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Thermodynamics

Basic Concepts and Zeroth Law
CHAPTER of Thermodynamics

Practice Questions : Level-I

m A new scale X of temperature divided in such a way that the freezing point of ice is 110°X and the
boiling point is 450°X. At what temperature both the Celsius and new temperature scale reading would

be same?
Solution:
°C °X
BP — 100°C 450°X
Ep_, 0°C 110°X
C-0 X=110
100-0  450-110

= 34 C = 10X -1100 (when X = C)
= 24°C = -1100
= C=-458°C

A certain amount of an ideal gas is initially at a pressure p, and temperature T,. First, it undergoes a
constant pressure process 1-2 such that T, = 37,/4. Then, it undergoes a constant volume process
2-3 such that T; = T,/2. What is the ratio of the final volume to the initial volume of the ideal gas?

Solution:
Process1-2: Atp=C p
3T, _ 2
I, = =1 (given condition) P2 = P — 1
4 v=CY !
or Q = i psr-------1 3 i
noo4 |
According to Charle’s law |
Va=Vo %
Voo L_3
W4

Process 2 -3 At V=C
Lo "
I, = > given condition

Finalvolume V3 V, T,
T e = === (‘.'VSZVZ)
Initial volume vV, V, T,

3 =0.75
4
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The relationship of resistance R in ohm and temperature T in kelvin for a thermistor is given by:

1 1

T Ty

R = Roe[ ( J] where R, is the resistance in ohms measured at temperature. T)K and b is the

material constant with units of K

For a particular case, R, = 2.2 Q at T, = 310K

And R=0.31Q at T = 422K

Determine the material constant B and hence find the resistance at 373K and 273K.

Solution:
The equation for the thermistor is given by

o

where, Ry=22Q and T,=310K
Since, R=021Q at T=1422K

0.31 = 22@[5(4%%)}

or 0.31 = 2.2e[‘8‘5613”0_4ﬁ]
(32)
2.2 .
Therefore, po 19e ™ 19 ogg05/k
-8.5613x0 -8.5613x 10
Thus resistance at T= 373K

Ry = 2,24228895(3%7%)} = 22e1247 20,632 Q

[2288.95(i .

and at T=273K R,5 = 2.2e 27 310)} = 22610007226 = 5. 9845 Q

m The gas in system received heat which causes expansion against at a constant pressure of 2 bar. An
agitator in the system is driven by an electric motor. Using 100 W for 4 kJ of heat supplied the volume
increase of the system in 30 sec is 0.06 m3. Estimate net change in the energy of the system.

Solution:
Given data: Pressure, p = 2 bar; Rating of motor = 100 W
Heat supplied, Q = 4 kJ; Duration of heat supply = 30 sec
Volume increase of the system, AV = 0.06 m?

Displacement work done of gas = fpdv =2 x10% x 0.06 = 12 kJ (positive work)

Work done by motor = 100 x 30 = 3 kJ (negative work)
Net work done by the system upon the surroundings,
W=12-3=9kJ
As per 1st law of thermodynamics:
Q.= W+ AU
AU=Q,~-W=4-9=-5kJ
The -ve sign indicates that energy of the system decreases
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Practice Questions : Level-ll

m The Van der Waals equation is given by (p + i) (v — b) = RT . where a and b are constant and other
v

terms have usual meanings. Determine the work done in a reversible isothermal expansion.

Solution:
The Van der Waals equation is

a
(P+;)(V—D)

It can berearranged as p=

RT

RT _a

v—-b v
The work done by the gas can be calculated as

v2 _ Z v2 a Vo — b Vo
W= Iw padv = RTL1 v—bdv _Iw ;dv = RTIn(V1 — b)+ aln[—:l

m The readings of two thermometers A and B agree at ice point and steam point as 0°C and 100°C.
The two temperature readings are related by the following expression:
t, = a+btg+cth
where a, b and c are constants. In a constant temperature bath, the temperature are shown as 51°C
on thermometer A and 50°C on thermometer B. Determine the reading on thermometer B when the
thermometer A reads 65°C. Can you comment which of the two thermometers is correct?

Solution:
Given: t, = a + bty + cty’
As the reading of two thermometers A and B agree at ice point (0°C) and steam point (100°C).
When t,= 0°C, tgisalso 0°C
=a+ btg + CtBZ
0= a+ b0) + c(0)?

a=0
So, ty= btg+ ctg?
when, t, = 100°C, tgis also 100°C
100 = b(100) + c(100)?
b+ (100)c = 1 ()
when, tg=50°C, t, =51°C
t, = bty + cty?
51 = (50)b + (50)°c .. (i)
From equations (i) and (i), we get b = 1.04
c=-4x10"
- ty=1041,-4x10"12
when, t,reads 65°C 65 = 1.04t5-4 x 107 t,2
or tg = 64.07°C

None of the two thermometers are ideal. So we cannot comment on to which is more correct.
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A spherical balloon contains 5 kg of air at 200 kPa and 500 K. The balloon material is such that at the
pressure inside is always proportional to the square of the diameter. Determine the work done when
the volume of the balloon doubles as a result of heat transfer.

