T, -Ty) -1
B me, (T3 ~T3) - T3 —T2
Heater

YWV
HE-1

q] Work

A1 HE-2

" Cooler

C = Compressor T = Turbine
(a)

Pa T4

>V >

{b) ()

Fig. 13.33. Brayton cycle : (¢} Basic components of a gas turbine power plant

(b) p-V diagram (¢) T-s diagram.
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Now, from isentropic expansion,
y-1

Ia___[zaJT
T,

y-1

To=T, (r,) ', where r, = pressure ratio.

1-1 1-1
Similarly .Ti=(&] L or Ty="T, (ry)
T, h
T,-Ty 1
Tair-standard =1~ -1 S Rk
T4(rp) v "Tl("p) b (rp) Y
100
T 751
¥ 50¢
&
25}
1 L I }
0 4 2] 12 16

Pressure ratio, o, —»

Fig. 13.34. Effect of pressure ratio on the efficiency of Brayton cycle.
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..(13.16)

The eqn. (13.16) shows that the efficiency of the ideal joule cycle increases with the pres-
sure ratio. The absolute limit of upper pressure is determined by the limiting temperature of the
material of the turbine at the point at which this temperature is reached by the compression
process alone, no further heating of the gas in the combustion chamber would be permissible and
the work of expansion would ideally just balance the work of compression so that no excess work

would be available for external use,

13.10.2. Pressure Ratio for Maximum Work

Now we shall prove that the pressure ratio for maximum work is a function of the limiting

temperature ratio,
Work output during the cycle

= Heat received/cycle — heat rejected/cycle

= me, (Ty~ Ty) = mc, (T, - Ty)
=me, (Ty— T~ me, (T, - T;)

T, Ty
= -—— T =~
"% T3( Ts] I[Tl ]
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In case of a given turbine the minimum temperature T and the maximum temperature T
are prescribed, T, being the temperature of the atmosphere and T, the maximum temperature
which the metals of turbine would withstand. Consider the specific heat at constant pressure ¢, vo
be constant. Then,

-1
T. - T
Since, ‘121:(";:) T =2
4 1

¥-1

Using the constant 2= _}, s

we have, work output/cycle

W=K [Ta [1~—1;-]—T1(rpz —1)]
rp

Differentiating with respect to r,

aw z (z-1 .
T sK|Tyx—2—-T, =
dr, [ 3 r(z+1) 12, 0 for a maximum
2Ty _ (z-1)
—G+p - 12()
4
2z _ T3
r =2
P T1
T
ry =(TYTV% i, r,= (T/T)* 7Y ..(13.17)

Thus, the pressure ratio for maximum work is a function of the limiting temperature
ratio.

13.10.3. Work Ratio
Work ratio is defined as the ratio of net work output to the work done by the turbine.
Work ratio = Wy —We
Wr
where, Wy = Work obtained from this turbine,
and W, = Work supplied to the compressor.

_ mcp(T;; —T4) —mcp(Tz "T]_) -1 T2 —Tl

mcp(Tg—T4) B T3-T4
¥-1
eyt -1 o, B
=1- 21|22’ - =1__1(rp) Y ...(13.18)
Tz|q- 1 Ty
1-1
)y ¥
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13.10.4. Open Cycle Gas Turbine—Actual Brayton Cycle

Refer Fig. 13.35. The fundamental gas turbine unit is one operating on the open cycle in
which a rotary compressor and a turbine are mounted on a common shaft. Air is drawn into the
compressor and after compression passes to a combustion chamber. Energy is supplied in the
combustion chamber by spraying fuel into the air stream, and the resulting hot gases expand
through the turbine to the atmosphere. In order to achieve net work output from the unit, the
turbine must develop more gross work output than is required to drive the compressor and to
overcome mechanical losses in the drive. The products of combustion coming out from the turbine
are exhausted to the atmosphere as they cannot be used any more. The working fluids (air and
fuel) must be replaced continuously as they are exhausted into the atmosphere.

Fuel (Heat)

Combustion
chamber

C.C
Compressor (€.C) __Tur?iﬂe_ E;I ’Work

4 Airin 4y
Exhaust

Fig. 13.35. Open cycle gas turbine.

If pressure loss in the combustion chamber is neglected, this cycle may be drawn on a T-s
diagram as shown in Fig. 13.36.
® 1-2° represents : irreversible adiabatic compression.
2'-3 represents : constant pressure heat supply in the combustion chamber.
3-4" represents : irreversible adiabatic expansion.
1-2 represents : ideal isentropic compression.
3-4 represents : ideal isentropic expansion.

Assuming change in kinetic energy between the various points in the cycle to be negligibly
small compared with enthalpy changes and then applying the flow equation to each part of cycle,
for unit mass, we have

Work input (compressor) =c, (T - T))
Heat supplied (combustion chamber) = ¢, (T3— Ty
Work output (turbine) =c, (T, - T,)

Net work output = Work output - Work input

=, (T3 - T~ e, (Ty - T
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T
A

» S

Fig. 13.36

and n _ Net work output

thermal = Heat supplied
Cp (T3 - T4’) —Cp (Tg’ —Tl)
= Cp(Ta - T2’ )

Compressor isentropic efficiency, N,
Work input required in isentropic compression

Actual work required
CP(TQ -T) - T, -T)
¢,(Ty'-Ty) Tp'-T
Turbine isentropic efficiency, N, 4ine
Actual work output
B Isentropic work output
c,{Ty=T4") Ty-Ty
Ty -Ty)  T3-T,

...{13.19)

...{13.20)

Note. With the variation in temperature, the value of the specific heat of a real gas varies, and also in the
open cycle, the specific heat of the gases in the combustion chamber and in turbine is different from that in the
compressor because fuel has been added and a chemical change has taken place. Curves showing the variation of
¢, with temperature and air/fuel ratio can be used, and a suitable mean value of c, and henceycan be found out. It
is usual in gas turbine practice to assume fixed mean value of ¢, and yfor the expansion process, and fixed mean
values of ¢ and y for the compression process. In an open cycle gas turbine unit the mass flow of gases in turbine
is greater than that in compressor due to mass of fuel burned, but it is possible to neglect mass of fuel, since the air/
fuel ratios used are large. Also, in many cases, air is bled from the compressor for cooling purposes, or in the case
of air-craft at high altitudes, bled air is used for de-icing and cabin air-conditioning. This amount of air bled is

approximately the same as the mass of fuel injected therein.
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13.10.5. Methods for Improvement of Thermal Efficiency of Open Cycle Gas
Turbine Plant

) The following methods are employed to increase the specific output and thermal efficiency
of the plant :

1. Intercooling 2. Reheating 3. Regeneration.

1. Intercooling. A compressor in a gas turbine cycle utilises the major percentage of power
developed by the gas turbine. The work required by the compressor can be reduced by compressing
the air in two stages and incorporating an intercooler between the two as shown in Fig. 13.37. The
corresponding T-s diagram for the unit is shown in Fig. 13.38. The actual processes take place as
follows :

1-2 L.P. (Low pressure) compression
2’-3 .. Intercooling
34 H.P. (High pressure) compression
4'-5 C.C. (Combustion chamber)-heating
5-6 T (Turbine)-expansion

Intercooler Fuel (Heat)

v | C.C.
39 59

r
24 4’4
L.P H.P
]
C ﬁ T H| Work

4 1 Yo

Airin Exhaust

Fig. 13.37. Turbine plant with intercocler.

The ideal cycle for this arrangement is 1-2-3-4-5-6 ; the compression process without
intercooling is shown as 1-L’ in the actual case, and 1-L in the ideal isentropic case.

