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Section A

Q.1 (a) Amain pipe divides into two parallel pipes which again form as one pipe. The length
and diameter of the first parallel pipe are 1000 m and 0.8 m respectively, while the
length and diameter of the second parallel pipe are 1000 m and 0.6 m respectively.
Find the rate of flow in each parallel pipe, if total flow in the main is 2.5 m3/sec.
The coefficient of friction for each parallel pipe is same and equal to 0.005.

[12 Marks]
Solution:
I, =1000 m, d, = 0.8 m,, I, =1000 m, d, = 0.6 m
Total discharge, Q=25mds
Also, Q=0Q,+ Q,= 25=Q, + Q, (i)
Since pipe (i) and pipe (2) are in parallel,
hy, = hy where, h, = head loss due to friction
. e e
> =2 _—
7gxcj15 L8gxcjg 1

1000x Q2 1000 x Q5

= 5 = 5
0.8 ) 0.6 v
Q 0.8Y T
52 = % pipe 2

Q, = 2.0628Q, (i)
From equation (i) and (ii), 25 =20528Q, + Q,

25 =30528Q,= Q,=0.81892 m3/s
Putting this value in equation (i),

Q, + 081892 =25 = Q, = 1.681 m%s

MADE EASY Source
o ESE Mains 2019 Workbook (Q. 27, Page 210) discussed in Class
. MADE EASY Classnotes
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End of Solution
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Q.1 (b) A reversible engine works between three thermal reservoirs, A, B and C. The
engine absorbs an equal amount of heat from the thermal reservoirs A and B kept
at temperatures T, and T, respectively, and rejects heat to the thermal reservoir
C kept at temperature T,.. The efficiency of the engine is a times the efficiency of
the reversible engine, which works between the two reservoirs A and C.

T T
Provethat: -4 = (20 —1)+2(1-a)2
TB TC

[12 Marks]
Solution:
n= 0o MNyc (i)
_W
L)
(W=2Q, -Q)}
-
n=t-gh i)
o Ic
From equation (i), n= o T
A
.
From equation (ii), ( —2%1) - oc( —T—j) ... (i)

.~ E'is an reversible engine.

Q
27=0

.0 @
Q T,k
Q1 7_A TB

Q
Put value of 32 in equation (iii),
1

1_17—_0_17—_0 = a( _E)

Al _goglei e
2T T, 27Tg
T

275 T,\2

Multiply by 77:—A in whole equation,

©
(1_a)T_A_lT_A _ (-2
T. 275 2
174 (2o -1) T
e = +(1-o)=2
2T, > (“)TC

Multiply by 2 in whole equation,
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Ta T
= = Qa-N+2(1-0)A
7y = @D+ 2A-0)
MADE EASY Source
. Theory Book (2019 Edition): Thermodynamics (Q. 5 Page 223)
. MADE EASY Classnotes

End of Solution

Q.1 (c) With the help of neat sketch, explain the working of a thermostatic expansion
valve. How does it cope up with the variable load?

[12 Marks]

Solution:
(i)
Thermostatic expansion valve: A thermostatic expansion valve is used to maintain
a constant degree of superheat at the exit of evaporator, hence it is most effective for
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dry evaporators in preventing the slugging of the compressors since it does not allow
the liquid refrigerant to enter the compressor. The schematic diagram of the valve is
given as below:

Superheated

refrigerant to
compressor
Feeler .
bulb Suction
line
Fp Fp

~—— Evaporator

Niddle
stand

High—> ﬁo:)

pressure Adjustable

=
liquid - spring
:; [<— Screw

It consists of a feeler bulb that is attached to the evaporator exit tube so that it senses
the temperature at the exit of evaporator. The feeler bulb and the narrow tube contains
some fluid that is called power fluid. The power fluid may be same as the refrigerant
or it may be different. In case if it is different from the refrigerant then the TEV is called
TEV with cross charge. Let Pp is the pressure of power fluid, P, is the saturation pressure
corresponding to evaporator exit temperature and evaporator temperature is T_then the
purpose of TEV is to maintain a temperature (7, + AT,) at evaporator exit where AT,
is the degree of superheat. Feeler bulb senses the temperature (T, + AT,) and its
pressure Pp is saturation pressure at this temperature. So force exerted on the top area
A, of bellows:

F,=FA, (i)
Force exerted by evaporator pressure from bottom side of bellows:
This is called external equalizer if the evaporator is large and has significant pressure
drop otherwise it is known as TEV with internal equalizer.
The difference of forces F,and F_is exerted on the top of the middle which controls
the opening of orifice and is equal to spring force F i.e.

Fo=(P,= PJA,
Also AT =< (P, = P)A,
As the compressor starts, P, decreases so a positive spring force is applied on middle
which opens the orifice and refrigerant flow starts.
When the cooling load increases, the refrigerant evaporates at a faster rate in evaporator
than the compressor can suck. As a result, the saturation pressure (p,) correspond to
the temperature at the exit end of the evaporator and the degree of superheat in
evaporator increases. The increase in superheat causes the valve to open more and
to allow more refrigerant to enter the evaporator. At the same time, the increase in suction
pressure (p,) also enables the compressor to deliver increased refrigerating capacity.
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When the cooling load decreases, the refrigerant evaporates at a slower rate than the
compressor is able to suck. As a result, the evaporator pressure drops and the degree
of superheat decreases. The valve tends to close and the compressor delivers less
refrigerating capacity at a decreased suction pressure.

Thus the thermostatic expansion valve, is capable of meeting variable load requirements.

MADE EASY Source
o Theory Book (2019 Edition): RAC (Page 31)

ESE 2019 Mains Test Series: Exactly same as Q.4b(i) from Test-12
. MADE EASY Classnotes

End of Solution

Q.1 (d) The fuel rod of a nuclear reactor is lagged with a tight fitting cladding material to
prevent oxidation of the surface of the fuel rod by direct contact with the coolant.
The heat generation occurs only in the fuel rod according to the following relation:

2
o
Qg = Qo [1 - ?] . Under steady state conditions, heat generated in the fuel rod is

conducted through the cladding material and then dissipated to the coolant flowing
around the cladding by convection.

Assuming that there is no contact resistance between the fuel rod and cladding,
derive an expression for the heat flux through the fuel rod and cladding material.

[12 Marks]
Solution:
Fuel Rod:
1 D heat conduction equation with heat generation in cylinder:
l(i f-_aT)+ﬁ
r\or oar ) ki ~
RC
i( 3_7) _ %" R
or\" oar) Kk
/ |- Parabolic
2
i(rﬂ-) = _qO |:1 r :|r \/
or\ ar K¢ R? H _ |- Logarithmic
3
i(ra_T) _ _Q_o[,_f_}
ar\ or Ky R?
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at r

oT qo{r re :|
o Kkl2 4R
Heat flux through fuel rod at any cross-section,
, kioT
T o

3
, q, |r r
q/ = -k 4-ToJl_ T
f f{ /9{2 492}}

At r=~R
= e =%
Cladding:
Energy conservation:
En-Eou tEy = Eg
E, = Euy [ £,=0 £,=0]

(Heat conducted from outer surface of rod) = (Heat conducted through cladding)
Q;r x2nAL = q;”x2nrL
Where, g/ is heat flux through cladding at radius ‘r’

qOXRxE _ q ”

4 r ¢
” QO‘ i
= = =
e 4r

MADE EASY Source
o Theory Book (2019 Edition): HMT (Page 46)

End of Solution

Q.1 (e) Compare compression ignition engine with spark ignition engine so far as the
following points are concerned:
(i) Working cycle
(ii) Method of ignition
(iii) Method of fuel supply

[12 Marks]
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Solution:

S| Engine Cl Engine

¢ The ideal cycle for the Sl engine is the Otto cycle ¢ The ideal cycle for the Cl engine is the diesel cycle

¢ Heat addition is at constant volume. * Heat addition is at constant pressure.

e It uses spark plug for ignition e It does not use spark plug for ignition but self

ignition take place due to compression of air

e It uses carburetter to supply air fuel mixture e |t uses fuel pump and injector to supply fuel.

* |Lower compression ratio engine (6 to 10.5) o High compression ratio engine (14 to 22)
2 P
3 2 3
2
! 4
I 4
| 1 1

MADE EASY Source

o Theory Book (2019 Editon): Exactly from IC Engine (Page 20)
. MADE EASY Classnotes

__DIFF. BETWEEN PETROL ENGINE & DIESEL ENGINE -
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Q.2 (a) Ajetofwateris discharging at 25 kg/sec from a nozzle of 25 mm diameter. The jet
from the nozzle is directed towards a window of a building at a height of 30 m from
the ground. Assuming the nozzle discharge to be at a height of 2 m from the
ground, determine the greatest distance from the building where the fireman can

stand, so that the jet can reach the window. [20 Marks]
. o window
Solution: \“:F/
Given, mass flow rate, m = 25 kg/s
Nozzle diameter, d=25mm
Mass flow rate, pAV = 25 30m
174
V= 25 ,/\9 +
pxA om
B 25 A

1000 x % x 0.0252
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V = 50.929 m/s
Let ® = angle of inclination,
For horizontal motion, V. = Vcos® m/s
a =0 m/s?
x =Vt
= (Vcose)t ()
where tis time to reach window
Vy = V/sinO
— 2
a,=-g m/s
. 1 5 .
V= (Vsme)t—Egt . (i)
gx°
From equation (i) and (ii), y = xtan® —WSGCZG equation of Trajectory
Substituting y = 30 - 2 = 28 m
og = xtan® - Lz)f sec’ 0
2 x(50.929)
28 = xtan® — (1.891 x 10%)x? sec?0
or xtan® — (1.891 x 108)x2 sec?® — 28 = 0 -.(ii)

The maximum value of x is obtained by differentiating above equation with respect

) dx
to 8 and putting e 0.

Differentiating equation (iii)
2 ax 3 2 ° 2,0x

xSec” 0 + tano % - (1.891x107°) x | x x 2sec~0tang + 2xsec e% =0

dx

o X _ g
Putting o
xsec?0 — (1.891 x 103)x% x 2sec?d tan® = 0
1 -3.782 x 10°3xtan® = 0

26441 _
o © tan® ol (%
Substituting in equation (iii),
2
264.41- [(1.891>< 109 (204N 2 e] 28 _ 0
tan-o
264.41- 192204 55 _ ¢
sin“ 6
236.41——132'2204 5
sin“ o
sin® = 0.7478
0 = 48.4°
264.41

From equation (iv), =234.754m

* 7 tan(48.4°)
Maximum horizontal distance = 234.754 m
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MADE EASY Source
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End of Solution

Q.2 (b) Two rigid tanks shown in Figure 2(b) each contain 10 kg of N, gas at 1000 K,
500 kPa. They are now thermally connected to a reversible heat pump, which
heats one and cools the other with no heat transfer to the surroundings. When
one tank is heated to 1500 K, the process stops. Find the final (P, T) in both tanks
and the work input to the heat pump, assuming constant heat capacities.

@

l.

Figure 2 (b)

[20 Marks]

Solution:

10 kg ﬁw 10 kg

1000 K ... {1000 K
500 kPa Initial {500 kPa}
Final {1500 K}

Corporate Office: 44-A/1, Kalu Sarai, New Delhi-110016 @ info@madeeasy.in www.madeeasy.in
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Assumption:
(i)  Specific heat is independent of temperature.
.~ Rigid takes, so, Vi= V.

Now, for reversible process:
Entropy change of universe= 0

(AS), + (AS), + (AS); =0 (1)
_ 3 f
(AS), = mcvln( T ) + len(\/,)
(AS). = mc ln(1500)
s Y7\ 1000
(AS); = mc, In(1.5)
Now, (AS), =0 {cyclic device}

(49),

mc, In(%) + ml-?ln(%)

_ L)
(AS), = mcvln(moo

From equation (i),

L) _
mcvln(1.5)+mcvln(1000 =0

"

In[1. A ) -

n( °%7500) = ©
T

1.5x% = 7
1000
T, = 666.67 K
now, P.V.=m. AT .. (i)
P\V.=m. RT, ..(iii)
now divide equation (i) and (ii),
F_ T
AT "
For tank (1), @ = 1000
F% 666.67
Pf1 = 333.335 kPa
For tank (3), from equation (iv),
@ ~ 1000
P, 1500
&
P 750 kPa

=
Now, for work input to the1pump,
specific heat at constant volume,
R 8.314
¢ = Y-~ 2814-9) tr=1.4)
¢, = 0.742 kd/kgK
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Heat transfer to tank (3),
Qp = me /Ty, - T,)
10 x 0.742(1500 — 1000)
Qg = 3710 kJ
Heat transfer from tank (1),
Q= mefT, - T,)
= 10 x 0.742(666.67 — 1000)
Q, = -2473.31 kJ
Negative sign indicates heat transfer from the tank.
Now, work input, W= (Qg- Q, = 3710 - 2473.31
W= 1236.69 kJ

MADE EASY Source
o MADE EASY Classnotes

(A""*k_, Sh %*’F |
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ok r\h e ’tﬂ eha’. ‘DEU%K‘
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UDLK M A[SO &‘.‘*C! ’ﬁ-{ NM\ M&

End of Solution

Q.2 (c) Water is flowing steadily over a smooth flat plate with a velocity of 2 m/sec. The
length of the plate is 30 cm. Calculate
(i) The thickness of the boundary layer 10 cm from the leading edge of the
plate.
(i) The rate of growth of the boundary layer at 10 cm from the leading edge;
and
(iii) The drag coefficient on one side of the plate.
Assume parabolic velocity profile.
Kinematic viscosity of water v = 1.02 x 10-® m?/sec.
Derive the expressions used in the calculation.
[20 Marks]
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Solution:
Given,
U =2m/s
L =30cm

v =102 x 10% m?/s
It is given that velocity profile is parabolic

2
L3 = a+ b(z)+ c(x)
u. S )

— U,
e y
— 3
A P
Boundary conditions
aty=0, U=0.a=0
aty=9, U= U_
1=b+c (i)
LAty =9 1=0,
av
SO, dy = O
1dU _ b Z2cy
T = —4—
U.dy & &
,_ b2
T
= b+2c=0 ..(i)
From (i) and (ii), we get,
b=2, c=-1

2
, - e 2_y_(z)
.. The velocity profile is, U~ s S

Using Von-Karman momentum integral equation

T, 99
PU.i T ox

where, 1, = wall shear stress, 8 = momentum thickness
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So,

2uU,, y 1 _

=)

Oy
I\) 1
~—
o<
N———
|
N
~—
<
N———
N
+
o)
~—
o<
N———
w
|
~—
o<
N———
nN
+
N
~—
<
N———
w
|
~
|
N———
_r#
<

O —y

20 .
15 . (i)

au
u dy

y=0

. -.(iii)

80 = — 5

Integrating above equation,

52
5 =
Boundary condition,

atx=0,6=0=C=0
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5.48x ]
or 6= .
JRe, .
U =2m/s ~—10cm —

=
)>00
|

= 548 |-M _ 548 | %
pU., U,

6
5.48><\/1'02X1g % 0.1

=1.2375x10° m

(i) The rate of growth of the boundary layer,

dd v |d
— - [EJE(&)

a1y
dx  2\U.x
ds 1 [1.02x10° 5
— = = X,[——— =1.1291x10
dx - 27\ 2x01 X
(iii) Cfx _ 1TWX
L
2pU.,°
Cfx = 2“:‘” X%
e
ZPUN
4u 4 1 UL
Ch=oUsd pU. 548V
C,.= 073
U_x
1
Hence, C,, =< ﬁ
Drag coefficient CN= L _JL'£
st = 7o - 1l

c, - 2(%):2“0&)

v
UL

=)

[1.02x10° 3
CD_ 1.46x W—19036X1O

CD: 2x0.73 x
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End of Solution

Q.3 (a) A four-stroke cycle gasoline engine has six single-acting cylinders of 8 cm bore
and 10 cm stroke. The engine is coupled to a brake having a torque radius of 40
cm. At 320 rpm, with all cylinders operating, the net brake load is 350 N. When
each cylinder in turn is rendered inoperative, the average net brake load produced
at the same speed by the remaining 5 cylinders is 250 N. Estimate the indicated
mean effective pressure of the engine. With all cylinders operating, the fuel
consumption is 0.33 kg/min; calorific value of fuel is 43 MJ/kg; the cooling water
flow rate and temperature rise is 70 kg/min and 10°C respectively. On test, the
engine is enclosed in a thermally and acoustically insulated box through which
the output drive, water, fuel, air and exhaust connections pass. Ventilating air
blown up through the box at the rate of 15 kg/min enters at 17°C and leaves at
62°C. Draw up a heat balance of the engine stating the items as a percentage of
the heat input

[20 Marks]
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Solution:
Given: 4-stroke engine,
Number of cylinders (k) = 6

Bore, D=8cm

Stroke, L=10cm

Speed, N = 3200 rpm

Net brake load, W =350 N

Fuel consumption, m; = 0.33 kg/min

Calorific value, CV = 43 MJ/kg

Average brake load by 5 cylinder = 250 N

Brake radius, r=40cm

Brak o 2nNT _ 2rnN(Wr)
rake power, =80~ 60

BP - 2T X 32006>C<)350 x 0.4 4691445 W

BP = 46.914 kW
Brake power when 1 cylinder is in operative.
2nNT” _ 2eNW’r
60 60
21 x 3200 x 250 x 0.4
60

(BPY =

(BP) =

(BP) = 33.51 kW
Indicated power IP =6 x (BP — BP’)

IP=6 x (46.914 — 33.51) = 80.424 kW

We know IP= P XM
‘ meP ™ B0 x 2

3200 x 6

T 2
80.424 x 103 = s ><O.1><Z><(O.08) X o0

P

mep

9.99 bar = 10 bar
Heat balance conditions
(i) Heat added,
HA/min = m; x CV = 0.33 x 43000 = 14191kJ/min
(i)  Brake power (equivalent)
BPeq BP x 60 = 46.914 x 60 = 2814.84 kJ/min

(i)  Heat carried away by cooling water
q, = m, x418x(AT)=70x4.18 x 10 = 2926 kJ/min
(iv) Heat carried away by ventilation air,
Qyy = m, xcpa(7'2 -T)=15x1.005% (62-17)
= 678.375 kd/min
(v)  Unaccounted losses [friction, radiation, other loses]

Oune = 14190 - (2814.84 + 2926 + 678.375)
= 7770.785 kJ/min
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Heat Balance Sheet

Heat Equivalent Value (kJ/min) Percentage
1 Heat Added 14190 100
2. BP equivalent 2814.84 19.83
3 Heat carried away water 2926 20.62
4. Heat carried away by ventilating air 678.375 4.78
5 Unaccounted losses 7770.785 54.77

MADE EASY Source

. ESE 2019 Mains Workbook: Similar to Q. 20 of solved problems discussed in Class
. MADE EASY Classnotes
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Q.3 (b) A simple saturation refrigeration cycle uses R134a as refrigerant. The refrigeration
system operates at 40°C condenser temperature and —-16°C evaporation
temperature respectively.
If a liquid vapour heat exchanger is installed in the above simple saturation
refrigeration cycle, find the COP and power per ton of refrigeration. The outlet
vapour of heat exchanger is 15°C temperature.
Condenser
Compressor
s s
= =
Expansion Heat Exchanger
valve (EV)
Evaporator
Saturation table of R134a THERMODYNAMICS PROPERTIES OF R134a*
| Temp. Pn’nnrr. Density) Volume| Enthalpy Entropy Specific Heat SRl |
1=C) MPa| (kg/m®)| (m¥kg) (efleg) kdfikg-Ky | ey kdikgK) |
Liguid| Vapour Liguid Vapour Liguid Vapour Liguid Vapour Vapour
=103.30~ 0.00039) 1591.1 35,4960 T1.46 334.94 04126 1.9639 1.184 m II.IE-!
= 104,00 0.00056 1582.4 25.1930 75.36 336,85 0.4354 1.9456 1.184 0.583 1.162
~80.00 0.00152 1555.8 9.7698 B7.23 342.78 0.5020 1.8972 1.18% 0.617 1.156
~50.00 0.00367 1529.0 4.2682 99.16 348.83 0.5654 1.8580 1.198 0642 L.151
=70.00 0.00798 1501.9 2.0590 111.20 355.02 0.6262 1.8264 1.210 0667 1.148
—60.00 0L.01581 1474.3 10790 123.36 -'J-BF O.J 1.8010 1.223 0.692] 1146
=50.00 0028945 1446.3|  0.60620 135.67 367.65 0.7410 1.7806 1.238 n.mni 1.146)
=40.00 0.05121 1417.7)  0.36108 148.14 374.00 0.7956 1.7643] 1.2656 D.T-Isl 1.148
30.00 (L8438 1388.4 0.22594 160.79 380.32 0.8486 1.7515 1273 0.781 1.152
—28.00 0.09270 1382.4 0.20680 163,34 381.57 0.8591 1.7492 1.277 0.788 1.153
i _I]ul:;;-— 13'1‘;;-_ 0. 1‘3;1_8-” 165.81 38278 08680 1.7472 1.281 0. 794 1.154
=26.00 0.10167 1376.5 0.18958 165.90 382.82 0.8694 1.7471 1.281 0.794 1.154
k ~24.00 0.11130, 1370.4) 017407 168.47 384.07 0.87498 1.7451 1.285 0.801 1.155
f ~22.00 0.12165 1364.4 0.16006 171.05 385.32 0.8900 1.7432 1.2589 0.809 1.156
| -20.00 0.13273 13568.3 0.14739 173.64 386.55 0.5002 1.7413 1.293 0816 1.158
hl&:ﬁ?‘» I)TIT-@GTU _13-5';.] 0.13592 176.23 387.79 0.9104 1.7396 1.297 0.823 1.159
| -16.00 0.15728 1345.9 0.12551 178.83 389.02 0.9205 17379 1.302 0.831 1.161
‘ -14.00 0.17082 1339.7) 0.1 1505‘ 181.44 390.24 0.9:306 1.7363 1.306 0.838 1.163
=12.00 0.18524 1333.4 010744 184.07 391.46 0.9407 1.7348 1.311 0.846 1.165
’ =10.00 0.20060 13.21",1l 0.09959: 186.70 392.66 0.9506 1.7334 1.316 &Bﬂ— 1167
=8.00 0.21693 1320.8 0.09242 186.34 393.87 0.9606 1.7320 1.320 0.863 1.168
—6.00 0.23428 1314.3 0.08587 191.99 395.06 0.9705 1.7307 1.325 0.871 1.171
| —4.00 025268 1307.9 0.07987 194.65 396.25 0.9804 1.7294 1.330 0.880 1.174
| ~2,00 0.27217) 1301.4 0.07436] 197.32 397.43 0.9902 - 1.7282! 1.336 0.888 1.176]
l 0.00 0.29280 1204.8 0.06931 200.00 398,60 1.0000 1.7271 1.341 0.897 1.179]
1 2.00 0.31462 1288.1 0.06466 202.69 399.77 1.0098 1.7260 1.347 0.906 1.182
I 4.00 0.33766 1281.4 0.06039 2056.40 400.92 1.0195 1.7250 1.352 0.916 1.185
6.00 0.36198 1274.7 0.05644 208.11 402.06 . 1.0292 1.7240 1.358 0.925 1.188
B.00 0.38761 1267.9)  (0.06280 210.84 403.20 1.0388 1.7230 1.364 0.935 1192
10.0:0 0.41461 _125].0 U.O:-Iﬁ_ 213.58 404.32 | 1.0485 1.7221 1.370 0.945 1.196
12.00 0.44301 1254.0 0.04633 216.33 405.43 l 10581 1.7212 1.377 0.956 1.200
14,04 0.47288 1246.89 0.04345 219.09 406.53 1.0677 1.7204 1.383 0.967 1204
16.00 0.50425 1239.8 0.04078/ 221.87 407.61 1.0772 1.7196 1.380 0.978 1.209|
18.00 0.63718 1232.6 0.03830 22466 408.68 1.0867 1.7188| 1.397 0.989 1.214
20,00 0.57171 1225.3 0.03600| 22747 409.75 10962 1.7150‘ 1.405 l.ml‘ 1.219
_22.00 = o.smaﬁ ) 1218.0 'mﬁésr_zan.‘m 410.79 1.1057 1.7173 1.413 1.0!3" 1.224
24.00 064578 1210.5 0.03186 233.12 411.82 1.1152 1.7166 1.421 1.025 1..230|
26.00 0.68543 1202.9 003008 236.97 412.84 1.1246 1.7159 1.429 L.038 1.236,
28.00 0.72688 1195.2 LOZB26 238.84 413.84 1.1341 1.7152 1.437 1.052 1.243
_ﬂu 0.77020 1187.5 0.02664 241.72 414.82 1.1435 l.’?l-lsi 1.446 1.065| 1.249|
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Temp. | Pressure Density | Volume Enthalpy 1 Entropy Specific Heat f
I cplew
=) | M kg/m* mYkg kd/kg kJ/(kg-K) ep, kd/kg-K)
B Liquid Vapour | Ligquid Vapour | Liguid  Vapour Liquid _Vapour | Vapour
3200 | 0.81543 1179.6 | 0.02513 24462 41578 | L1529 17138 | 1.456 1.080 1.257
34.00 | 0.86263 1171.6 | 0.02371 24754 416.72 11623 L7131 | 1.466 1.095 1.265
36.00 | 091185 1163.4 | 0.02238 23048 41765 LITI7 17124 1.476 1111 1.273
38.00 | 0.96315 1155.1 | 0.02113 23343 41855 11811 L7118 1.487 1.127 ‘ 1.282
40.00 1.0168 1146.7 | 0.01997 23641 419.43 11805 17111 1.498 1.145 1.292 |
42.00 1.0722 1138.2 | 0.01887 259.41  420.28 1.1999  1.7103 1510 1.163 1.303
44.00 1.1301 11205 | 0.01784 262.43 42111 12092 1.7096 1.182 1.314
46.00 1.1903 1120.6 | 0.01687 26547 42192 1.2186  1.7089 1.202 1.326 |
48.00 1.2529 11115 | 0.01595 268.53 42269 1.2280  1.7081 1.223 1.539
50,00 1.3179 1102.3 | 0.01509 27162 42344 12376 1.7072 1.566 1246 | 1354 |
52.00 1.4854 1092.9 | 0.01428 27474 424.15 12469 17064 1.582 1.270 1.369
54.00 1.4555 1083.2 | 0.01351 27789 424.83 12563  1.7055 1.600 1.296 1.286
56.00 1.5282 10734 | 001278 | 28106 42547 12658  1.7045 1618 1.324 1.405
58.00 1.6036 10632 | 001209 | 28427 42607 12753 17035 1.638 1.354 1.425
60.00 | 16818 10529 | 0.01144 28750  426.63 12848 1.7024 1,660 1.387 1.448
62.00 1.7628 1042.2 | 0.01083 | 29078  427.14 12944 L7013 1.684 1.422 1.473
64.00 1.8467 10312 | 001024 | 294.08 42751 1.3040 17000 ; L710 1461 | 1401
66.00 1.9337 1020.0 | 0.00969 297.44  428.02 13137 LBYST 1.738 1.504 1532 |
65.00 2.0237 1008.3 | 0.00916 300.84 42836 1.3234  1.6972 1.769 1.552 1.567
70.00 21168 996.2 | 0,00865 304.28 42865 1.3332 16956 1.804 1.605 | 1.607
72.00 2.2132 984.8 | 0.00817 307.78  428.86 13430  1.6939 | 1.843 1665 | 1653 |
[ T400 2.3130 9708 | 0.00771 31133 429.00 1.3530 16920 | 1887 1734 | 1705
©OTRON 2.4161 9537.3 | 0.00727 31484 4294 13631  1.6899 1.938 1812 | 1.766 |
78.00 2.5228 943.1 | 0.00685 31863 428,98 13733  1.6876 1.996 1.904 1.838 |
80,00 0282 | 0.00645 322.39 42881 1.3836 16850 2065 2012 1.924
£5.00 887.2 | (LO0350 427.76 14104 16771 2.306 2.397 2232
90,00 §37.8 | 0.00451 425.42 14390 1.6662 2,756 3.121 2.820
95.00 1.5012 7727 | 0.00374 420,67 14715 16492 3.938 5.020 4.369
I 100.00 30724 | 651.2 | 0.00268 7930 40768 15188 16109 | 17.59 25.365 ' 20.81 |
101.06° 4.0593 5119 | 0.00195 389.64 38064 15621 14621 > = | e
aTriple point °NBP “Critical point
*Ashrae Handbook Fundamentals, 2005.
[20 Marks]
Solution:
T
40°C
-16°C
s
— O,
T, = 15°C
Properties
T (C) hy hgy St Sy Cov Col
sat (kJ/kg) | (kJ/kg) | (kJ/kgK)| (kJ/kgK) [ (kJ/kgK)| (kJ/kgK)
-16 178.83 | 389.02 | 0.9205 | 1.7379 | 0.831 =
40 256.41 | 419.43 | 1.1905 | 1.7111 | 1.145 1.498
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Now,
Heat exchange in processi - 2 = Heat exchange in process 5 - 6
ch(T2 - T) =c,(Ts = Tg)
0.831[15 ~ (-16)] = 1.498(40 - Ty)
Ty = 22.803°C
Now, enthalpy at (2),
hy, = hy + ¢(T, - T;) = 389.02 + 0.831(15 + 16)
= 414.781 kd/kg
Now for enthalpy at (3), isentropic process 2 - 3,