Now,
Work input (with intercooling)

= e (Ty -~ T+ (T — Ty) .(13.21)
Work input {without intercooling)

=c (T -Ty= c(Ty = T+ (T, - T,) ..(13.22)

By comparing equation (13.22) with equation (13.21) it can be observed that the work
input with intercooling is less than the work input with no intercooling, when c, T,/ - Ty is
less than ¢ (T} ~ T). This is so if it is assumed that isentropic efficiencies of the two compressors,
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operating separately, are each equal to the isentropic efficiency of the single compressor which
would be required if no intercooling were used. Then (T, - T,) < (T}’ — T} since the pressure lines
diverge on the T-s diagram from left to the right.

Tll

Fig. 13.38. T-s diagram for the unit.

_ _Net work output
"~ Gross work output

Again, work ratio

_ Work of expansion — Work of compression
B Work of expansion

From this we may conclude that when the compressor work input is reduced then the work
ratio is increased.

However the heat supplied in the combustion chamber when intercooling is used in the
cycle, is given by,

Heat supplied with intercooling = u:'p(‘i"5 — T4')

Also the heat supplied when intercooling is not used, with the same maximum cycle tem-
perature T, is given by

Heat supplied without intercooling = c, (Tg - T}

Thus, the heat supplied when intercooling is used is greater than with no intercooling.
Although the net work output is increased by intercooling it is found in general that the increase
in heat to be supplied causes the thermal efficiency to decrease. When intercooling is used a
supply of cooling water must be readily available. The additional bulk of the unit may offset the
advantage to be gained by increasing the work ratio.

2. Reheating. The output of a gas turbine can be amply improved by expanding the gases
in two stages with a reheater between the two as shown in Fig. 13.39. The H.P. turbine drives the
compressor and the L P. turbine provides the useful power output. The corresponding T-s diagram
is shown in Fig. 13.40. The line 4'-L’ represents the expansion in the L.P. turbine if reheating is
not employed.



GAS POWER CYCLES 669

Reheater
5

/ /
2 ]
N ™~

&3
Airin Exhaust

Fig. 13.39. Gas turbine with reheater.

Fig. 13.40. T-s diagram for the unit.
Neglecting mechanical losses the work output of the H.P. turbine must be exactly egual to

the work input required for the compressor i.e., €pa T, -T)= e (T3 = T))
The work cutput (net output) of L.P. turbine is given by,
Net work output (with reheating) = ¢, Ty~ T4)

and Net work output (without reheating) =, (T, - T}")

Since the pressure lines diverge to the right on T-s diagram it can be seen that the tempera-
ture difference (T — T} is always greater than (T," - T}’), so that reheating increases the net work
outpul.
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Although net work is increased by reheating the heat to be supplied is also increased, and
the net effect can be to reduce the thermal efficiency

Heat supplied = Ty = T + ¢, (Ty - T
Note. C ande - stand for specific heats of air and gas respectively at constant pressure.

3. Regeneration. The exhaust gases from a gas turbine carry a large quantity of heat with
them since their temperature is far above the ambient temperature. They can be used to heat the
air coming from the compressor thereby reducing the mass of fuel supplied in the combustion
chamber. Fig. 13.41 shows a gas turbine plant with a regenerator. The corresponding T-s diagram
is shown in Fig. 13.42. 2’-3 represents the heat flow into the compressed air during its passage
through the heat exchanger and 3-4 represents the heat taken in from the combustion of fuel.
Point 6 represents the temperature of exhaust gases at discharge from the heat exchanger. The
maximum temperature to which the air could be heated in the heat exchanger is ideally that of
exhaust gases, but less than this is obtained in practice because a temperature gradient must exist
for an unassisted transfer of energy. The effectiveness of the heat exchanger is given by :

6 4 Exhaust Heat
’ i exchanger
5!
ANANA o’
T \ANAS
31' A 5:
2’4 Cc.C

C T ﬂ] Work

Air in

Fig. 13.41. Gas turbine with regenerator.

£ = Increase in enthalpy per kg of air
"~ Available increase in enthalpy per kg of air

_ T3-Tp")
(Ts'-Tp")
(assuming c,, and c,, to be equal)

A heat exchanger is usually used in large gas turbine units for marine propulsion or
industrial power.

Effectiveness,

..(13.23)
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Fig. 13.42. T-s diagram for the unit.

18.10.6. Effect of Operating Variables on Thermal Efficiency

The thermal efficiency of actual open cycle depends on the following thermodynamic
variables :

{1} Pressure ratio

(éf) Turbine inlet temperature (T
(iif) Compressor inlet temperature (T,)
(iv) Efficiency of the turbine (n,,,;..)
(v) Efficiency of the compressor (1, )

comp’”

Effect of turbine inlet temperature and pressure ratio :

If the permissible turbine inlet-temperature (with the other variables being constant) of an
open cycle gas turbine power plant is increased its thermal efficiency is amply improved. A prac-
tical limitation to increasing the turbine inlet temperature, however, is the ability of the material
available for the turbine blading to withstand the high rotative and thermal stresses.

Refer Fig. 13.43. For a given turbine inlet temperature, as the pressure ratio increases, the
heat supplied as well as the heat rejected are reduced. But the ratio of change of heat supplied is
not the same as the ratio of change heat rejected. As a consequence, there exists an optimum
pressure ratio producing maximum thermal efficiency for a given turbine inlet temperature.

As the pressure ratio increases, the thermal efficiency also increases until it becomes maxi-
mum and then it drops off with a further increase in pressure ratio (Fig. 13.44). Further, as the
turbine inlet temperature increases, the peaks of the curves flatten out giving a greater range of
ratios of pressure optimum efficiency.
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T (Temp.}

&

Limiting turbine inlet temperature

» 5 (Entropy)
Fig. 13.43
Neomp. = Mhurbing = 0-80
28 t, = 15.5°C
t, = 1095°C

o
F-
T

[
<
T

—y
n
¥

Thermal efficiency (%) —»
@ >

'S
L)

40

1 2 3 4 5 6 7 8 9 10
Pressure ratio —»

Fig. 13.44. Effect of pressure ratio and turbine inlet temperature.
Following particulars are worthnoting :

Gas temperatures Efficiency (gas turbine)
B50 to 600°C 20 to 22%
900 to 1000°C 32 to 35%
Above 1300°C more than 50%

Effect of turbine and compressor efficiencies :

Refer Fig. 13.45. The thermal efficiency of the actual gas turbine cycle is very sensitive to
variations in the efficiencies of the compressor and turbine. There is a particular pressure ratio at
which maximum efficiencies occur. For lower efficiencies, the peak of the thermal efficiency occurs
at lower pressure ratios and vice versa.
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441

401

Thermal efficiency (%) —»

361
321
28
241
20
16

121

673

t, = 15.5°C éee\l
t;=815.5°C .{-,\00 P 95

1 2 3 4 5 6 7 8 & 10
Pressure ratio —»

Fig. 13.45. Effect of component efficiency.

Effect of compressor inlet temperature :

Refer Fig. 13.4€ (on next page). With the decrease in the compressor inlet temperature
there is increase in thermal efficiency of the plant. Also the peaks of thermal efficiency occur at
high pressure ratios and the curves become flatter giving thermal efficiency over a wider pressure

ratio range.

Thermal efficiency (%) ——»

287

-18°C

24 1
20+

161

121

nwﬂn = nmrbine =0.8
t,=815.5°C

1 2 3 4 5 6 7 8 9 10
Pressure ratio ——»

Fig. 13.46
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13.10.7. Closed Cycle Gas Turbine (Constant pressure or joule cycle).

Fig. 13.47 shows a gas turbine operating on a constant pressure cycle in which the closed
gystem consists of air behaving as an ideal gas. The various operations are as follows : Refer Figs.

13.48 and 13.49.
Operation 1

Operation 2

Operation 3

Operation 4

-2 :  The air is compressed isentropically from the lower pressure p, to the
upper pressure p,, the temperature rising from T, to T,. No heat flow
OCccurs.