8, 5 &
T iE
Sg+ Cpy, In(%) _ Sg+Cpy, In(?j)
288 T3 )
1.7379 + 0.831 In(257) = 1.7111+1 .‘l45|r1(3_I3

T, = 348.02K

Now, enthalpy at (3),
hy = hg + va4(T3 = )

hy = 419.43 + 1.145(348.02 — 313) = 459.528 kd/kg
Now enthalpy at (6),

hs = hy + cp,(T5 - T5) = 256.41 — 1.498(40 - 22.803)

hs = 230.649 kJ/kg
hy—h,  389.02-230.649
hy —h, 459.528 —414.781
m(h, — h;)/3.5 3.539

COP = = 3.539

Now, Power/TR =
Power per ton of refrigeration,

P
7R = 0.989 kW/TR

MADE EASY Source
. ESE 2019 Mains Test Series: Similar to Q.8(a) from Test-2
. MADE EASY Classnotes
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End of Solution

Q.3 (c) Moist air at 28°C DBT and 20.6 WBT and 101.325 kPa barometric pressure flows
over a cooling coil and leaves it at a state of 10°C DBT and with specific humidity
7.046 gm/kg of dry air.

(i) If the air is required to offset a sensible heat gain of 2.35 kW and a latent
heat gain of 0.31 kW in a space to be air-conditioned, calculate the mass of
dry air which must be supplied to the room in order to maintain a DBT of
21°C in the room.

(ii)  What will be the relative humidity in the room?

(iii) If a sensible heat gain diminishes by 1.175 kW but latent heat gain remains
unchanged, at what temperature and moisture content must the air be
supplied to the room?

Take specific capacity of air as 1.012 kd/kg, K, latent enthalpy of water at 21°C is

2454 kJ/Kg. Show the processes on the psychrometric chart.

[20 Marks]
Solution:
()
Given, SH = 2.35 kW
LH = 0.31 kW
21°C DBT
(3)
_ ()
(1 | | 10°C DBT
28°C DBT I | ©,=0007046 kg/kgd.a.
20.6°C WBT
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Latent heat, LH = (o3 — 0p) X My X hyy
LH = (o5 —0.007046) x m,, x 2454 (D)
Sensible head, SH = I’ha X Cpa(l‘g, -t)+ox /’ha X va(l‘3 —t5)

Now,

My X Cpa(21-10) + @ X 1M, X C,,, (21— 10)
Assume specific heat of water vapour, ¢, = 1.88 kJ/kgK
SH = m,[1.012+ 0.007046 x 1.88] x (11)

2.35

m, x11.2777
r, = 0.2084 kg/s

m, = 12.503 kg/min

(if)
Now, specific humidity at (3), from equation (i),
0.31 = (wy — 0.007046) x 0.2084 x 2454
o, = 0.007652 kg/kgd.a.

®
(specific humidity
in kg/kgd.a.)

0.007652
0.007046

10 15.5 28 _—
¢(DBT in °C)

From chart at 21°C DBT & 0.007652 kg/kgd.a. specific humidity,
Relative humidity, ¢ = 48%
(iii) Now heat gain diminishes by 1.175 kW
So, new LH = 0.31 kW
SH = 1.175 kW
Now, for same outlet condition,
o, = 0.007652 kg/kg.d.a
m, = 0.2084 kg/s
SH = M, X Cpalts —t) + ® X M, X Cp (b5 — t3) ...(ii)
now as latent heat remains unchanged new point (2) inlet to the room remains on the

horizontal line drawn from old point (2).
So, specific humidity also remains unchanged.

o, = 0, = 0.007046 kg/kgd.a.
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1.175 = 0.2084 x (21— 1})(1.012 + 0.007046 x 1.88)

1.175 = 0.21366(21—t)
t; = 155°C
now, moisture content = w, x M, = 0.007046 x 0.2084

= 0.001468 kg = 1.468 gm

MADE EASY Source
. MADE EASY Classnotes
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End of Solution

Q.4 (a) A geothermal source provides 10 kg/s of hot water at 500 kPa, 150°C flowing into
a flash evaporator that separates vapour and liquid at 200 kPa. Find the three
fluxes of availability (inlet and two outlets) and the irreversibility rate. Take ambient
temperature as 25°C.

-

2
= Vapour

= Liquid

(Refer Table A placed at the end of booklet)
[20 Marks]
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Solution:
T = 25°C
1
H—»@— Vapour
e 200 kPa
500 kPa, 150°C

Liquid
200 kPa

Let us assume specific heat of water, ¢ = 4.18 kd/kgK
At 500 kPa and 500°C,
Enthalpy, h, = h,— C(AT)
h, = 640.21 - 4.18(151.86 - 150)
h, = 632.435 kJ/kg
Enthalpy of vapour at exit,
h, = 2706.63 kJ/kg
Enthalpy of liquid at exit,
h, = 504.68 kJ/kg
Now entropy of liquid at inlet,

s—s—cInE
1= & 7:

where, T, = 151.86°C corresponding to 500 kPa
and T, = 150°C corresponding to 500 kPa

424.86
= )_ 1.8422 kJ/kgK

= 1.8606 - 4.18In(

Similarly, entropy of vapour at exit,

S, = 7.1271 kd/kgK
Entropy of liquid at exit,

s, = 1.6300 kd/kgK
Now, energy balance,

rinhy = riyhy + Mghy
10 x 632.435 = ri, x (2706.63) + (10 — 1,) x 504.68
6324.35 — 10 x 504.68 = r1,(2706.63 — 504.68)
i, = 0.5802 kg/s

m, = 9.4198 kg/s

Now, availability of liquid at inlet,
LER= (== (STRRET) ()
Now for ambient condition, = 25°C

As saturated liquid enters to the flash evaporator so properties at 25°C and corresponding
saturation pressure should be found out.
For enthalpy, h, by interpolation between 3 kPa and 24.08°C & 4 kPa and 28.96°C
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hy —101.03 25-24.08

121.44-101.03 ~ 28.96 - 24.08
hy = 104.877 kJ/kg

Similarly for entropy s,

S —0.3%45 25-24.08
0.4226-0.3545 ~ 28.96 —24.08

S, = 0.3673 kd/kgK

Now, ¥, = (632.435 - 104.877) — 298[1.8422 — 0.3673]
P, = 88.0378 kJ/kg
or W, = 88.0378 x 10 kJ/s

¥, = 880.378 kW
Now, availability of vapour at exit,
¥, = (h, = hy) = Ty(s, — 8p)
= (2706.63 — 104.877) — 298(7.1271 — 0.3673)
= 587.3326 kJ/kg
or W, = 0.5802 x 587.3326 kd/s = 340.77 kW
Similarly availability of liquid at exit,
¥, = (hy = hy) — Ty(s53 — 8p)
= (504.68 — 104.877) — 298(1.5300 — 0.3673)
= 53.3184 kJ/kg

or W, = 9.4198 x 53.3184 k/s
= 502.2486 kW
Now, Irreversibility = W, — ¥, — ¥,

= 880.378 — 340.77 — 502.2486 = 37.3594 kW

MADE EASY Source
o MADE EASY Classnotes
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I ﬁ';_-_ﬂ:‘....‘-f;‘x

X ATl 063 + L1-s-v) X 5DU48

,:._."'l%glsrf-

End of Solution

Q.4 (b) Air at a mean velocity of 20 m/sec flows through a 2 cm diameter tube whose
surface is maintained at 200°C. The temperature of air as it enters the tube at
inlet is 20°C and leaves the tube at 180°C. Determine
(i) The length of the tube required to heat the water from 20°C to 180°C, and
(i) The pumping power required to maintain the flow.

Assume f = 0.3164/(ReD)'4.
Properties of air at the mean film temperature 7_} :
p = density = 0.8345 kg/m?3; specific heat = ¢, = 1015 J/kg K; dynamic
viscosity, p = 2.3825 x 10-5 kg/m.s; Pr = 0.703;
thermal conductivity, k = 0.034425 W/mK.
[20 Marks]

Solution:
Assumptions:
(i) Steady flow
(i) Fully developed flow
(iii) Constant wall temperature condition
(iv) Properties at mean temperature

T, =200°C
20 m/s
T,=20°C
T,=180°C
2cm
Mean velocity of air, V=20 m/s
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Diameter of tube, D=0.02m
VD .8345x 2 .02
Reynolds number, Rep = pVD _ 08345 O><050
12 2.3825x 10~
= 14010.493 > 4000
So, flow is turbulent,
N o 0.311?44 _ 0.3164 — ~0.02908
Rep (14010.493)
By Reynolds-Colburn Analogy,
f f
2/3 - — =
St-Pr 5> ox4
where, f = Darcy’s friction coefficient, f = friction factor
N s f
chp -8
h < 070323 _ 0.02908
0.8345x20x 1015 8
h = 77.8906 W/m?2-K
Mass flow-rate of air, m = pAV = 0.8345 ><%><o.022 x 20
= 5.2433 x 1078 kg/s
8, = 200 - 20 = 180°C
6, = 200 - 180 = 20°C
Logrithmic mean temperature difference,
6, = -8, _180-20 _ 2, g1goc
0, 180
In| — In| ——
0, 20
T
200°C ,
o 1180°C
20°C
L x
Energy balance, m cp( T,—T) = hzDL)],,
= 5.2433 x 102 x 1015 x (180 — 20) = 77.8906 x (m x 0.02 x L) x 72.819
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Length of tube, L =2389m
2 2
(if) Head loss due to friction, h, = 14 = 0.02908 x2.389x20° _ 70.828 m
D x2g 0.02x 2 x9.81
Pumping power, p = righy = 5.2433x 107 x 9.81x 70.828
= 3.643 W
MADE EASY Source
o ESE 2019 Mains Test Series: Similar to Q.6(c), Test-3
. MADE EASY Classnotes
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Q.4 (c) Asingle-cylinder, single-acting reciprocating compressor using R12 as refrigerant
has a bore 80 mm and stroke 60 mm. The compressor runs at 1450 rpm. If the
condensing temperature is 40°C, find the performance characteristics of the
compressor when the suction temperature is —10°C. Specific heat of vapour at
40°C is 0.759 kJ/kg K.

Assume the simple cycle of operation and no clearance.
THERMODYNAMICS PROPERTIES OF R12*

Saturation |Saturation Vapour Superheated —I

Saturated Liquid and Vapour

Temp. Pressure By 20 By 40°C !
I [ - —
t P vr Ug hr hg sf [ 8g h s h ‘ s
(*C) {bar) |(kd/kg}| (m¥kg) | (kJlg) | (ki) (kJﬂsg-Kl.(kakg-K] (kJ/kg) I(kakg—K} (kd/kg) i(kJ/kg-K!

-40 0.6417| 0.66 0.2421 0| 169.0 0] 07274 180.8] 0.7737, 1924 | 0.8178 j
-35 0.8089 | 0.67| 0.1950 44| 1719 0.0187| 0.7220, 183.3| 0.7681| 195.1 ‘ 0.8120 |
=30 1.0038 | 0.67| 0.1595 89| 174.2| 00371 0.7171 185.8; 0.7631 197.8 | 0.8068 ‘

-25 1.2368 0.68| 0.1313 13.3| 176.5| 0.058562| 0.7127 188.3' 0.7586 | 200.4  0.8021 |

=20 1.5089 | 0.69| 0.1089| 17.8| 178.7! 0.0731| 0.7088 190.8[ 0.7546 | 203.1 0,?9?9|

-10 21912 | 0.70| 0.0767! 26.9| 183.2, 0.1080| 0.7020| 1957 0.7477| 208.3 0.7909
-5 2.610 OA’?ll 0.0650 31.4! 185.4| 0.1251 0.6991 198.1 0.7449 210.9,\ 0.7879‘

=15 1.8256 0.69| 0.0911 223 181.0| 0.0906 | 0.7052 193.2‘ 0.7510 | 205.T-I 0'7942.

0o 3.086 | 0.72, 0.0554 36.1| 187.5| 0.1420| 0.6966] 200.5| 0.7423| 213.5| 0.7853

5 3.626 | 0.72] 0.0475| 40.7

189.7! 0.1587| 0.6942| 2029 0.7401‘ 216.1 0.7830|

10 4.233| 0.73] 0.0409| 45.4| 191.7| 0.1752| 0.6921| 2052 0.7381; 218.6 0.7810!

15 4914 | 0.74) 0.0354 50.1; 193.8) 0.1915] 0.6802| 2075 0.7363‘ 221.2| 07792

20 5.673 0.75| 0.0308 54.9| 195.8 O‘QGTBI 0.6885| 209.8! 0.7348, 2237 0.7777

25 6.516| 0.76] 0.0269  59.7| 197.7| 0.2239 0,6869‘ 212.1| 0.7334| 226.1| 0.7763

30 7.450 | 0.77| 0.0235 64.6 199.6| 0.2399| 06854 214.3| 0.7321| 2286 0.7751

35 8477 0.79] 0.0206| 69.5| 201.5 0.2559 0.6839| 216.4| 0.7310| 231.0| 0.7741
40 9607 0.80] 0.0182] 746 203.2| 02718 06825 2185, 07300 2334 07732
|

45 10.843| 0.81| 0.0160 79.71 204.9| 0.2877| 0.6812| 220.6| 0.7291| 235.7 | 0.7724

30 12.193| 0.83| 0.0142 849! 206.5' 0.3037| 0.6797| 2226] 0.7282| 238.0| 0.9718

60 15.259 | 0.86] 0.0111| 95.7| 209.3, 0.3358 0.6777| 2264 0.7265! 2424 0.7706:

70 18.859| 0.90| 0.0087| 107.1| 211.5 0,3686! 06738 | 230.2' 0.7240 246.2 0,'?65ﬂ|

[20 Marks]
Solution: T
L =60 mm
40°C
D =80 mm
N = 1450 rpm
Clearance ratio, C=0

-16°C

Assuming isentropic compression

S, =5, s

Sy = Syg 10oc = 0.702 kJ/kgK
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T
% (& )omre cpvln(gT%)
0.702 = 0.6825+0 759In(i)
' - ' 313
T,=321.14K Compressor discharge temperature

hy = hyauee + va(Tz —313)
h, = 203.2 + 0.759 x (321.14 — 313)
= 209.37 kJ/kg
Since, clearance ratio is zero, So n, = 100%

mv,
Mass flow rate, My = &
“D?LN
4
_ n_V(EDZLN)
v, \4
where v, = V g 10:c = 0.0767 m®kg
. 1 T 2 )
= = x0.08°x0.06x1450 | = i
m 0.0767X(4X X X 5.7 kg/min

Power input to compressor,
p = m(h, —hy) =5.7x(209.37 - 183.2)
149.169 kJ/min

or = 2.486 kW
Power
Design point Power peak
Pull
down
Pa = Pomin» Ny =0 Po > Po= Py
m=0
w=0

Performance characteristics of a reciprocating
compressor as a function of evaporator pressure

Generally refrigeration systems operate on the left-hand side of this curve. But just after
starting, the compressor passes through the power peak. The compressor motors are,
therefore, oversized to enable them to take the peak load during pull-down. The starting
current is more than the running current.

The effect of the discharge pressure can similarly be analysed. At constant suction
pressure, an increase in the discharge pressure will cause a reduction in the volumetric
efficiency due to higher compression ratio. The mass of refrigerant circulated will thus
be reduced. At the same time the specific work will increase. But there is a continuous
increase in the power consumption and power per ton. The capacity will be decreased
due to decrease in the mass flow and slight decrease in the refrigerating effect.

End of Solution
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Section B

Q.5 (a) A single-cylinder, single-acting, square reciprocating pump has piston diameter
and stroke length of 300 mm. The pump is placed such that the vertical distance
between the center-line of the pump and sump level is 5 m. The water is being
delivered at a height of 22 m above the centerline of the pump. The suction and
delivery pipes are 8 m and 28 m long respectively, and diameter of both the pipes
is 150 mm. If the pump is running at 30 rpm and coefficient of friction for suction
and delivery pipes is 0.005, estimate the theoretical power required to drive the

pump (kW).
[12 Marks]
Solution:
Suction heat of pump, h,=5m
Delivery heat of pump, hy=22m
Length of suction pump, I[,=8m
Length of delivery pipe, [, =28m
Diameter of suction pipe, d, = 150 mm
Diameter of delivery pipe, d, = 150 mm
N = 30 rpm
Stroke length, L =300 mm =03m
Piston diameter, D=300 mm = 0.3 m
Pistion area, - %x 0.3% = 0.07068 m?
, , ALN  0.07068 x 0.3 x 30
Theoretical discharge, Q= 60 = 60 = 0.010603 md/s
Maximum velocity in suction pipe,
A
VS, max = gxﬂ)xr
S 0.07000Re (Q“gOSO) x 0.15 = 1.8848 s
2 %0182
4
fV2 e (4x0.005) x 8x 1.8848°
M, max = “a x 2g 0.15% 2% 9.81
= 0.1931m
Since, d, = d,
Maximum velocity in delivery pipe,
Vymax = Vs max = 1.8848 m/s
f1 V2 (4 x 0.005) x 28 x 1.88482
h = mex — =0.6758 m
2 TS ay x 29 0.15x 2x9.81
Theoretical power required,
2 2
P = p9Q| s + ha + 2 Nisyrex + 3 Mt
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1000><9.81x|:5+22+:—§x0.1931+:—?; ><0.6758] % 0.010603

0.6758 m
P=2868 x 108 W = 2.868 kW

MADE EASY Source

o Covered in MADE EASY Class Notes
. ESE 2019 Mains Workbook: Similar to Q.49 discussed in Class
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End of Solution

Q.5 (b) Show that the diagram work per unit mass of steam for maximum blading efficiency
of a 50% reaction stage is V2, where V, is the mean blade velocity.

[12 Marks]
Solution:
Gross Stage Efficiency and Optimum Value of p for Parson’s Reaction Turbine
e Work done/kg of steam
w = uV, kJkg = u[V;cosa, +V, cosB, - u]

= u[V4cosay+V,cosoy — U]

- [2u\/1 cosa, —u2:|
(" For Parson’s turbine: \/,2 =V,and B, = a,)

= u[2V, cos o, — U]

w=Vf [ZPCOSOH - Pz] (.- Blade speed ratio, p = %)
7

Blade or Diagram Efficiency of Parson’s Turbine : (n,)

_ Work done/sec
b~ Energy input/sec

(i)
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Work done/sec

Energy input to fixed blade

and energy input to moving blade

So, Total energy input =

For Parson’s turbine, V. = V4

So from Egs. (i), (ii) and (iii), we get

N, =

_ 2(2pcoso, —p?)

uV, = V(2pcosoy —p?) ()
2
%
2
i
2
2 2
ﬁ+ \/’2 B \/’1
2 2
v -
L+
2 2
. 1
2 e
v —?1 = V2 —E[\A2 +UP —2\/1ucosoc1]
V2L P u
V2 _ZL114+ = —2x = cosa
1 2 l ‘42 \/] 1

2
—\%[H p2 - 2pCOSOL1] + \/12

% 2

?[—1— p-+2pCcoso + 2]
% 2
?[1—p +2pcos<x1] ...(iih)

Vf (2pcosay —p°)
\42

[1—p2 + 2pcosoc1]

=
. . any
For maximum efficiency g =
On solving, Popt =
Since Popt =
So (nb)max =
(Work done)

max

Substituting Popt

® " 1-p? +2pcosa,

Corresponding to Maximum Blading Efficiency

= Cos0,

(iv)

cosa,
cosa,

2cos? o,
1+ cos?® o,

in equation (ii)

2 2 >
W = \/1 [2p><p—p] =p2\/12=FXV12
1
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_ ., 2
= Woax =U

where, u is the mean blade velocity, but in given question mean blade velocity is
denoted by V,
W, = V2

max

MADE EASY Source
o Theory Book (2019 Edition): Power Plant (Page 91)

End of Solution

Q.5 (c) Derive an expression for efficiency of a combined cycle where two thermodynamic
cycles are coupled in series. The expression should be derived in terms of
efficiencies of the coupled cycles. Conventional notations may be used.

[12 Marks]
Solution:
Q
then, n, = —&andn2= _% f
Q Q, & L
Q, < W
Q= 1-m; G = (1-m2)% Q,
For combined cycle,
y /Ez\‘ L
PR R /e & [w,
01 02 ¢Q
(1-ny) ’
n= 1 _(1 —111) (1 _ng) =Ny + N, — MM,
MADE EASY Source
o Theory Book (2019 Edition): Power Plant (Page 64)
Q.5 (d) Explain with neat sketch how solar absorption refrigeration system works for space
cooling.
[12 Marks]

Solution:
A simple vapour absorption system, consists of a condenser, an expansion device and
an evaporator as in the vapour compression system and in addition, an absorber, a
pump, a generator and a pressure reducing valve to replace the compressor. The
schematic representation of the system is shown in figure in which various components
of the system are arranged according to their pressures and temperatures. The refrigerating
effect is shown as @, at temperature T, and the heat rejected in the condenser as Q,
at temperature T, = T, of the environment. The compressor work is replaced by the
heat supplied in the generator Q, plus pump work W, Cooling must be done in the
absorber to remove the latent heat of the refrigerant vapour as it changes into the liquid
state by absorption by the weak solution. Heat rejected in the absorber be Q, at
absorber temperature T, = T,. Then the energy balance of the system,
Q + Wo+ Q =Q.+Q,
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The pump work W = —J' vaP is very small Qc

compared to compressor work in the
vapour compression system, as the ®
specific volume v of the liquid is extremely
small compared to that of the vapour
(vi<< vg). The energy consumption of the . Evaporation
system is mainly in the generator in the & d)
form of heat supplied Q,. o
In the vapour-absorption system, the function of the compressor is accomplished in
a three step process by the use of the absorber, pump and generator. Functions of
these devices are given below:
(i) Absorber: Absorption of the refrigerant vapour by its weak or poor solution in a suitable
absorbent or adsorbent, forming strong or rich solution of refrigerant in absorbent/adsorbent.
(i) Pump: Pumping of the rich solution raising its pressure to the condenser pressure.
(iii) Generator: Distillation of the vapour from the rich solution leaving the poor solution for
recycling.
MADE EASY Source
. ESE 2019 Mains Test Series: Exactly same as Q.6¢(i) Test- 1
. MADE EASY Classnotes

Qy

End of Solution
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Q.5 (e) How do fuel cells work? Explain the principle with the help of a sketch.
[12 Marks]

Solution:
Fuel Cell:
A fuel cell is an electrochemical device which converts chemical energy of the fuel into
electricity without undergoing combustion cycles. Unlike conventional combustion route
i.e. fuel » heat — work — electricity, fuel cell directly convert fuel to electricity. Hence,
efficiency of fuel cells is not limited by Carnot cycle or Second Law of Thermodynamics.
Theoretically, a fuel cell may be 100% efficient.
Although fuel cell has two electrodes separated by an electrolyte similar to batteries yet
they are different than batteries. In fuel cell, continuous supply of fuel is required to produce
electricity and there is no as such charging and discharging like in the case of batteries.
Fuel cells mainly consist of four parts viz:

1. Fuel 2. Electrode 3. Electrolyte 4. Oxidant
H,
. .
| > (=) Anode
—  “Electolyte | — T T ITEE
_! Y I (+) Cathode
| ( H|20 @)+ 02| |
!
(H, - O,) Fuel cell
Working Principle

The principle of operation of a fuel cell is similar to electrolysis but in reverse. A schematic
diagram of a fuel cell working on hydrogen-oxygen fuel is shown in figure below.

In afuel cell, fuel (hydrogen in this case) is supplied to the negative electrode (anode) and
oxygen or air is supplied to the positive electrode.

A catalyst on the porous anode causes hydrogen molecules to dissociate into hydrogen
ions and electrons. The H* ion migrates through the electrolyte, usually an acid to the
cathode. At cathode H* ion reacts with electrons supplied by an external circuit and with
oxygen to form water.

Reaction at anode: H, — 2H* + 2e~

1
Reaction at cathode: (2H*) + (2¢e7) + > 0, —>H,0

As a consequence electrical current flow from cathode to anode i.e. in the opposite direction
of flow of electrons.

Fuel cells produce typically 0.7 to 0.8 volts. Fuel cells are connected in series to get useful
working voltage.
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End of Solution
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Q.6 (a) A centrifugal pump has an impeller diameter at outlet as 1 m and delivers 1.5 m3/s
of water against a head of 100 m. The impeller is running at 1000 rpm. The width
of the impeller is 85 mm. If the manometric efficiency is 85%, determine the type
of impeller (forward, radial or backward curved), and the blade angle at outlet.
Draw velocity triangle at outlet.