-3 : Heat flow into the system increasing the volume from V, to V; and
temperature from T, to T, whilst the pressure remains constant at p,.
Heat received = me, (T3 - T,

-4 :  The air is expanded isentropically from p, to p,, the temperature falling
from 7, to T,. No heat flow occurs.

-1 : Heat is rejected from the system as the volume decreases from V, to V,
and the temperature from 7T, to T, whilst the pressure remains con-
stant at p,. Heat rejected = mc, (T, - 7))

___Work done
Tair-standard = Feat received
Heat received/cycle — Heat rejected/cycle
Heat received/cycle

- me(TS —T2)—mCP(T4 —T]_) =1- T4 “Tl

mcp(T3 —Tz) T3 —T2

Now, from isentropic expansion

y-1
&{&] v
Vi F41

| l -

i

Cooling
medium

Fig. 13.47. Closed cycle gas turbine.
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AP
2 3
P2 >
pV'=C
p <
1 1 4
—» V
Fig. 13.48. p-V diagram.
¥-1
T,=T, (r,) ¥ , where Ty = Pressure ratio
y-1 L
T Pzl ¥ -1
imilarl N T.=T
Similarly T, (le or Ty =Ty (r,)
Ta
»S

Fig. 13.49. T-s diagram.
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T, -T, 1
Nair-standard = 1= T = l- o .(13.24)

r-s =
T4(rp) ¥ —Tl(rp) v (T'p) v

(S

The expression shows that the efficiency of the ideal joule cycle increases with the pressure
ratio. The absolute limit of pressure is determined by the limiting temperature of the material of
the turbine at the point at which this temperature is reached by the compression process alone,
no further heating of the gas in the combustion chamber would be permissible and the work of
expansion would ideally just balance the work of compression so that no excess work would be
available for external use.

Now we shall prove that the pressure ratio for maximum work is a function of the limiting
temperature ratio.

Work output during the cycle

= Heat received/cycle — Heat rejected/cycle
=me, (Ty— Ty)—me, (T - T))= me, (Tg— Ty~ me, (T, - T))

ety (7)1 (7

In case of a given turbine the minimum temperature T, and the maximum temperature T,
are prescribed, T, being the temperature of the atmosphere and T, the maximum temperature
which the metals of turbine would withstand. Consider the specific heat at constant pressure c, to
be constant. Then,

¥-1
: L_,yv _ T2
Since, T, =(r,} ¥ = I,
3 (9] Y — 1
Using the constant 2" = T,
1
we have, work output/cycle W=K I:Ts [1 - —ZJ -Ti(r)* - 1)}
T
P
Differentiating with respect to r,
dw z (z-1) .
—_— = Ty x—— — _Ti2r =
dr, [ 3 roiz +1) 127, :’ 0 for a maximurn
213 f2-1)
D = Tylr,)®
T:
2z _ 13
T'p = Tl
R
r, = (TyfT 1% = (Ty/Ty*r-Y

Thus the pressure ratio for maximum work is a functwn of the limiting temperature ratio.
Fig. 13.50 shows an arrangement of closed cycle stationary gas turbine plant in which air is
continuously circulated. This ensures that the air is not polluted by the addition of combustion
waste product, since the heating of air is carried out in the form of heat exchanger shown in the
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diagram as air heater. The air exhausted from the power turbine is cooled before readmission to
L.P. compressor. The various operations as indicated on T-s diagram (Fig. 13.51) are as follows :

Operation 1-2’ :
Operation 2'-3 :

Q,

— o} e fon .

Air is compressed from p, to p_ in the L.P. compressor.
Air is cooled in the intercooler at constant pressure o

Heat
exchanger

VWA

Oy

E ;I +—— External

4’ combustion

6 V/ Q)

L.P — H.P, H.P.
C T Fy
9’
o'y A3 1.
| b |
Intercooler External :E'
combustion
Q, (Qy)

Operation 3.4 :
Operation 4'-5 :

Operation 5-6 ;
Operation 6-7' .

Operation 7'-8 :

Operation 8-9 :

Operation 9-10 :

Fig. 13.50. Closed cycle gas turbine plant.

Air is compressed in the H.P. compressor from p, to p,.

High pressure air is heated at constant pressure by exhaust gases from
power turbine in the heat exchanger to T..

High pressure air further heated at constant pressure to the maximum
temperature T, by an air heater (through external combustion).

The air is expanded in the H.P. turbine from p, to p, producing work to
drive the compressor.

Exhaust air from the H.P. turbine is heated at constant pressure in the
air heater (through external combustion) to the maximum tempera-
ture Ty(= Tp).

The air is expanded in the L.P. turbine from p, to p,, producing energy
for a flow of work externally.

Air from L.P. turbine is passed to the heat exchanger where energy is
transferred to the air delivered from the H.P. compressor. The tem-
perature of air leaving the heat exchanger and entering the cooler is
T,
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¥
7

Fig. 13.51. T-s diagram for the plant.

Operation 10-11 : Air cooled to T, by the cooler before entering the L.P. compressor.
The energy balance for the whole plant is as follows :
@+ Q-Q-Q=W

In a closed cycle plant, in practice, the control of power output is achieved by varying the
mass flow by the use of a reservoir in the circuit. The reservoir maintains the design pressure and
temperature and therefore achieves an approximately constant level of efficiency for varying
loads. In this cycle since it is closed, gases other than air with favourable properties can be used ;
furthermore it is possible to burn solid fuels in the combustion heaters. The major factor respon-
sible for inefficiency in this cycle is the large irreversible temperature drop which occurs in the air
heaters between the furnace and circulating gas.

Note 1. In a closed cycle gas turbines, although air has been extensively used, the use of ‘helium’ which
though of a lower density, has been inviting the attention of manufacturers for its use, for large output gas turbine
units. The specific heat of helium ot constant pressure is about ‘five times’ that of air, therefore for each kg mass
flow the heat drop and hence energy dealt with in helium machines is nearly ftve times of those in case of air. The
surface area of the heat exchanger for helium can be kept as low as 1/3 of that required for gas turbine plant using
air as working medium. For the same temperature ratio and for the plants of the same output the cross-sectional
area required for helium is much less than that for air. It may therefore be concluded that the size of helium unit
is considerably small comparatively.

2. Some gas turbine plants work on a combination of two cycles the open cycle and the closed cycle. Such
a combination is called the semi-closed cycle. Here a part of the working fluid is confined within the plant and
another part flows from and to atmosphere.
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13.10.8. Gas Turbine Fuels

The various fuels used in gas turbines are enumerated and discussed below :
1. Gaseous fuels

2. Liquid fuels

3. Solid fuels

1. Gaseous fuels. Natural gas is the ideal fuel for gas turbines, but this is not available
everywhere,

Blast furnace and producer gases may also be used for gas turbine power plants.

2. Liquid fuels. Liquid fuels of petroleum origin such as distillate oila or residual oils are
most commonly used for gas turbine plant. The essential qualities of these fuels include proper
volatility, viscosity and calorific value. At the same time it should be free from any contents of
motisture and suspended impurities that would log the small passages of the nozzles and damage
valves and plungers of the fuel pumps.

Minerals like sodium, vanadium and calcium prove very harmful for the turbine blading
as these build deposits or corrode the blades. The sodium in ash should be less than 30% of the
vanadium content as otherwise the ratio tends to be critical. The actual sodium content may be
between 5 ppm to 10 ppm (part per million). If the vanadium is over 2 ppm, the magnesium in ash
tends to become critical. It is necessary that the magnesium in ash is at least three times the
quantity of vanadium. The content of calcium and lead should not be over 10 ppm and 5 ppm
respectively.

Sodium is removed from residual oils by mixing with 5% of water and then double centrifug-
ing when sodium leaves with water. Magnesium is added to the washed oil in the form of epsom
salts, before the oil is sent into the combustor. This checks the corrosive action of vanadium.
Residual oils burn with less ease than distillate oils and the latter are often used to start the unit
from cold, after which the residual oils are fed in the combustor, In cold conditions residual oils
need to be preheated.

3. Solid fuels. The use of solid fuels such as coal in pulverised form in gas turbines presents
several difficulties most of which have been only partially overcome yet. The pulverising plant for
coal in gas turbines applications is much lighter and small than its counterpart in steam genera-
tors. Introduction of fuel in the combustion chamber of a gas turbine is required to be done
against a high pressure whereas the pressure in the furnace of a steam plant is atmospheric.
Furthermore, the degree of completeness of combustion in gas turbine applications has to be very
high as otherwise soot and dust in gas would deposit on the turbine bloding.

Some practical applications of solid fuel burning in turbine combustors have been commer-
cially, made available in recent years. In one such design finely crushed coal is used instead of
pulverised fuel. This fuel is carried in stream of air tangentially into one end of a cylindrical
furnace while gas comes out at the centre of opposite end. As the fuel particles roll around the
circumference of the furnace they are burnt and a high temperature of about 1650°C is maintained
which causes the mineral matter of fuel to be converted into a liquid slag. The slag covers the walls
of the furnace and runs out through a top hole in the bottom. The result is that fly-ash is reduced
to a very small content in the gases. In another design a regenerator is used to transfer the heat to
air, the combustion chamber being located on the outlet of the turbine, and the combustion is
carried out in the turbine exhaust stream. The advantage is that only clean air is handled by the
turbine.
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Example 13.32. Air enters the compressor of a gas turbine plant operating on Brayton
cycle at 101.325 kPa, 27°C. The pressure ratio in the cycle is 6. Calculate the maximum tempera-
ture in the cycle and the cycle efficiency. Assume W, = 2.5 W, where W, and W, are the

turbine and the compressor work respectively. Take y= 1.4.
Solution. Pressure of intake air, p;, = 101.325 kPa
Temperature of intake air, | = 27 + 273 =300 K
The pressure ratio in the cycle, r = 6
(i) Maximum temperature in the cycle, T, :
Refer Fig. 13.52.

T4

Fig. 13.52
12 _| Pz =) ¥ =6 “ =1668
T [Pl) P
T, = 1.668 T, = 1.668 x 300 = 500.4 K
T 1-1 14-1
Also, “E=(r) Y =(6) 14 =1668
T,
"“T _ o
: 247 16687
o - e

But, \’ W, =25 W,

. mec, (Ty —.T4) =25 me, (T, - Tl)

)
or T—i=25(5004—300)=501 or T 1-L = 501
’ 3 1868 ’ 3 1668
501
Ty= 77 = 1251 Kor 978°C. (Ans.)
1——
[ 1668)
(ii) Cycle efficiency, 1.,
T, 1251

Y= == =T50K
1668 1668

Now,

(P.U.)

(given)
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My = Net work _ me, (T - Ty) - me, (T, - Ty)
e~ Heat added me,(Ty - Ty)

_ (1251 - 750) - (5004 — 300)
- (1251 — 500.4)

=04 or 40%. (Ans.)

Check ; 0y = 1- 1 . 1- 1,14- 7=04 or 40%. (Ans.)

= e
) " (6)
Example 18.33. A gas turbine is supplied with gas at 5 bar and 1000 K and expands it

adiabatically to 1 bar. The mean specific heat at constant pressure and constant volume are
1.0425 kJ ' kg K and 0.7662 kJ/kg K respectively.

(t) Draw the temperature-entropy diagram to represent the processes of the simple gas
turbine system.

(i) Calculate the power developed in kW per kg of gas per second and the exhaust gas
temperature. (GATE, 1995)
Solution. Given : py=1bar; p, =5 bar; T,=1000K; ¢, = 1.0425 kl/kg K ;
¢, = 0.7662 kJ/kg K

(i) Temperature-entropy (T-s) diagram :

Temperature-entropy diagram representing the processes of the simple gas turbine system
is shown in Fig. 13.53.

=5 bar
T F 3 P2
3
Expansion
in turbine
h
p,=1bar
Air ="
compression PP
1

Fig. 13.53
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(ii) Power required :

¥-1 136 -1
Ty _ (_p_l_ ¥ _(l} 13 _ 4653
Ty D2 5
. T, = 1000 x 0.653 = 653 K
Power developed per kg of gas per second
=c, (T3- Ty
= 1.0425 (1000 — 653) = 361.7 kW. (Ans.)

Example 13.34. An isentropic air turbine is used to supply 0.1 kg/s of air at 0.1 MN/ m?
and at 285 K to a cabin. The pressure at inlet to the turbine is 0.4 MN/m2 Determine the
temperature at turbine inlet and the power developed by the turbine. Assume c,= 1.0 kJ kg K.

{GATE, 1999)

Solution. Given : m, = 0.1 kg/s ; p, = T4
0.1 MN/m? = 1 bar, T, = 285 K ; p, = 0.4 MN/m? = 4 bar ;
¢, = LOkJkg K

Temperature at turbine inlet, T, :

¥-1 14-1

T 22_7_[:4_ 14
7, ~\1 - 1.486

T, = 285 x 1.486 = 423.5 K. (Ans.)
Power developed, P :

P= maCP(TS —T4)
=0.1 x 1.0 (423.5 — 285)
= 13.85 kW, (Ans.; Fig. 13.54

Example 13.35. Consider an air standard cycle in which the air enters the compressor at
1.0 bar and 20°C. The pressure of air leaving the compressor is 3.5 bar and the temperature at
turbine inlet is 600°C. Determine per kg of air :

(i) Efficiency of the cycle, (ii) Heat supplied to air,
(iit) Work available at the shaft, (iv) Heat rejected in the cooler, and
{v) Temperature of air leaving the turbine.
For air y= 1.4 and ¢, = 1.005 kJ/kg K.
Solution. Refer Fig. 13.52.
Pressure of air entering the compressor, p, = 1.0 bar
Temperature’at the inlet of compressor, T, = 20 + 273 = 203 K
Pressure of air leaving the compressor, p, = 3.5 bar
Temperature of air at turbine inlet, T; = 600 + 273 = 873 K
(i) Efficiency of the cycle, 1., :

1 1 v . _ b2 _35_
Nyate = 1= ——=7 =1- ——j47 =030 or 30%. (Ans) ( rp = L0—3-5]

(r,) ¥ (35) 14
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(if) Heat supplied to air :
For compression process 1-2, we have
11 14-1
£=[—E&J ! =[§—§) " o143
L \m 1
T,=T,%x143=293 x 143 = 419K

Heat supplied to air, @, = ¢, (Ty~ T,) = 1.005 (873 -419) = 466.27 kJ/kg. (Ans.)
(iii) Work available at the shaft, W :

We know that, Nevele = Work t.)utput (W)
ey Heat input (@)
0.30 = W =0, 456.27 = .88
or ez 0.3 x 456.27 = 136.88 kJ/kg
(iv) Heat rejected in the cooler, Q, :
Work output (W) = Heat supplied (§,) ~ heat re ected (Q,)

Q, = Q, - W = 456.27 — 136.88 = 319.39 kd/kg. (Ans.)

(v) Temperature of air leaving the turbine, T, :

For expansion (isentropic) process 3-4, we have

T ¥-1 14-1
ﬁ:(rp) T =(35) 14 =143
T 873
T,= =3 =2"2_ 6105 K. (Ans.
4% 143 " 143 (Ans.)