[20 Marks]
Solution:
Impeller diameter at outlet, D, = 1 m
N = 1000 rpm
_ mD,N  mx1x1000 52.36 m/
““=Tg0 T 60 T mB
Manometric head, H,, = 100 m
H
Manometric efficiency, 1, = 9
Vivalo
0.85 = 9.81x100 U,
V., x52.36 Voo
~9.81x100 ¢ B
w2 = 52.36x0.85
V,, =22.04 m/s v Vi, v,
Since, u, > V,,,
the type of impeller is backward curved.
Discharge, Q = 1.5 m3/s

Width of impeller, 52 = 85 mm Velocity Triangle at outlet
Q=mnD,B,V,
1.5 = mx1x0085x V,
Flow component of velocity at outlet

V, = 5.6172 m/s
From Velocity triangle at outlet,

v,
tan ¢ = f2
Uy = Vo
e - 58172
and = 55 36-2004
o = 10.496°

MADE EASY Source
. From MADE EASY Mains Batch Class Notes
. ESE 2019 Mains Workbook: Similar to Q.59 (Page 271)
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End of Solution
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Q.6 (b) Consider the combined gas steam power cycle shown in the figure. The topping
cycle is a gas turbine cycle that has a pressure ratio of 8. Air enters the compressor
at 300 K and the turbine at 1300 K. The isentropic efficiency of the compressor is
80 percent, and that of the gas turbine is 85 percent. The bottoming cycle is a
sample ideal Rankine cycle operating between the pressure limits of 7 MPa and
5 kPa. Steam is heated in a heat exchanger by the exhaust gases to a temperature
of 500°C. The exhaust gases leave the heat exchanger at 450 K. Determine
(i) The ratio of the mass flow rates of the steam and the combustion gases.
(ii) The thermal efficiency of the combined cycle.

Tl
1300

&
3
» 500°C
7 MPa
450 ¢
300 ¢
4

Assume specific heat of gas as 1.005 kd/kgK
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gperheated Water

T ] u h s v u h 5 r.:- u h M
“C m¥kg  kdhkg kd/kg kIkgK| mi¥kg kikg kdkg kfkg-K| mikg  kdkg kdrkg k.m(g-KJ
P = 4.0 MPa (250.35°C) P = 4.5 MPa{257.44°C) P =50 MPa263.94°C)

Sat. 0.04978 2601.7 2800.8 6.0696] 0.04406 2599.7 2798.0 6.0195 0.03945 2597.0 2794.2 5.9737
275 0.05461 26689 28873 6.2312] 0.04733 26514 2864.4 6.142! 0.04144 26323 2B39.5 6.0571
300 0.05887 2726.2 2961.7 6.363 0.05138 2713.0 29442 6.2854] 0.04535 2699.0 2925.7 6.2111
350 0.06647 2827.4 30933 6.584 0.05842 28186 30815 6.5154  0.05197 2809.5 3069.3 G.4516
400 0.07343 2920.8 3214.5 6.7714] 0.06477 29142 3205.7 6.7071] 0.05784 2907.5 3196.7 6.6483
450 0.08004 3011.0 3331.2 6.938 0.07076 30058 3324.2 6.877 0.06332 3000.6 3317.2 6.8210
500 008644 31003 34460 70922  0D.07652 3096.0 3440.4 7.032: 0.06858 3091.8 34347 6.9781

600 0.09886 32794 36749 7.37 0.08766 3276.4 3670.9 7.3 274 0.07870 3273.3 3666.9 7.2605
700 011098 34624 39063 7.6214)  0.09850 3460.0 3903.3 7.5647) 0.08852 3457.7 3800.3 T7.5136)
800 0.12292 36560.6 41423 7.85 0.10916 3648.8 4140.0 7.7962) 0.09816 3646.9 4137.7 7.7458

900  0.13476 3844.8 4383.9  8.0675 0.11972 38433 43821  8.0118 0.10769 3841.8 4380.2  7.9619
1000 0.14653 4045.1 4631.2  8.2698 0.13020 40439 46208 82144 011715 4042.6 46283  8.1648
L0 015824 42514 48844 846121 0.14064 42504 4883.2  B4060{ 0.12655 4249.3 48821  B.3566
12000 0.16992 44635 5143.2  B.6430 0.15103 44626 51422  8.588 0.13592 4461.6 51413  B.5388
1300 0.18157 4680.9 54072 88164 0.1614D 4680.1 5406.5  8.761 0.14527 4679.3 54057  8.7124
1’ = 6.0 MP2 1275.59°C) P = 7.0 MPa 1285.83°C) P = 8.0 MPa (295.01°C)
Sat. 003245 25899 27846  5.8902 0.027378 2581.0 27726  5.8148 0.023525 25670.5 2758.7  5.7450
300 0.03619 26684 2885.6  6.0703 0.029492 2633.5 2839.9 59337 0.024279 25923 27865  5.7937
350 0.04225 2790.4 3043.9 63357 0.035262 2770.1 20169  6.2305 0.029975 2748.3 29881  6.1321
400 0.04742 28937 31783  6.5432 0.039958 28795 3159.2  6.4502] 0.034344 2864.6 31394  6.3658
450 005217 29859 33029  6.7219 0.044187 2979.0 32883  6.6353 0.038194 2967.8 32733  6.5579
500 003667 3083.1 34231  6.8826] 0.048157 3074.3 34114  6.8000| 0.041767 3065.4 33995  6.7266
550  0.08102 3175.2 3541.3  7.0308 0.051966 3167.9 35316  6.9507] 0.045172 3160.5 35218  6.8800
600 006527 3267.2 36588  7.1893] 0.055665 3261.0 36506  7.0910| 0.048463 32547 36424  7.0221
700 0.07356 3453.0 3884.3  T.4247 0.062850 34483 38883  7.3487 0.0648290 34436 38822  7.2522
800  0.08165 3643.2 41331  7.6582 0.069856 3639.5 41285  7.5836| 0.061011 3635.7 41238  7.5185
900 08964 3838.8 4376.6  7.8751] 0.076750 3835.7 4373.0  7.8014] 0.067082 38327 4369.3  7.7372
1000 0.09756 4040.1 46254  B.O07 0.083571 4037.5 46225  8.0055 0.073079 4035.0 46196  7.9419
1100 010543 4247.1 48797 82709 0.090341 4245.0 4877.4 81982 0.079025 42428 48750  8.1350!
1200 0.11326 44598 51394 8.4534] 0097075 44579 51374  8.38100 0.084934 4456.1 51355  8.3181
1300 _ 012107 4677.7 5404.1  8.6273) 0.103781 4676.1 54026  835551| 0.090817 4674.5 5401.0  8.4925
) P = 9.0 MPu {303.35°C} P = 10.0 MPa (311.00°C) P =12.5 MPa (327.81°C)

Sat.  0.020489 25585 27429 56791 0018028 25452 27255  5.6159 0.013496 2505.6 2674.3 5.4638)
325 0.023284 26476 28571 5.8738) 0.019877 2611.6 2610.3  5.759

350 0.025816 27250 2957.3 60380 0022440 2699.6 29240 5.9460{ 0.016138 2624.9 28266  5.7130
400 0029960 2849.2 31188  6.2876] 0.026436 28331 3097.5  6.2141] 0.020030 2789.6 3040.0  6.0433
450 0.033524 2056 3258.0 64872 0029782 29445 32424 64219 0.023019 29137 32015  6.2749
500 0036793 30363 33874  6.6603] 0.032811 3047.0 33751  6.5995 0025630 3023.2 33436  6.4651
550 0039885 3153.0 35120  6.8164] 0.035655 131454 35020  6.7585) 0028033 3126.1 34765  6.6317
600 0.042861 32484 3634.1  6.9605 0.038378 3242.0 3625.8  6.9045 0.030306 232258 36046 67528
650 0.045755 3343.4 3TH56.2  7.0854] 0.041018 3338.0 3748.1  7.0408 0.032491 3324.1 3730.2  6.9227
700 0.048589 3438.8 3876.1  7.2229| 0.043597 3434.0 3870.0  7.1693 0.034612 3422.0 38546  7.0540
800 0.054132 3632.0 4119.2 ?.4606‘ 0.048629 3628.2 41145  7.4085 0038724 36188 4102.8  7.2967
900 0.059562 38206 4365.7  7.6802 0053547 3826.5 43620  7.6290] 0.042720 38189 4352.9  7.5195
1000 0.064919 40324 4616.7  7.8853) (.058391 4029.9 46138 78349 0046641 4023.5 46065  7.7269
1100 0.070224 4240.7 4872.7  8.0791] 0.063183 42385 4870.3  8.0289 0.050510 4233.1 48645  7.9220
1200 0.075492 4454.2 51336  8.2625| 0067938 44524 5131.7  8.2126] 0.054342 4447.7 51270  8.1065
1300 0.080733 _4672.9 53905 84371 0.072667 4671.3 53980 _ B.3874] 0058147 4667.3 5394.1  8.2819|
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turated Water - Pressure Table
T Specific Volume  InternalEnergy  Enthalpy  Entropy
j g e B kg _ kd/kg-K
) Sat. Sat. Sat. Sat. Saf, Sat. Sat. Sat.
}PNS&. Temp. Liquid Vapour Liguid Evap. Vapour Liquid Evap. Vapour Liguid Evap. Vapour
PRPG Tw"C__ vy ve _ ur __wp_ ue by ke s ek s
f:_u 6.97 0.001000 12919 29302 23552 23845 29303 24844 25137 0.1059 8.8690
s 13.02  0.001001  87.964 54.686 23381 23928 54688 2470.1 2524.7 0.1956 B.6314
2.0 1750 0001001  66.990 73431 23255 23989 73433 24595 23329  0.2606 5.462)
2.5 21.08 0001002 54242 88422 23154 24038 R8.424 2451.0 25394 0.3118 8.3302
B0 2408 0001003 45651 10098 23069 2407.9 10088 24439 25448 03543 82223 &0
L.ﬂ 28.96  0.001004 34791 12139 22931 94145 121.39 24323 25537  0.4224 B.0510
5.0 32.87 0001005 28185 137.95 22821 24198 13775 24230 23607  0.4762 79176
7.5 40.29  0.001008 19233 16874 2261.1 24288 168.76 24053 25740 0.5763 7.6738
110 45.81 0001010 14670 19179 22454 2437.2  191.81 23921 25839  0.6492 7.4996
15 _ 5387 0001014  10.020 22593 2222.1 24480 22594 23723 25983 _ 0.7549 7.2522
’20 5006 0.001017  7.6481 25140 22046 24560 25142 23575 26089  0.8320 7.0752
l25 64.96 0001020 62034 27193 21904 24624 27196 23455 26175  0.8932 6.9370
)30 69.09 0001022 59287 289.24 21785 24677  289.27 23363 26246  0.9441 65234
140 75.86 0001026 3.9933 317.38 21588 24763 31762 23164 26361  1.0261 6.6430
PU___ 8132 0001030 32403 34049 21427 24832 34054 23047 26452 _ 10912 65019 759
75 9176 0001037 22172 38436 21118 2496.1 38444 22750 26624 12132 6.2426
100 99.61 0.001043 1.6941 417.4D 20882 25056 417.61 22575 26750 13028 6.0562
’101.325 99.97 0.001043 16734 41895 2087.0 25060 419.06 22565 26756  1.3068 6.0476 7.4545
1125 10597 0.001048  1.3750 444.23 20688 25130 444.36 22406 26849 13741 59100 7.2841
[150__ 10185 0001053 11504 46697 20523 25102  467.13 22260 26931 14387 57654 7.2291
(175 116,04 0001057  1.0037 486.82 20377 25245  487.01 2213.) 2700.2 1.4850 56865 7.1716
200 120,21 D.001081 0.88578 504.50 20246 25201 50471 22016 2706.3 15302 5.5968 7.1270
{225 123.97 0.001084 0.79329 52047 20127 25332  520.71 2191.0 27117  1.5706 55171 7.0877
1250 127.41  0.001067 0.71873 53508 20018 25368 53535 21812 27165 16072 54453 7.0525
’375_ 13058 0.001070 065732 548.57 19916 2540.0 54886 21720 27208 16408 53800 7.0207
300 123.52 0.001073 060582 561.11 19821 25432 561,43 21635 27249 1.6717 53200 6.9917
l_:gza 136,27 0.001076 0.56199 57284 1973.1 25459 573.19 21554 27286 17005 5.2645 6.965
i:)au 138,86 0.001079 0.52422 583.89 19646 25485 58426 2147.7 27320 1.7274 52128 6.940%
75 14130 0.001081 049133 59432 1956.6 25509 594.73 21404 27351  1.7526 51845 6.9171
400 14361 0001084 046242 60422 19489 25531 60466 21334 27381 17765 5.1191 6.8953
iqso 147.90 0001085 041392 62265 19345 25571 62314 21203 2743.4 18205 50356 6.8561
[500 151.83  0.001093 0.37483 63054 19212 2560.7 640,08 21080 27481  1.8604 4.9603 6.8207
:55(1 156.46 0.001097 0.34281 65516 19088 2563.9 655.77 20966 2752.4 18970 4.8916 G.TSHGI
2600 158.83 0.001101 031560 669.72 18971 25668 67038 20858 27562 19308 48285 6.7593
650 161.98 0.001104 029260 683.37 18861 25694  654.08 20755 27596  1.9625 4.7699 67322
700 16495 D.O0D1I08 0.27278  696.23 1875.6 2571.8 697.00 2065.8 27628 19918 4.7153 6.7071
oo, __167.75 0001311 025552 70840 18656 25740 70924 20564 2765.7 20195 46642 6.6807
[20 Marks]
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Solution: T
Topping Cycle 13001
Pressure ratio, r, = 8, T/ = 300 K
T 2
T (o) ¥
= 1act 4509
25 = (8) 14 300
300
T,, = 543.434 K s
Ty =T+ T =T _ 500, 8434342800 _ 50, 595k
Ne 0.8
T, = 1300 K
e _(1Y¥
v [rp)
T,e = 717.658 K
Ty=Ty—mATy - T,s) = 1300 - 0.85(1300 — 717.658)
T, = 805.009 K
Bottoming cycle
From steam table,
At 500°C, 7 MPa (superheated)
hy = 3411.4 kJ/kg
S, = 6.8 kJ/kgK
At 5 kPa (saturated water)
v, = 0.001005 m3/kg
h, = h, = 137.75 kd/kg
S, = s, = 0.4762 kd/kgK
hy, = 2423 kJ/kg
Spg = 7.9176 kd/kgK
Since process 3 - 4 is isentropic,
S3=8,
= 6.8 = 5 + x,5,, = 0.4762 + x, x 7.9176
x, = 0.7987
hy = hy + x,hy,
= 137.75 + 0.7987 x 2423 = 2073 kJ/kg
Pump work, w, = vi(p, = py)
= 0.001005 x (7000 — 5) = 7.0299 kJ/kg
Also, w, = h, — h,
70299 = h, - 137.75
h, = 144.78 kJ/kg
In heat exchanger,
Corporate Office: 44-A/1, Kalu Sarai, New Delhi-110016 @ info@madeeasy.in www.madeeasy.in
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Heat rejected by gas = heat taken by steam
= mgcpg(u’ - T5’) = r'ns(hs - h2)
= r'ng x 1.005(805.009 — 450) = m,(3411.4 -144.78)
Ratio of mass flow rate of steam to that of gas,
Ms _ 0.1092