[Check : Heat rejected in the air cooler at constant pressure during the process 4-1 can also
be calculated as : Heat rejected = m x ¢, Ty— Ty =1x1.005 x (610.5 - 293) = 319.1 kJ/kg]

Example 13.36. A closed cycle ideal gas turbine plant operates between temperature limits
of 800°C and 30°C and produces a power of 100 kW. The plant is designed such that there is no
need for a regenerator. A fuel of calorific 45000 kJ /kg is used. Calculate the mass flow rate of air
through the plant and rate of fuel consumption.

Assumec =1kd/kg Kand v=14. (GATE, 2000)

Solutlon Given : T, =30 + 273 = 303 K ; T, = 800 + 273 = 1073 K ; C = 45000 kJ/kg ; ¢,
=1kikgK; y=14, W - W _IOOkW

turbine ~ "' compressor
Ty, My ! . _ AT (K)
Since no regenerator is used we can assume the
turbine expands the gases upto T, in such a way that
the exhaust gas temperature from the turbine is equal 3
to the temperature of air coming out of the compressor
i.e., T2 = T4

¥

J_ _r
Py _py Pz:(iz_)*" and Po_[T)71
D p4 F 4l T1 P4 T4

L. L Ty
T, T, T 1

(v Ty=Ty ... assumed)

Fig. 13.55
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T2 = T,T, or T,= JT\T;
T,= J303x1073 =5702 K

Now, W mp x Cx M

turbine ~ Wcompressor =

. 1-L-h
100 = my x 45000 x T - T,
| | 5702-303
= My x 45000 1073 - 570.2
= my x 21085.9

. 100
_ -3
M= o msg " 4,74 x 103 kg/s. (Ans.)

AGEN,  Wiriine ~ Wenmprusor = 100 kKW
(g + e (T3 —Ty) —m, x1x (T3 -T1)=100
(M, + 0.00474X1073 — 570.2) — m, (570.2 — 303) = 100
(m, + 0.00474) x 502.8 - 267.2 m, =100
502.8 m, + 2.383 - 267.2 m, = 100
235.6 m, = 97.617
- m, = 0.414 kg/s. (Ans.)
Example 13.37. In a gas turbine plant working on Brayton cycle, the air at inlet is 27°C,

"1 MPa. The pressure ratio is 6.25 and the maximum temperature is 800°C. The turbine and
compressor efficiencies are each 80%. Find compressor work, turbine work, heat supplied, cycle
efficiency and turbine exhaust temperature. Mass of air may be considered as 1 kg. Draw T-s
diagram. (N.U.)

Solution. Refer to Fig. 13.56.

T4

» S
T-s diagram
Fig. 13.56
Given : T, =27 +273 =300K ; p, =0.1MPa; r,= 6.25, T, = 800 + 273 = 1073 K ;
= 0.8.

noump. = nturbine
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For the compression process 1-2, we have
¥-1 v-1

T _(2)7 _ 7 =
2
= =(r,) ¥ =(626) 14 = 1688
T [Pl) i
or T, =300 x 1.688 = 506.4 K
T, - T 5064 - 300
Algo, - =2 1 8= 2
80 Meomp. Ty - T, or 08 T, - 300
or 7, = 5064300 206 _ 558 K
0.8
Compressor work, W, . =1xc, x(Ty-T))

=1 x 1.005 (558 — 300) = 259.29 kJ/kg, (Ans.)
For expansion process 3-4, we have

(w5, B
i:(&] =(r,) T =(625) 14 = 1688
T, 24
T, 1073
= =—"° _ 63566 K
or 47 1688 1688
T, - Ty 1073 -T,
Also, Nestine = 7. _7,  °F 98= 1073 63566
or T, = 1073 — 0.8 (1073 — 635.66) = 723.13 K
Turbine work, Woirbine = 1 % €, X (T~ T, {neglecting fuel mass)
=1 x 1.005 (1073 — 723.13) = 361.8 kJ/kg. (Ans.)
Net work output, Woot = Winrtine — Weomp, = 351.6 — 259.29 = 92.31 k/kg
Heat supplied, Q,=1x ¢, X (Ty— )
=1 x 1.005 x (1073 — 558) = 517.57 kJ/kg. (Ans.)
_ W, 9231

Cycle efficiency, = 0.1783 or 17.83%. (Ans.)

Neye = 0 =~ 51757

Turbine exhaust temperature, T, = 723.13 K or 450.13°C. (Ans.)
The T-s diagram is shown in Fig. 13.56.

Example 13.38. Find the required air-fuel ratio in a gas turbine whose turbine and com-
pressor efficiencies are 85% and 80%, respectively. Maximum cycle temperature is 875°C. The
working fluid can be taken as air (c, = 1.0 kJ/kg K, Y = 1.4) which enters the compressor at 1 bar
and 27°C. The pressure ratio is 4. The fuel used has calorific value of 42000 kJ [ kg. There is a loss
of 10% of calorific value in the combustion chamber. {(GATE, 1998)

Solution. Given : 1, . = 85% ; Neompressor = 50% T,=273+875=1148K; T, = 27 + 273
=300K; e, = 1.0kJkg K; y=1.4; p, = 1 bar; p, = 4 bar (since pressure ratio is 4) ; C = 42000 kJ/
kg K, n,, = 90% (since loss in the combustion chamber is 10%)

For isentropic compression 1-2, we have

v-1
T 14-1

2_&7_ == _
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1148

300
»S
Fig. 13.57
T, =300 x 1486 = 4458 K
_ T-T,
nmmpressnr - Tzr _ Tl
08 445.8 - 300
or = T,/ 7300
o rie M0 oy sk

Now, heat supplied by the fuel = heat taken by the burning gases
09 x m; x C= (my +mp)xcy, x (T3 ~Ty)

m; 09 m; 09
o 42000 < | Mo o1, L0148 -g822) o (m,
mg 0.9 my
m, _ 42000
Mg 42000 ) _ 5577 say 56
m; 73978 i

A/F ratio =56 : 1. (Ans.)

Example 13.39. A gas turbine unit receives air at 1 bar and 300 K and compresses it
adicbatically to 6.2 bar. The compressor efficiency is 88%. The fuel has a heating valve of 44186
kJ kg and the fuel-air ratio is 0.017 kJ/kg of air. The turbine internal efficiency is 90%. Calculate
the work of turbine and compressor per kg of air compressed and thermal efficiency.

For products of combustion, ¢, = 1.147 kJ/kg K and v = 1.333. (UPSC, 1992)

Solution. Given : p, (= p,) = 1bar, T, = 300 K ; p,(= p;) = 6.2 bar ; Neompreseor = 58% ;

C = 44186 kJ/kg ; Fuel-air ratio = 0.017 kJ/kg of air,
Neurbine = 90% 5 ¢, = 1.147 kd/kg K ; v = 1.333.



GAS POWER CYCLES 687

For isentropic compression process 1-2 : AT(K)
v y-1 La1 1268
w (pe) ¥ _(6.2) 14
=== =| == = 1.684
n (Pl] 1
T, = 300 x 1.684 = 505.2 K
T,-T
NOW, ncompressor = T2’ - Tl
505.2 - 300
88 = "1 "300
300
. [505()28_5§300 3 00} —
’ Fig. 13.58
=5833.2K
Heat supplied = (m_ + max €, (Ty — Ty = m:x C
e & n_ Ty
or - (1+ma)xcp(T3—T2)=ma x C
-

% (1 + 0.017) x 1.005(T, — 533.2) = 0.017 x 44186
, s\fi%ﬁ"”— | 0.017 x 44186

3% (1+0.017) x 1.005

or

+b533.2=1268 K

For isentropic expression process 3-4 :
r-1 1333-1

Ta[Pa) 7 =(—1~] M 0.634
T3 p3 6.2
T4 = 1268 x 0.634 = 8039 K (. Yg = 1333 ...... Given)
-7/
Now, Neurbine = T, -T,
1268 - T,’

0.9= 12688039
T, = 1268 — 0.9(1268 - 803.9) = 850.3 K
W oompresssor = (T’ — Ty) = 1.005(533.2 — 300) = 234.4 kJ/kg
Woarbine = €5g(Ts = T,) = 1.147(1268 - 850.3) = 479.1 kJ/kg
Net work = W, .. - W eompressor
= 479.1 - 234.4 = 244.7 kJ/kg
Heat supplied per kg of air = 0.017 x 44186 = 751.2 kJ/kg

Net work

Thermal efficiency, n,, = Heat supplied

= 247 _ 03257 or 82.57%. (Ams.)
7512
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Example 13.40. The air enters the compressor of an open cycle constant pressure gas
turbine at a pressure of 1 bar and temperature of 20°C. The pressure of the air after compression
is 4 bar. The isentropic efficiencies of compressor and turbine are 80% and 85% respectively. The
air-fuel ratio used is 90 : 1. If flow rate of air is 3.0 kg/s, find :

(i} Power developed.

(ii) Thermal efficiency of the cycle.

Assume ¢, = 1.0 kJ/kg K and ¥y = 1.4 for air and gases.

Calorific value of fuel = 41800 kJ [ kg.

Solution. Given : p, =1bar; T, =20+273=293K

Py = 4 bar ; T'ccm:pz'eauor = 80% ; Nturbine = 85%

Air-fuel ratio =90 : 1; Air flow rate, m_ =3.0 kg/s

(i) Power developed, P :
Refer to Fig. 13.59 (b)

r-1 14-1
T, (p2)? _(i] 14
T, = (Pl) =11 = 1.486
T, = (20 + 273) x 1.486 = 4354 K

ncompressor = Tz' _ Tl

4354 — 293
08 = 7 "Z03
| 4354-293
T, = o8 +293 =471 K

T q:l Work

va
12 4 203

T,=20+273
=203 K

(a) (b}
Fig.13.59

Heat supplied by fuel = Heat taken by burning gases
mg X C=im, + mf) cp(T3 - T
{(where m, = mass of air, m, = mass of fuel)
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C= [—5 +1J ¢, (Ty—T,)
41800 = (90 + 1) x 1.0 x (T, — 471)
41800

ie., T,= —— +471=930K
91
T -1 04
. 4 byt 1\o4
ain, —= = |22 =[= = 0.672
A8 T (Ps) (4)
T, = 930 x 0.672 = 624.9 K
-7y
Meurbine = T,-T,
930 - T’
08 = ——
930 -624.9
T, =930 - 0.85 (930 — 624.9) = 670.6 K

W,orbine = m, X ¢, x (T;-T))

{where m, is the mass of hot gases formed per kg of air)

W, = [%] x 1.0 x (930 - 670.6)
= 262.28 kJ/kg of air,
Wcompressor =m, X ¢, X (T, -T)=1x 10 x (471 - 293)
= 178 kd/kg of air
Wnet = Wturbine - Wcompressor
= 262.28 — 178 = 84.28 kJ/kg of air.
Hence power developed, P = 84.28 x 3 = 252.84 kW/kg of air. (Ans.)

(ii) Thermal efficiency of cycle, Ny .. ¢
Heat supplied per kg of air passing through combustion chamber

1
90 X 41800 = 464.44 kJ/kg of air

_ Work output _ 84.28
ebermmal = Heat supplied 464.44

Example 13.41. A gas turbine unit has a pressure ratio of 6 : 1 and maximum cycle
temperature of 610°C. The isentropic efficiencies of the compressor and turbine are 0.80 and 0.82
respectively. Calculate the power output in kilowatts of an electric generator geared to the turbine
when the air enters the compressor at 15°C at the rate of 16 kg/s.

Take c, = 1.005 kJ [kg K and 7= 1.4 for the compression process, and take ¢, =111 kJ/kg
K and v = 1.333 for the expansion process.

= 0.1814 or 18.14%. (Ans.)

: P
Solution. Given : T, = 15 + 273 = 288 K ; T, = 610 + 273 = 883 K ; P—f = 6,
= 0.80; n 4. = 0.82; Air flow rate = 16 kg/s

ncnmpressur
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For compression process : ¢, = 1.005 kikg K, y=14
For expansion process : ¢, =111 kd/kg K, y= 1333

4 T(K)

T, =610 + 273
=883K

Generator

14 Y 4

288
T, =15+273
=288 K

(a) (b)
Fig. 13.60

In order to evaluate the net work output it is necessary to calculate temperatures 7, and
T,’. To calculate these temperatures we must first calculate 7', and then use the isentropic efficiency.

-1

For an isentropic process, % = [%?]_Y_ = (6)}%1 = 1.67
T,=288x167=481K
Also, Reompressor = ;;2__1;11
0.8 = 481 - 288
,y-T
7, = 4812288 | oeg - 520K

r= thats 1333-1
- . T _[ps| Y _{p2) "
Similarly for the turbine, —_— [—) = (—] =(6) 1338 = 1.565
Ty \pg ”

r - B _ 888 _ux
47 1565 1.565

T,-T, _883-T,
Also, Nturbine = Ty-T, 883-564

883 -T,’
082 = 593 564

T,/ =883 -082(883 -564)=6214 K
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Hence,
Compressor work input, W, ..., = ¢, (Ty - T))

= 1.005 (529 — 288) = 242.2 kJ/kg
Turbine work output, W,irbine = £, (T,-T,)

= 1.11 (883 — 621.4) = 290.4 kJ/kg.
. Net work output, Woet = Wiarbine = Weompressor

= 2904 - 242.2 = 48.2 kJ/kg
Power in kilowatts =482 x 16 = 771.2 kW. (Ans.)

Example 138.42. Calculate the thermal efficiency and work ratio of the plant is example
5.2, assuming that €, for the combustion process is 1.11 kJ/kg K.

Solution. Heat supplied = cp(T3 -1}
= 1.11 (883 - 529) = 3929 kJ/kg

_ Net work output _ 48.2

Thhermal = “Hoag supplied  392.9

Net work output _ 48.2 48.2
Gross work output  Wiyine 2904

= 0.1226 or 12.26%. (Ans.)

= 0.166. (Ans.)

Now, Work ratio =

Example 13.43. In a constant pressure open cycle gas turbine air enters at I bar and 20°C
and leaves the compressor at 5 bar. Using the following data : Temperature of gases entering the
turbine = 680°C, pressure loss in the combustion chamber = 0.1 bar, Neompressor = 85%, Nyyrbine
= 80%, Nepmpustion = 5%, Y= 1.4 and c, = 1.024 kJ [ kg K for air and gas, find :

(@) The quantity of air circulation if the plant develops 1065 kEW.
(ii) Heat supplied per kg of air circulation.
(iif) The thermal efficiency of the cycle.
Mass of the fuel may be neglected.
Solution. Given : p, = 1 bar, p, =5 bar, p; =5 -01=49 bar, p, =1 bar,
T, =20+273=293K, T, =680 + 273 = 953 K,

T(K)
I 3

953

293

Fig. 13.61
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Neompressor = 5972, Neurbine = 80%: Nogmbustion = 85%-
For air and gases : c, =1.024 kikg K, v=14
Power developed by the plant, P = 1065 kW.
(i) The quantity of air circulation, m,_ :
For isentropic compression 1-2,
1-1 14-1

T _(Pe) " _(éJ o _
Tl-(le =17 = 1.584

T, =293 x 1.584 = 464 K

-1, 464 - 293
NOW, nwmpmr = T2’ = Tl i.e. 0.85 = 712f _ 293
464 - 293
T, = 22297 =
> 085 +203 =494 K
For isentropic expansion process 3-4,
T -1 14-1
y [(pa) Y 1 ) 14
=== = =0.635
I (Ps] [4.9