Mg
Net work in topping cycle,
= Mg X1 .005[(1300 - 805.009) — (604.293 — 300)]
W; = 191.65 rhg kKW
Net work in bottoming cycle,
WB = fhs [(hS - h4) - Wp]
= m,[(3411.4 — 2073) — 7.0299]

WB = 1331.37 my kKW
Total heat supplied,
Qs = mgcpg [TS’ _T2’]
= My, x1.005 x[1300 - 604.293]

Q, = 699.186 My kW
Thermal efficiency of combined cycle,

Total work Wy +Wp
Total heat supplied  Q,

191.65/m, +1331.37m,
699.186 7,

+
699.186 699.186 iy
0.4820 = 48.20%

19165 133187 . o [._.&=0'1092:|
g

=
Il

MADE EASY Source
o ESE 2019 Mains Workbook: Power Plant Q. 22 (Page. 157) discussed in Class

Q.6 (c) What is Betz limit for wind turbines? Derive an expression for Betz limit for wind
turbines.
[20 Marks]
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Solution:
Betz limit: Theoretically, the maximum power extracted by a turbine rotor is 59.3% of
the total wind energy in the area swept by the rotor, this is known as Betz limit.

P.

Power coefficient, C = —nax — 0.593
total

Maximum theoretical efficiency (also known as power coefficient Cp) is the ratio of
maximum power output to total power available in the wind. Its maximum value is 0.593,
which is known as Betz limit (after the name of the engineer who first derived this
relationship.)

et us assume, wind turbine is installed in the flow path of wind.

Let Vup and Pup be velocity and pressure upstream of the turbine and V,, and p,, be
velocity and pressure downstream of the turbine. Also V,, be wind velocity at turbine.
Bernoulli’'s equation can be applied between upstream side and downstream side

Vup de
—_—
P Paw

1
(pup_pdw) = Ep[\/fp _dew:l

Force on the rotor F= A [,oup ~ Pyl
[Where A, is area swept by rotor perpendicular to wind direction]

Also from linear momentum e M[Vup - de]

Combining these equations:
1
Ag X Ep[vuzp - Vo%w] = (pAsX Vz‘b) (Vup_ de)

_ Vip + Vaw
2
Now power output of wind turbine is given by:

1. 5
Pturbine = E v

1. 1
- L0 V= SpAl VA

= Vio

1 V. +V
= EPAS |:U;?wai| [Vu2p - VC?W]
@I s
Maximum power is obtained if —dbine. — g

aw

AP
dtuTrdbme = %pAs[VUZp _BVO?W - 2Vupvdw] =0

w
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MARADE EASY ESE 2019| Main Examination

India’s Best Institute for |ES, GATE & PSUs Mechanical Engineering I Paper_l

= V5, + 2V, Yy — V5 = 0
BV = Vo) (Vg + V) = O
%
= Vs = % and V,,=-V,,
v,

In order to get power V< Vu/O and hence taking v, = %"
1 %
('Dturbine)max = EpAthb |:Vu2p - %p:|

1 3V + Vip )( 8V
= EPAs( 6 9

1 16 |, 3
- EpAs [E]Vup
1 :
(’Dturbine)max = 0.593 p(EAsVusp) (I)
The available wind power is given by:
1 ,
('Dwind)available = EpAsVJL ---(”)
From equation (ii) and (ii)
(’Dturbine)max = 0.593 ('Dwind)available
The factor ’0.593" is known as coefficient of power (Cp) i.e.
— ’Dturbine
’Dwind

The value of Cp i.e. 0.593 is known as Lanchester - Betz limit which indicates only 59.3%
of available power can be converted by wind turbine at maximum.

MADE EASY Source

. From MADE EASY Class Notes
. ESE 2019 Mains Workbook: Unsolved Q.3 discussed in Class
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End of Solution

Q.7 (a) A Pelton turbine with a wheel diameter of 1.5 m, operating with four nozzles,
produces 16 MW of power. The turbine is running at 400 rom and operating under
a gross head of 300 m. Water is supplied through penstock of length 2 km. The
coefficient of friction in penstock is 0.004. There is 10% of head loss taking place
in the penstock. If the velocity coefficient is 0.97, blade velocity coefficient is 0.9,
overall efficiency is 0.84 and Pelton bucket deflects the jet by 165°, determine
(i) Discharge through the turbine (md3/s)

(ii) Penstock diameter (m)

(iii) Jet diameter (m)

(iv) Hydraulic efficiency of the turbine
Draw velocity triangles.

[20 Marks]
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Solution:

(i)

(iii)

(iv)

Corporate Office: 44-A/1, Kalu Sarai, New Delhi-110016 @ info@madeeasy.in www.madeeasy.in

Gross head, Hg =300 m
Net head, H= Hg - h,

where h, = head loss due to friction in penstock
=300 - 0.1 x 300 = 300 - 30 = 270 m
As we know, P=mn, x pgQH
= 16 x 106 = 0.84 x 1000 x 9.81 x Q x 270
Discharge through turbine,
Q= 7.1913 md/s

Length of penstock, L = 2000 m
Coefficient of friction, f" = 0.004
Friction factor, f=4f = 4 x 0.004 = 0.016
fL
NOW, hf = %
Ll
8
2)
04 x 300 = 0.016;<2000><7.1913
° x 9.81 < P
8
Penstock diameter, D= 13544 m
Velocity coefficient, C, =097

Velocity of jet at inlet, V, = C,4/2gH = 0.97 x /2% 9.81x 270 = 70.599 n/s

Now, Q- nx(%onVJ

71913 = 4><(%>< P ><7o.599)

Jet diameter, d=0.18m
N = 400 rpm
Wheel diameter, D=15m
4 DN _ 1t x1.5%x400 _ 31416 m/s
60 60
V,=V,-u=70599 - 31.416 = 39.183 m/s
V., = kV,,, where blade velocity coefficient, k = 0.9

0.9 x 39.183 = 35.265 m/s

Jet deflection angle, 6= 165°

Vane angle at outlet, 0= 180° -0 = 180 — 165 = 15°
V., cosd = 35.265 x cos15 = 34.063 m/s

Since, V., cos¢ > u, velocity diagram:
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Sy 165°

~

7L

Vi =V, !

Vo=V, cosd—-u
= 34.063 — 31.416 = 2.647 m/s

V,, =V, = 70.599 m/s

o Runner power  pQ[V,; + Vo ]u
Hydraulic efficiency, i, = Water power = S QH

_ [70.599 +2.647]x 31.416
- 9.81x 270

mn, = 0.86876 or 86.876%

MADE EASY Source

. ESE 2019 Workbook (Prelims): Fluid Machines (Similar to Q. 78) discussed in Class
. ESE 2019 Mains Test Series: Similar to Q.8(b) from Test-10

. MADE EASY Class Notes

T .

= B &ir;ah Jeb  Pellon 4ughing 18 equibed  do :

| e 4 A guaddor do  doRlop loooo kW «
Tha Guodlabe HWesd al Ha rorzle (4 -asem . {
S e elecke ghabor  ffidenyy ay asy. !

~ Coeffient  of Wloudy  foy e werak 1A &5{
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\f'51 CD?:?-’:. > U(-Bbg Ay = i b?)
\JL\)Lt \l"s': 1M
W )
_~ 2.5!M
w= % bt

End of Solution

Q.7 (b) What do you mean by compounding in steam and gas turbines ? What are the
various methods of compounding in steam and gas turbines? Explain all the
methods with neat sketch.

[20 Marks]

Solution:
Compounding of Steam Turbines
If the steam is expanded from the boiler pressure to condenser pressure in single stage
then rotor speed exceeded high within the very less time which creates practical
complicates.

One row of nozzle followed by one row of blades is called a stage of turbine. If steam is
allowed to expand from boiler to condenser in a single row of nozzle, the velocity at exit
from nozzle is very large. For example, single stage impulse turbine called De Laval
turbine have high rotational speeds (N). Such large rotational speeds are not properly
utilized. It entails large frictional losses and high centrifugal stresses.

Compounding is a method for reducing the rotational speed of the impulse turbine to
practical limits.

There are different methods of compounding:

(i) Velocity compounded impulse turbine

(i) Pressure compounded impulse turbine

(iii) Pressure Velocity compounded impulse turbine

Velocity Compounded Impulse Turbine

In this type of arrangement, velocity gained from the exit of the nozzles is splitted up into
many drops through several rows of moving blades and hence named as velocity compounded
impulse turbine.

Itis also called curtis staging. In velocity compounding, all the pressure drop, and enthalpy
drop of steam takes place in a single row of nozzles and resultant kinetic energy of steam is
absorbed by wheel in number of row of moving blades with guide blades in between two rows.

The kinetic energy of steam jet at nozzle exit is partially converted to shaft work in first
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row of moving blades with velocity decreasing from V, to V,,. The existing steam jets are deflected
by stationary guide blades to the next moving blade where part of kinetic energy in converted to
shaft work.

Velocity compounded stage is used to give lower blade speed ratio and better utilization
of kinetic energy of steam.

When exit from the 2nd row is axial then kinetic energy carried by steam is minimum and
therefore efficiency becomes maximum compared to the simple impulse turbine the leaving velocity
is small and it is about 2% of initial total available energy of steam.

Velocity of blade (u) is same for all rows because of being on same shaft.
Vo Vo _Vu

= — = — = K
Vi Vs Vis ° )
where, K, is blade friction factor Moving blades Cuide blades , Casing
(a) Stationary Nozzle : Steam Nozzle
expanded through Nozzle from Steam 1= A 1] . I _Exhaust
boiler (inlet) pressure to condenser anEmg :if—f_g_j Steam
pressure, Nl Rotor wheel
During expansion in nozzle, Shert L]
pressure drops and velocity ,_|\W —
increases hence KE of steam Qe e e -
increases. * Bearing
(b) Moving blades : Moving blades Rt : i~
absorbs a portion of available % N N PN
o . N N PN
kinetic energy (KE) and velocity % N
decreases while moving over - N |
. 8 0| |Q (7]
moving blades. R EENE § 9
<~ |l3ll8]|= 8
(c) Fixed blades or guide blades: N E” HIEIEIE
Re-direct the steam without SRR
. . HS|O] [Z]|3] |2
changing its velocity to the nextrow g _\ =
of moving blades where again work 53
. E 0 T Th Condenser
is done and steam leaves the gL D e
turbine with low velocity ZE o |
Advantages : Low initial cost since o b
Initial velocity Lost velocity

lesser number of stages. ) )
Diagrammatic arrangement of

Disadvantages : Efficiency is low Velocity Compound Impulse Turbine
and used for driving small
machines.

Pressure Compounded Impulse Turbine

It is also called Rateau staging. It corresponds to putting a number of simple impulse
stages in series. The total enthalpy drop is divided equally among the stages. The pressure drop
occur only in nozzle. There is no pressure drop while steam flows through the blades. The kinetic
energy of steam increases in nozzle at expense of pressure drop and it is absorbed by blade in
each stage.
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e Inthis, fixed nozzles are in between the rings of moving blades.

e  Steam expands partially in It set of nozzle after which velocity increases and hence
KE. increase. This KE. of steam is absorbed by the moving blades of IS stage.

e Thensteam expands partially in second set of nozzles after which K.E. again increases
which absorbed by the II"? stage of moving blades

e Thisis repeated in next stage also and finally steam leaves the turbine at very low
velocity compared to the De Laval turbine.

e |nthe arrangement, whole pressure drop is splitted into a series of smaller pressure
drops across several stages of impulse turbine and hence named as pressure
compounded impulse turbine.

e  Pressure compounding is used in Rateau and Zoelly turbines.
Advantages: Most efficient since speed ratio remains constant.
Disadvantages: Costly due to large number of stages.