T, = 953 x 0.635 = 605 K
— T4’
Now, Neurbine = T, - T,
953-T,"
= 953-605
T, = 953 — 0.8(953 — 605) = 674.6 K
W pmpressor = € (T’ — Ty) = 1.024 (494 — 298) = 205.8 kJ/kg
Wessbine = €, (Tg = T,) = 1.024 (953 — 674.6) = 285.1 ki/kg.
W _Wmﬂnma W, = 285.1 — 205.8 = 79.3 kJ/kg of air

net compreasor
If the mass of air flowing is m, kg/s, the power developed by the plant is given by
P=m, x W_, kW
1066 = m, x 79.3

1065
m, = m = 13.43 kg
Quantity of air circulation = 13.43 kg. (Ans.)
iii) Heat supplied per kg of air circulation :
Actual heat supphed per kg of air circulation

BB 1024058-494) _ 5ro gy kg

o /T Meombuation 085

(i) Thermal efficiency of the cycle, n,, . :
Work output  79.3

- - = 0.143¢ or 14.34%. (Ans.
Mehermat = Heat supplied . 552.9 or (Ans.)
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Example 13.44. In a gas turbine the compressor is driven by the high pressure turbine.
The exhaust from the high pressure turbine goes to a free low pressure turbine which runs the
load. The air flow rate is 20 kg/s and the minimum and maximum temperatures are respectively
300 K and 1000 K. The compressor pressure ratio is 4. Calculate the pressure ratio of the low
pressure turbine and the temperature of exhaust gases from the unit. The compressor and turbine

are isentropic. C, of air and exhaust gases = 1 kJ/kg K and vy = 14. (GATE, 1995)
Solution. Given : i, =20 kgls; T, = 300 K; Ty = 1000 K, 2 = 4;c, = 1 kikg K; v=14.
Pressure ratio of low pressure turbine, Py,

Ps
Since the compressor is driven by high pres- +T(K)
sure turbine,
1-1 04 1000
I”—:[&) T ('t = 1.486
n "

or T, =300 x 1.486 = 4458 K

Also, muc,(T,-T)= fflacp (T;-T)
{neglecting mass of fuel)

or T,- T,=T,-T,
4458-300=1000-T,, or T, =8542K 300
For process 3-4 :

-1 1 :
T 7 T, Y04 ®
la_| B or P8-|%8 i
I (mJ Bl Fig. 13.62
35 \'\
B (1008 g
o 2 - s5az _1736r,/’f/~\/~
BTN P
Now, ﬁ:&x-‘%—-—:élx % ( &-_—4}
Py P5 P4 P4 oo
&=1[&J=l x 1.736 = 0.434
Py 4\ Py

; o Pao_1
Hence pressure ratio of low pressure turbine = b 0434 - 2.3. (Ans.)

Temperature of the exhaust from the unit, T :

-1

T T2 -1
—4={ﬂ) =(23) 4 = 1269
T; Dy
_ T, 8542
Ty = 505 = 1565 = 08 K (Ans)

swExample 13.45. Air is drawn in a gas turbine unit at 15°C and 1.01 bar and pressure
ratio is 7 : 1. The compressor is driven by the H.P. turbine and L.P. turbine drives a separate
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power shaft. The isentropic efficiencies of compressor, and the H.P. and L.P. turbines are 0.82,
0.85 and 0.85 respectively. If the maximum cycle temperature is 610°C, calculate :

(i) The pressure and temperature of the gases entering the power turbine.

(&) The net power developed by the unit per kgls mass flow.
(iit) The work ratio.

(iv) The thermal efficiency of the unit.

Neglect the mass of fuel and assume the following :

For compression process Cpo = 1.005 kJ kg K and y= 1.4

For combustion and expansion processes : Cpg = 1.15 kJ/kg K and v= 1.333.

Solution, Given : T, = 15 + 273 = 288 K, P = 1.01 bar, Pressure ratio = L =7

> ’
Meompressor = 0-82 Teupine (HP) = 0.85, 1, (LP.) = 0.85,

Maximum cycle temperature, T,=610+273 =883 K

14 Air 4y
inlet

Generator

Power
turbine

Exhaust
(a)

(b)

Fig. 13.63

(i) Pressure and temperature of the gases entering the power turbine, p,/and T, :
Considering isentropic compression 1-2,

n(m)5

‘2 =[&J =(7) ¥ =1745
Tl 451

T, < 288 x 1.745 = 502.5 K

_5L-1

Also ncompressor - T2 . Tl

502.5 — 288

082 = 7, 288
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502.5 - 288
Ty, = —— = 5436 K
A Sgp  *288=5496
W ompressor = Cpa{Ty — Ty} = 1.005 x (549.6 - 288) = 262.9 kd/kg
Now, the work output of H.P. turbine = Work input to compressor
. Ty~ T,) = 262.9
ie., 1.15(883 - T,) = 262.9
262.9
T,/ =883 - — = .
. 115 6544 K
i.e., Temperature of gases entering the power turbine = 654.4 K. (Ans.)
Again, for H.P. turbine :
L-TW
Neurbine = T3 _ T,
) 883 - 654.4
ie., 0.85 = 883 _ T, T,
B83 - 654.4
T,=883-}|——— | =614 K
4 ( 0.85 )
Now, considering isentropic expansion process 3-4,
11
3_[&] v
T Py
e 133
or p_|L "'1=(§§)°33 — 432
py \Ty 614
' _ k707
ie., Dy = 232432 = 1.636 bar
i.e., Pressure of gases entering the power turbine = 1,636 bar. (Ans.)
(i) Net power developed per kg/s mass flow, P :
To find the power output it is now necessary to calculate T;".
The pressure ratio, !};f , i8 given by % x i_i
) Py Py, Py
ie., Ps  Ps X P (. py=psand p;=p,)
= _162
T432 T
. 1ol 033
Then, 4 =[-’14-) V=(162)138 = 1,127
s \ps
Ty 6544

T, = = = 580.6 K.
1127 1127
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Again, for L.P. turbine :

L -1

Tiurbine = T4' — T5
| s ST
i.e., YT 654.4 - 580.6

T, = 654.4 - 0.85 (654.4 — 580.6) = 591.7 K
Wib. curbine = Cpg (T — T) = 1.15 (654.4 - 591.7) = 72.1 ki/kg
Hence net power output (per kg/s mass flow)
= 72.1 kW. (Ans.)

(#ii) Work ratio :

Net work output 721
= = 0.215. (Ans.
Gross work output 721+ 2629 (Ans.)

(iv) Thermal efficiency of the unit, 0, .., = ?
Heat supplied = r:pg(’;"3 ~- T, = 1.15(883 — 549.6) = 383.4 kd/kg

_ Net work output
Tihermal = “Heat supplied
721

= 3834 ° 0.188 or 18.8%. {(Ans.)

Example 13.46. In a gas turbine the compressor takes in air at @ temperature of 15°C and
compresses it to four times the initial pressure with an isentropic efficiency of 82%. The air is
then passes through a heat exchanger heated by the turbine exhaust before reaching the combustion
chamber. In the heat exchanger 78% of the available heat is given to the air. The maximum
temperature after constant pressure combustion is 600°C, and the efficiency of the turbine is
70%. Neglecting all losses except those mentioned, and assuming the working fluid throughout
the cycle to have the characteristic of air find the efficiency of the cycle.

Assume R = 0.287 kJ | kg K and vy = 1.4 for air and constant specific heats throughout.

Solution. Given : T, = 15 + 273 = 288 K, Pressure ratio, % = %3- = 4, Neomprossor = 82%.
» 1 4
Effectiveness of the heat exchanger, £ = 0.78,

Neurbine = 70%, Maximum temperature, T3 = 600 + 273 = 873 K.

Efficiency of the cycle, 1., :
Considering the isentropic compression 1-2 :

Work ratio =

y-1

= 14-1
§=[&J T =@ ¥ =148
I P41
T,=1288 x 1486 = 428 K
L-Ty
NOW, ncompressor = m
428 — 288
ie., 0.82 = m
_ 428 — 288

r

Y= —opg  +208=459K
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873

673
626

459

288

Fig. 13.64

Considering the isentropic expansion process 3-4 :

¥l 14-1
Ez[!’iJ T =) 7 - 1486

7, Py
T, _ 873
Ty = T1o6 " 1488 = B75 K
_ T,-T, 873-T/
Again, Neurbine = T, _ T, _ 873 - 5875
' 070 = T
b€ U= 873-5875
T, = 873 - 0.7(873 - 587.5) = 673 K
Wmmpresaor = cp(T2’ - Tl)
v 1.4
But cp=RxY“1=O.287x 1.4—1 = 1.0045 kJ/kg K
W o mpressor = 1.0045(459 — 288) = 171.7 kJ/kg

Wiarbine = 5Ty — T,) = 1.0045(878 - 673) = 200.9 kd/kg

Net work = W, .. -W__ = 200.9 - 171.7 = 29.2 kJ/kg.

) L-T
Effectiveness for heat exchanger, e = —5 7
-5

pressor

T, - 459
~ 873-459
Ty = (673 - 459) x 0.78 + 459 = 626 K

ie., 0.78
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Heat supplied by fuel per kg
= ¢,(Ty — T5) = 1.0045(873 - 626) = 248.1 kJ/kg

_ Net work done _ 292
Neyele = ‘Heat supplied by the fuel  248.1

= 0.117 or 11.7%. (Ams.}

Example 13.47. A gas turbine employs a heat exchanger with a thermal ratio of 72%. The
turbine operates between the pressures of 1.01 bar and 4.04 bar and ambient temperature is 20°C.
Isentropic efficiencies of compressor and turbine are 80% and 85% respectively. The pressure
drop on each side of the heat exchanger is 0.05 bar and in the combustion chamber 0.14 bar.
Assume combustion efficiency to be unity and calorific value of the fuel to be 41800 kJ /kg.

Calculate the increase in efficiency due to heat exchanger over that for simple cycle.

Assume ¢, is constant throughout and is equal to 1.024 kJ/kg K, and assume y= 1.4.

For simple cycle the air-fuel ratio is 90 : 1, and for the heat exchange cycle the turbine
entry temperature is the same as for a simple cycle.

Solution. Simple Cycle. Refer Fig. 13.65.

T(K)
&

293

Fig. 13.65

y-1 14-1

L _ (BZ_]T = [i) 4 _ 486
4! m 1

T, = 293 x 1.486 = 435.4

-1
Also, T'compressor = T2’ - Tl
4354 - 293

0.8= 112)_293
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, 4354-293
T, = 08 +293 =471 K
Now mex C=(m_ + mf) x ¢, x (T, - T,)
[m_ = mass of air, m, = mass of fuel]
_ mg X C , 1 x 41800 471 = 919.5 K
3y (my+mp) T2 1024090+ T HETIY
¥-1
Also, _’Fg = (&] '
T P
y-1 14-1
Py | Y 1.01Y 14
or T,=T. — = 9195 — =620 K
‘ 3><(sz "[3.9)
. L-Ty
Agaln’ T‘h;ur'l:x'u'nee = 'Ié — T4
085 = 219514
T 9195-625

T, =919.5 - 0.85(919.5 - 625) = 669 K

(L-T) -1 -T)
Nihermal = Ty - Ty')

_ (919.5 - 669) - (471-293) 725
- (919.5 — 471) T 4485
Heat Exchanger Cycle. Refer Figs. 13.66 (a) and (b)

T, = 471 K (as for simple cycle)
T, = 919.5 K (as for simple cycle)

= (0.1616 or 16.16%. {Ans.}

Heat
Exhaust exchanger

Airin

(a)
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T(K)
t

293

{b)
Fig. 13.66

To find T, : .5
T py=404-0.14-005 = 3.85 bar

(‘\
: Py =101+ 0.05 = 1.06 bar

£
O;/b Rl y-1
’ ,'/".
/' -1/
‘-

v-1 14-1
&z{&) ¥ =(1.06J 14 _ 069

Ty \ps 385
ie., T,=919.5 x 069 = 634 K
-1 9195~ T,
. = , 0,85 = —
Meurbine = 7", 9195 - 634
T,/ =919.5 - 0.85(919.5 - 634) = 67T K
To find T :
Thermal ratio (or effectiveness),
~T T. —471
e= B0 s 072= —2——
T, -1y 677471

T, = 0.72(677 — 471) + 471 = 619 K
(G -T,) -0y - T)

MNihermal = (T -Ty)
_(O195-6TD-(471-209) 645
(919.5 — 619) 3005 - ore0 or 4LAGh

Increase in thermal efficiency = 21.46 — 16.16 = 5.3%. (Ans.)

¥ Example 13.48. A 5400 kW gas turbine generating set operates with two compressor
stages, the overall pressure ratio is 9 : 1. A high pressure turbine is used to drive the compressors,
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and a low-pressure turbine drives the generator. The temperature of the gases at entry to the
high pressure turbine is 625°C and the gases are reheated to 625°C after expansion in the first
turbine. The exhaust gases leaving the low-pressure turbine are passed through a heat exchanger
to heat the air leaving the high pressure stage compressor. The compressors have equal pressure
ratios and intercooling is complete between the stages. The air inlet temperature to the unit is
20°C. The isentropic efficiency of each compressor stage is 0.8, and the isentropic efficiency of
each turbine stage is 0.85, the heat exchanger thermal ratio is 0.8. A mechanical efficiency of 95%
can be assumed for both the power shaft and compressor turbine shaft. Neglecting all pressure
losses and changes in kinetic energy caleulate :

(i) The thermal efficiency (@) Work ratio of the plant

(iti) The mass flow in kgls.

Neglect the mass of the fuel and assume the following :

For air : ¢,, = 1.005 kJ/kg K and y= 14.

For gases in the combustion chamber and in turbines and heat exchanger,
and y= 1.333.

Solution. Refer Fig. 13.67.

Given : T =20+273=203K, T,=T, = 6256 + 273 = 898 K

Efficiency of each compressor stage = 0.8

Efficiency of each turbine stage = 0.85

Mo, = 0-95, € = 0.8
(i) Thermal efficiency, n, ... :

Since the pressure ratio and the isentropic efficiency of each compressor is the same then
the work input required for each compressor is the same since both compressor have the same air
inlet temperature ie., T, = Tyand T, = T,

G = 115 kI /hg K

Intercooler

14

Heat exchanger

10
—tid

Exhaust

(a)
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i.e.,

ie.,

ie.,
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T(K)
4

a98

293 1

{b)

Fig. 13.67
1-1
Also, 221:(32_}* and £2—=\/§=3
L \m P
14-1
T,=(20+273) x (3) '* =401K
-1
NOW, nmmplessor (L.P.) = T2‘ —T1
401 - 293
08= 1, 203
. 401-298
Y= g *293=428K

Work input per compressor stage
= ¢,o(Ty — T;) = 1.005 (428 - 293) = 135.6 kJ/kg
The H.P. turbine is required to drive both compressors and to overcome mechanical friction.

2x 1356
Work cutput of H.P. turbine = ——xo—g—-s—-— = 286.5 kd/kg
Cpe (Tg— T) = 285.5
1.15 (898 — T) = 2856.5
, 285.5
T, =898 - 115 - 650 K
T-T 898 — 650

Now, Nturbine (HP) = T-T 0.85 = 898 - T3