CyIiniier (casing)

Clearance
— ]
e ARR )
=A== - Exhaust
Boiler | —-'}— — Diabh
Steam iaphragm
< Wheel
ST S
HEI HE T shart
-~ NN -~ N
Ve % Y e e
N | | R | 9
NN NP
NN N NN
MM M (M
%’ N || M|| N||M||N (M N|N||N|N
— O b 1 )
[} i il =
> iy [ >
gl € M| 28
2| § AL g e
(%} 0] v |t | o a
5| 2 ~ Al e s
7| 3 AT % 2
2| E AR
(8] Il ‘.I | g
£ 1 5 O
8 \ (] ____I
& - |
)

i
Diagrammatic Arrangement of Pressure Compounded Impulse Turbine

Pressure Velocity Compounded Impulse Turbine
It is combination of velocity and pressure compounding.

e |n diagram it is shown that velocity drop is achieved by two rows of moving blades
hence itis velocity compounded and pressure drop is divided in small drops is two sets
of nozzles, hence it is pressure compounded.

e |n the set of nozzles, there is decrease in pressure due to which, steam velocity
increases, and there is no drop is pressure in the rows of moving and fixed blades.
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Only velocity drop takes place in the rows of moving blades and there is slight drop
is velocity due to friction in the fixed blades.
Due to very low efficiency, now a days, it is very rarely used.

Nozzles
I
Boiler = — ] \“§J7:] Exhaust
steam ]P 1
Bearing - - Shaft
™~ A
AR
/] ‘V* A
AN A | [
Nl 2N
A A N ™
g A A
AN ~ L/ N/
A ™
N (M| G||M N||M|| G||M
el 1IN g
281/ A > 2
o ||/ - i - s 9
8= I\ \ i =
HIURR AR AEE
<9 ! \ 1 ) =
2 \[ |l |33
5| / V7 5
SE| - -5 O
Il '
A X

Diagrammatic Arrangement of pressure velocity compounded impulse turbine

ESE 2019 Mains Test Series: Test-3 (Similar Q. 1d(i))

End of Solution

Q.7 (c)

Solution:

Degree of reaction, R =
Ah

A reaction steam turbine having diameter of 1400 mm is rotating at 3000 rom. The
turbine stages are designed in such a fashion that the enthalpy drop in both, rotor
and stator, is same in each stage. If the speed ratio is 0.7 and angle at outlet is
20°, draw velocity triangles and determine degree of reaction, blade angle at inlet

and diagram efficiency.
[20 Marks]

Ahrotor
+ A hrotor

stator

Since, Ahstator = Ahrotor

Ahrotor — l = 50%

R —
Ahrotor + Ahrotor

Diameter, D = 1400 mm, N = 3000 rpm
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= =219.911m/s
Y= 760 60 /
Speed .
eed ratio, = T
p P v
219.
. 07 < 9.911
V,

For 50% reaction turbine,

So,

V., = V,cosa = 314.159 x cos20 = 295.213 m/s
tang = Vi _ 107.448
V, —u 295.213-219.911
Blade angle at inlet, 6 = 54.976°
V, 107.448
=V, =1 = =131.207 m/s
Vo= Y11= Gne = sinb4.976 /
Jet angle at outlet, B=6=>54976°
V., = V,cosp = 131.207 x cos54.976° = 75.303 m/s

V, =V, =314.159 m/s
Diagram efficiency;, Ny = %
2 2

MADE EASY Source

nDN _ mx 1.4 x 3000

V, = 314.159 m/s

Guide blade angle, o = Blade angle at outlet, ¢
o=¢=20°

Velocity Triangles
From inlet velocity triangle, V,, = V;sino. = 314.159 x sin20 = 107.448 m/s

(295.213 + 75.303) x 219.911
%[314.1592 +314.159% —131.207%]

0.9044 = 90.44%

ESE 2019 Mains Test Series: Test-5 (Similar Q. 7b(ii))

End of Solution
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Q.8 (a) Asingle-stage air compressor delivers air at 6 bar. The pressure and temperature
at the end of suction are 1 bar and 27°C. It delivers 1.5 m8 of free air per minute
when the compressor is running at 350 rpm. The clearance volume is 5% of
stroke volume. The free air conditions are 1.013 bar and 15°C. The index of
compression and expansion is 1.3. Find
(i) The volumetric efficiency,

(ii) Bore and stroke of cylinder if both are equal,
(iii) The power required if the mechanical efficiency is 80%.

[20 Marks]

Solution: P

Given: Single Stage Reciprocating Compressor.

Suction Delivery Gbarf---

P =1 bar P = 6 bar

T =300 K

Clearance ratio, C = 0.05

Vg = 1.5 m¥min at 1.013 bar and 288 K 1 bar

Actual volume at compressor inlet,

m

(ﬂ) _(ﬂ) Y
RT suction RT FAD

[as mass flow rate is same]

1%V, 1.013 x 1. .
s _ 1OTXTS -y _ 15828 m3min

300 288
1 1
P 1
(i) Volumetric efficiency n, =1+ C—C(FZJn = 1+O.05—O.05(§)1'3
1
n, = 0.8516 or 85.16%
) Ve
(ii) Bore and stroke, n,=-—"—
T2
= D"LNk
4
for single cylinder kK = 1, since D = L given
Do Y _ 1'5872E8 _ 6.7613x107
nV(ZN) 08516 x 7 x 350

D=0.18909 mor D = L = 18.909 cm
(iii) Power required if n, = 0.8

n-1
p
Theoretical power, P, = %Pﬂ/s [(FZJ n _1]
- 1

1.3-1
m—( 13 )x100x1.5828x[(§)1'3 —1]
131 1

.0
|

P,, = 351.22 kJ/min
. = 351.22 :
Actual power required, P, = ni =05 - 439.025 kJ/min
" .
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So,
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act

act
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439.025 kJ/min
7.317 KW

o ESE 2019 Mains Test Series: Test-2 (Similar Q. 6¢)

End of Solution

Q.8 (b) Consider an ideal steam regenerative cycle in which steam enters the turbine at
3 MPa, 300°C and exhausts to the condenser at 10 kPa. Steam is extracted from
the turbine at 0.8 MPa and supplied to an open feed water heater. The feed water
leaves the heater as saturated liquid. The appropriate pumps are used for the
water leaving the condenser and feed water heater. If the mass flow rate through
the boiler is 1 kg/s, determine the amount of steam extracted (kg/s), the total
pump work (kW) and total turbine work (kW). Draw the schematic of this set-up.

Saturated Water Pressure Entry Table A el L[
| Specific Volume, m¥/kg Internal Energy, kJ/kg
| Pressure  Temp. ~ Sat. —_ Sat. Sat. oo Sat.
[ Liquid P- Vapour Liquid Vapour
r_(kPaJ (=) ur A B S
[ ose113 001 0001000  206.131 206.132 0 23753 23753
[ 1 698 0001000 129.20702  129.20802 29.20 2355.69  2384.98
.l 15 1303 0001001 §7.97913  87.98013 5470 2338.63  2393.32
2 1750 0001001 67.00285  67.00385 7347 232602  2399.48
{ 25 2108 0001002 54.25285  54.25385 88.47 231593  2404.40
| 3 2408 0.001003  45.66402  45.66502 10103 2307.48 2408.51
i 4 2896 0001004 3479915  34.80015 121.44 229373 2415.17
i 5 3288 0001005 28.19150  28.19251 137.79  2282.70 2420.49
[ 75 4029 0001008 19.23674  19.23775 168.76 2261.74 243050
fabl 10 4581 0001010 1467254 1467355 19179 2246.10 2437.89
- 15 5397 0001014 1002117  10.02218 295.90 222283 2448.73
! 20 60.06 0001017  7.64835 7.64937 251.35 2205.36 2456.71
! 25 6497 0001020 620322 6.20424 271.88 2191.21 2463.08
. 30 69.10 0001022  5.22816 5.22918 289.18 2179.22 2468.40
40 7587 0001026  3.99243 3.99345 317.51 215949  2477.00
. 50 8133 0001030  3.23931 3.24034 34042 2143.43 2483.85 |
[ 75 9177 0001037  2.21607 2.21711 394.29 2112.39 2496.67
i 100 99.62 0001043  1.69296 1.69400 417.33 2088.72 2506.06
' 125 10599  0.001048  1.37385 1.37490 444.16 2069.32 2513.48
1 150 11137 0.001053  1.15828 1.15933 466.92 205272 2519.64
f 175 11606 0001057  1.00257 1.00363 486.78 2038.12 2524.90
‘ 200 12023  0.001061  0.88467 0.88573 504.47 2025.02 2529.49
225 12400  0.001064  0.79219 0.79325 520.45 2013.10 2533.56
250 12743  0.001067  0.71765 0.71871 535.08 2002.14 2537.21
275 13060 0001070  0.65624  0.65731 548.57 199195 254053
TT300 13355 0001073 0.60475  0.60582 561.13 1982.43 2543.55
325  136.30  0.001076  0.56093 0.56201 572.88 1973.46 2546.34
350 138.88 0001079 052317 0.52425 583.93 196498  2548.92
375 14132 0001081  0.49029 0.49137 504.38 1956.93 2551.31
400 14363 0001084 046138 046246 604.29 1949.26 2553.55
450 147.93 0001088  0.41289 0.41398 622.75 1934.87 2557.62
500 151.86  0.001093  0.37380 0.37489 639.66 192157 2561.23
|I 550 15548 0001097  0.34159 0.34268 655.30 1909.17 2564.47
| 600 158.85 0001101 031457 0.31567 669.88 189752 2567.40
| 650 16201 0001104 029158 0.29268 683.55 188651  2570.06
[T T700 16497 0001108 027176 027286 69643 187607 257249
i 750 16797  0.001111  0.25449 0.25560 708.62 1866.11 2574.73
| 800 170.43 0001115  0.23931  0.24043 720.20  1856.58 2576.79
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Saturated Water Pressure Entry Table A o
__Enthalpy, ki/kg Entropy, ki/kgK |
Pressure  Tem, T Sat. 2 Sat, |
P Sat. Liquid Esep. Vapt:ur L!f;:ﬂ:d Heap: Vapour r
&Pa) € = b kg o3 s e %% |
0.6113 0.01 0.00 2501.3 2501.3 0  9.1562 9.1562
1.0 6.98 2029 248489  2514.18 0.1059  8.8697 8.9756
1.5  13.03 5470 247059  2525.30 0.1956  8.6322 8.8278
20  17.50 73.47  2460.02  2533.49 0.2607  8.4629 8.7236
25 2108 88.47 245156  2540.03 03120 83311 86431
30 2408 101.03 244447 254550 0.3545  8.2231 8.5775
40 2896 121.44 243293  2554.37 0.4226  8.0520 8.4746
50  32.88 137.79 242366  2561.45 0.4763  7.9187 8.3950
75  40.29 168.77  2406.02  2574.79 05763  7.6751 8.2514
10 4581 19181 239282 258463 0.6492  7.5010 8.1501
15 5397 22591  2373.14  2599.06 0.7548  7.2536 8.0084
20  60.06 251.38 235833  2609.70 0.8319  7.0766 7.9085
25 6497 271.90 234629  2618.19 0.8930  6.9383 7.8313
30 69.10 289.21  2336.07  2625.28 0.9439  6.8247 7.7686
40 7587 317.55_ 2319.19  2636.74 1.0258  6.6441 7.6700
50  81.33 34047 230540  2645.87 1.0910  6.5029 7.5939
75 9L77 384.36 227859  2662.96 12129  6.2434 7.4563
100 99.62 417.44 225802  2675.46 1.3025  6.0568 7.3593
125  105.99 44430 224105  2685.35 1.3739  5.9104 7.2843
150 111.37 467.08 229646 269354 1.4335  5.7897 7.2232
175  116.06 486.97 221357  2700.53 1.4848  5.6868 21717
200  120.23 50468 220196  2706.63 1.5300  5.5970 7.1271
225  124.00 520.69  2191.35  2712.04 15706  5.5173 7.0878
250  127.43 535.34 218155  2716.89 1.6072  5.4455 7.0526
275 130.60 548.87 217242 272129 1.6407  5.3801 7.0208
300 133.55 56145  2163.85 272530 16717 5.3201 6.9918
325  136.30 573.23  2155.76  2728.99 1.7005  5.2646 6.9651
350  138.88 584.31  2148.10  2732.40 17274 5.2180 6.9404
375 141.32 59479 214079  2735.58 17527  5.1647 6.9174
| 400 14363 604.73  2133.81 273853 1.7766  5.1193 6.8958
450  147.93 62324 212067 274391 1.8206  5.0359 6.8565
500 151.86 640.21 210847  2748.67 1.8606  4.9606 6.8212
550  155.48 65591  2097.04  2752.94 1.8972  4.8920 6.7892
600  158.85 670.54  2086.26  2756.80 1.9311  4.8289 6.7600
650  162.01 684.26  2076.04  2760.30 1.9627  4.7704 6.7330
700  164.97 697.20  2066.30  2763.50 1.9922  4.7158 6.7080
750  167.77 709.45  2056.98  2766.43 20199  4.6647 6.6846
800  170.43 72110 204804  2769.13 20461 46166 66627
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Superheated Vapour Water N Table A
[‘femp. v u h s v u h 3
i (C) (m¥kg)  (kd/kg)  (kd/kg) (hd/hgK)  (m¥fkg) (kJ/kg)  (kd/kg) (kd/kg-K) |
300 kPa (133.55°C) 400 kPa (143.63°C)

e s ]
250 0.79636 2728.69 2967.59 7.5165 0.5951 2726.11 2964.16 7.3788I
300 0.87529 2806.69 3069.28 7.7022 0.6548 2804.81 3066.75 7.5661'
400 1.03151 2965.53 3274.98  8.0329 0.7726 2964.36 3273.41 7.8984|
500 118669 3129.95 3485.96 8.3250 0.8893 3129.15 3484.88 8.1912
600 1.34136 3300.79 3703.20 8.5892 1.0056 3300.22 3702.44 8.4557
700 1.49573 3478.38 3927.10 8.8319 1.1215 347795 3926.53 8.6987
| 800 164994 3662.85 4157.83 9.05675 1.2372 3662.51 4157.40 8.9244

900 1.80406 3854.20 439542  9.2691 1.3529 3853.91 4395.06 9.1361
1000 1.95812 4052.27 4639.71 9.4689 1.4685 4052.02 4639.41 9.3360
1100 2.11214 4256.77 4890.41 9.6585 1.584 4256.53 4890.15 9.5255

1200 2.26614 4467.23 5147.07 9.8389 1.6996 4466.99 5146.83 9.7059
1300 2.42013 4682.99 5409.03 10.0109 1.8151 4682.75 5408.80 9.8780

B 500 kPa (151.86°C) ___ 600kPa(158.85°C)
Sat. 037489 2561.23 274867 6.6212 03157 256740 275680  6.7600
200 042492 264291 285537  7.0592 0.352 263891 285012  6.9665

250  0.47436 272350 2960.68 7.2708  0.3938 2720.86 2957.16  7.1816
300 052256 280291 306420 74598 043437 280100 3061.63  7.3723)
350 057012 288259 3167.65 7.6328  0.47424 2881.12 3165.66  7.5463
400 061728 2963.19 3271.83 77937 051372 2962.02 3270.25  7.7078
500  0.71093 3128.35 3483.82 8.0872  0.59199 3127.55 348275  8.0020
600  0.80406 3299.64 3701.67 83521  0.66974 3299.07 370091  8.2673
700 0.89691 3477.52 3925.97 85952  0.74720 38477.08 392541  8.5107
800  0.98959 3662.17 4156.96 88211  0.82450 3661.83 415652  8.7367
900  1.08217 3853.63 4394.71 9.0329  0.90169 3853.34 4394.36 89485
1000 117469 4051.76 4639.11 9.2328 097883 405151 4638.81  9.1484
1100 1.26718 4256.29 4889.88 90.4224  1.05594 4256.05 4889.61  9.3381
1200 1.35964 4466.76 5146.58 9.6028 113302 446652 514634  9.5185
1300 145210 4682.52 5408.57  9.7749 121009 468228 5408.34  9.6906
800kPa (170.43°C) 1000 kPa (179.91°C)
Sat.  0.24043 2576.79 2769.13 6.6627  0.19444 258364 2778.08  6.5864
200  0.26080 2630.61 2839.25 6.8158  0.20596 262190 2827.86  6.6939
250 0.29314 271546 2949.97 7.0384  0.23268 2709.91 294259  6.9246
300 0.32411 2797.14 305643 7.2327  0.25794 279321 3051.15 7.1224
350 035439 287816 3161.68 7.4088 028247 287518 3157.65  7.3010
400 038426 2959.66 3267.07 7.5715  0.30659 2957.29 3263.88  7.4650
500  0.44331 312595 3480.60 7.8672  0.35411 3124.34 347844  7.7621
600 0.50184 3297.91 3699.38 8.1332 040109 3296.76 3697.85  8.0289|
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_Superheated Vapour Water = ~  TableA -
Temp: v u h s v u h ¥ g
! (m¥kg) (kd/kg) (kJ/kg) (kakE-_K)_ (m3kg) _F(kifk;g] (keJ/kg) (kd/kg-K)
o) 2000 kPa (212.42°C) 2500 kPa (223.99°C) 1

Sat. 0.09963 2600.26 2799.51 6.3408 0.07998 2603.13  2803.1 6.25':?

250 0.11144 2679.58 2902.46  6.5452 0.08700 2662.55  2880.1 6.4084‘
' 300 0.12547 277256 3023.50 6.7663 0.09890 2761.56 3008.81 6.6437
\ 350 0.13857 2859.81 3136.96  6.9562 0.10976 2851.84 3126.24 6.8402
‘ 400 0.15120 2945.21 3247.60  7.1270 0.12010 2939.03 3239.28 7.0147

450 0.16353 3030.41 3357.48  7.2844 0.13014 3025.43 3350.77 7.1745)
500 0.17568 3116.20 3467.55  7.4316 0.13998 3112.08 346204 7.3233(
600 0.19960 3290.93 3690.14  7.7023 0.15930 3287.99 3686.20 7 .596(}!
700 0.22323 347099 391745  7.9487 0.17832 3468.80 3914.59 7.8435;
‘ 800 0.24668 3657.03 4150.40 8.1766 0.19716 3655.30 4148.20 8.072
i 900 0.27004 3849.33 4389.40  8.3895 0.21590 3847.89 4387.64 8.2853

1000 0.29333 4047.94 4634.61 8.5900 0.23458 4046.67 4633.12 8.4860’

1100 0.31659 425271 4885.89 87800  0.25322 4251.52 4884.57 86761
1200 0.33984 446325 5142.92 89606  0.27185 4462.08 5141.70 8.8569
1300 0.36306 4678.97 5405.10 9.1328  0.29046 4677.80 5403.95 9.0291{

3000 kPa (233.90°C) 4000 kPa (250.40°C) -,
Sat.  0.06668 2604.10 2804.14 6.1869  0.04978 2602.27 2801.38 6.0700‘
250  0.07058 2644.00 2855.75  6.2871 _ ~ _ |
{300 0.08114 2750.05 2993.48 6.5389  0.05884 2725.33 2960.68 6.3614
350 0.09053 2843.66 311525 6.7427  0.06645 2826.65 3092.43 6.5820
| 400 0.09936 2932.75 3230.82 6.9211  0.07341 2919.88 3213.51 6.7689
450  0.10787 3020.38 3344.00 7.0833  0.08003 3010.13 3330.23 6.9362
500 0.11619 3107.92 3456.48 7.2337  0.08643 3099.49 344521  7.0900)
| 600 0.13243 3285.03 398234 75084  0.09885 3279.06 3674.44 7.3688
700 0.14838 346659 391172 7.7571  0.11095 3462.15 3905.94 7.6198
800 0.16414 3653.58 4146.00 7.9862  0.12287 3650.11 4141.59 7.8502
900  0.17980 3846.46 4385.87 8.1999  0.13469 3843.59 4382.34 8.0647
1000  0.19541 4045.40 4631.63 84009  0.14645 4042.87 462865 8.2661;
1100  0.21098 4250.33 4883.26 85911  0.15817 4247.96 4880.63 8.4566,
1200  0.22652 4460.92 5140.49 87719  0.16987 4458.60 5138.07 8.6376
1300 0.24206 4676.63 5402.81 89442  0.18156 4674.29 5400.52 8.8099,

[20 Marks]
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Solution:
Ideal Regenerative Steam Cycle

@ 2000kPa / State 1 (Turbine inlet)
| Turbine  em(~) 3 MPa, 300°C

1kg superheated steam
hy =2993.48 kd/kg

s, = 6.5389 kJ/kgK

800 kPa
T®

10 kPa

@__ (1 — m)kgls

4 10 kPa 3

Assumptions
1. There are no pressure losses in pipings and equipments
2. Turbine and pumps have 100% isentropic efficiency.
3.  No heat loss in OFWH.
Process 1 — 2 isentropic
8 =8,
6.5389
At 0.8 MPa (From table)
s, = 2.0461 kd/kgK
Syy = 4.6166 kJ/kgK
hy=721.10 kJ/kg
hfg = 2048.04 kJ/kg
v, = 0.001115 m3/kg
6.5389 = 2.0461 + x,(4.6166)
x, = 0.97318
(dryness fraction of steam entering OFWH from turbine)
h, = h; + xzhfg
h, = 721.1 + 0.97318(2048.04)
h, = 2714.21 kd/kg

[S¢ + X2Sgl@0 ampa
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enthalpy of steam entering OFWH from turbine
Process 1 - 3 isentropic
3 = &
6.5389
At 10 kPa (From table)

[S; + X3Si5la10 kPa

S; = 0.6492 kJ/kgK

Sy = 7.5010 kJ/kgK

h,= 191.81 kJ/kg

hy = 2392.82 kJ/kg

v, = 0.001010 m3/kg
6.5389 = 0.6492 + x,4(7.501)

x, = 0.78518

(dryness fraction of steam entering condenser)
hy = h; + x3h;,
hy = 191.81 + 0.78518 x (2392.82)

hy = 2070.6 kJ/kg
enthalpy of steam entering condenser

Let M be the mass of steam per second extracted from turbine for regeneration.

So, (1-m)kg/s mass flow through condenser.

Energy Balance at open feed water heater (OFWH)

—|—(<2)— mkgl/s

1 kg/s (6)

(5)
(1 —m)kgls

mhy, +(1—r)hg = h,

hs = (MY @10 kpa + (800 = 10) X Vigg kpa

hy = 191.81 + 790 x 0.00101
hy = 192.6079 kd/kg

hy = Nigos wpa = 721.10 kJ/kg
. m(2714.29) + (1- )(192.6079) = 721.10

m = 0.20958 kg/s
mass of steam extracted from Turbine for regeneration
Total Turbine Work, W, = 1x(hy—hy)+(1=m)x (h, - hy)

W, = (299348 - 2714.21) + (1-0.20958) x (2714.21 ~ 2070.6)
W, = 787.992 kW ~ 788 kW

Total pump work, Wo= Wy + Wp, = (1=m)(AP) x vy, +1X(AP,) X Vig

= (1 - 0.20958) x (800 — 10) x 0.00101
+ 1 x (3000 - 800) x 0.001115
W, = 3.083 kW
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MADE EASY Source

. ESE 2019 Mains Test Series: Similar to Q.7(a), Test-14

. MADE EASY Mains Class Notes

. ESE 2019 Mains Workbook: Similar to Q.14, Page 143 discussed in Class
. MADE EASY Classnotes

End of Solution

Q.8 (c) A Brayton cycle works between 1 bar, 300 K and 5 bar 1250 K. There are two

stages of compression with perfect inter-cooling and two stages of expansion.

The work out of first expansion stage is being used to drive the two compressors.

The air from the first stage turbine is again heated to 1250 K and expanded.

Calculate the power output of free power turbine and cycle efficiency without and

with a perfect heat exchanger and compare them. Also calculate the percentage
improvement in the efficiency because of the addition of heat exchangers.

[20 Marks]

Corporate Office: 44-A/1, Kalu Sarai, New Delhi-110016 @ info@madeeasy.in www.madeeasy.in




MARADE EASY ESE 2019| Main Examination

India’s Best Institute for IES, GATE & PSUs Mechanical Engineering I Paper_l
Solution:
Given: P, = 1 bar
T, =300 K
P,=P; =5 bar
T.=T,=1250 K
Turbine-1 is only used to give power to both compressors.
T
1250 K

300 K

Assumption:

1. Air is working fluid

2. Cp Cp ¥ remains constant throughout.

3. No pressure losses in combustion chamber.

4. lIsentropic efficiency of turbine and compressors is 100%.

In perfect intercooling, pressure ratio across two compressor should be same and it
is also the same condition for minimum work.

Since perfect intercooling is present

Wc1 = Wc2

and intermediate pressure,

Py=P, = JRF,
Jix5 =

P,=P, =

V5 bar
y-1
Wc1 = Wc2 = Cprl {(rpc) _1}

300c, [(\/E)YY_1 - 1}

W, = W, = 77.5496¢, kJ/kg
Total compressor work, Wi =2 x 77.54960p

Wre = 185.1¢, kJ/kg

Ty y-1
T_:(\/E) = T, =37755K
3
Since turbine, 1 give power to both compressors.
i Wr = Wi
c/D(T5 - T = 1585.1¢,
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Ts = 1250 — 155.1 = 1094.9 K
Pressure ratio across turbine 1

e 1.4
T \i- ( 1250 )0.4
TP (TGJ 1094.9

Since total pressure ratio is 5, so pressure ratio across free power turbine is

Iorp = % =3.14465
Power of free power turbine
Wiy = c,(T; = Tp)
7-7 v=1 0.4/1.4
T (roro) v =(3.14465)
1250
= =901.1K
s 1.3872
Wi, = ¢, x (1250 — 901.1) = 348.9¢, kd/kgK
For air, ¢, = 1.005 kd/kgK

So, power output of free power turbine
W;, = 348.9 x 1.005 = 350.644 kJ/kg
Heat added
(i)  Without regeneration
Q =c,(Ts—T,) + c(T; = Ty)
= ¢,(1250 - 377.5 + 1250 — 1094.9)
= 1027.55¢, kJ/kg
(i) With perfect regeneration [T, = T]
Q,=c(Ts =T, + c(T, = Tg)
= ¢,(1250 - 901.1 + 1250 — 1094.9)

= 504c¢, kJ/kg
Efficiency
(i)  Without regeneration
n = Wi+ MgZ — e Wr = Wi
1
W, 348.9c¢
T’l1 = T2 = P X 100
Q;  1027.55¢,
n, = 33.97%
(i)  With perfect regeneration
Wri + Wi, — Wi
M2 = Q Wr = Wi
2
Wy, 3489c

n, = = P %100 = 69.22%
Q, 504c

% improvement in efficiency,

o
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_ MM g0 69.22 - 33.97
uf 33.97

103.768%

x 100

MADE EASY Source

. ESE 2019 Mains Test Series: Similar to Q.6(c), Test-14
. MADE EASY Classnotes
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End of Solution
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