Solution:
Given data: m = 5Kkg; p, = 200 kPa; T, =500 K; v, =2V,
Consider Dis the diameter of the balloon.
According to the given condition,
pe< D?
or p = KD?
It is the equation of state with a constant of proportionality K.
Further, from the relation for a perfect gas, p,V; = mRT,

PiVy = RT1
RT, 0.287
v, = B0 _8287X500 _ 5995 mig
D 200

Thus, the volume of the balloon at initial state;
V, = mv,=5x0.7175 = 3.5875 m3
Thus, the diameter of the balloon can be calculated as

Vv, = (l)xnfo
6

or D} = 6.851
or D, =1.899m
When the volume of the balloon doubles, the diameter of balloon or D, = D, x 2173
,_ 0
6
but V,=2V,=7175
or D,® = 13.703
or, D, =2.393m
Now from the given relation at the state 1
py = KD?
or ko Lo 200 554

Df  (1.8993)

The work done by a system; W= ["paV/ = [*kD?dV = [ Dzd(%DS) - %n x [ D? x3D%dD

| 2 4 Dy Dp
- §n><55.44j1 D*dD = 87.08><|:?—?

5 5
_ 87.08x|2:393)" _(1.8993) } — 936.22 kJ

5 5
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Refrigeration and Air Conditioning

Introduction and Basic Concepts

CHAPTER

Practice Questions : Level-I

m A reversed Carnot cycle refrigerator maintains a temperature of - 5°C. The ambient air temperature is
35°C. The heat gained by the refrigerator at a continuous rate is 2.5 kJ/s. What is the power required
to run the heat pump?

Solution:
Given data: T,=-5°C=(-5+273) K=268 K; T, =35°C=(35+273) K=308K
Q, =25kJ/s=25kW = 2500 W

(COP), = L __ 208 gy
T,-T, 308-268
Also, (COP), = %
2500
T
2500
or W= === =373.13 W

Refrigerator
A refrigerator has working temperatures in the evaporator and condenser as -23°C and 37°C
respectively. The environment temperature is 27°C. The required refrigeration temperature is -13°C.
What is the maximum COP possible? If the actual COP of the refrigerator is 0.65 of the maximum,
calculate the required power input for a refrigerating effect of 5 kW.

Solution:
Givendata: 7,=-23°C=250K, T =37°C=310K, T, nging = 27°C = 300K
. T, 250 ,
Maximum COP = e — Surrounding | 27°C
T.-T, 310-250 I;I
)
(COP) oy = 4.166 Col
\AAAJ
Now it is given that, (COP), e = 0.65(COP)_, I?I
= 0.65 x 4,166 = 2.708 O O—w,
-23°C
=COP is defined as refrigerating effect/power YYYe.
5 W
= COP = =2.708
Power Qs
5
= Powerrequired = ——= = 1.846 kW @l
2.70 “3C

A thermoelectric refrigerator is powered by a car battery and has a COP of 0.1. The refrigerator cools
a 0.35 x 103 m3 canned drink from 20°C to 4°C in 30 minutes. The properties of canned drink are
same as that of water at room temperature, i.e., p = 1000 kg/m3 and ¢ = 4.18 kJ/kg K. Neglecting the
heat transfer through the walls of the refrigerator, determine the average electric power consumed by
the thermoelectric refrigerator.
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Solution:
Givendata: COP =0.1; Volume = 0.35 x 103 m3; AT=20-4=16°C;
t = 30 minutes; p = 1000 kg/m3; Cp = 4.18 kJ/kg-K
mcpAT

Refrigeration capacity = ; (m=pV)

103x0.35x10° x 4.18x 16
= 30% 60 =0.013 kW

Refrigeration capacity
Power input
0.013

Power input = o1 0.13 kW

COP =

m A cold storage plant is required to store 20 tonnes of fish. The fish is supplied at a temperature of
30°C. The specific heat of fish above freezing point is 2.93 kJ/kgK. The specific heat of fish below
freezing point is 1.26 kJ/kgK. The fish is stored in cold storage which is maintained at -8°C. The
freezing point of fish is -4°C. The latent heat of fish is 235 kJ/kg. If the plant requires 75 kW to drive it,
find:

1. The capacity of the plant 2. Time taken to achieve cooling
Assume actual COP of the plant as 0.3 of the Carnot COP.

Solution:

6.97

: L 265
0] Carnot COP = T = 303_265
Actual COP = 0.3 x 6.97 = 2.091
Heat removed by the plant = Actual COP x Work required
2.097 x 75 =156.8 kW = 156.8 x 60 kJ/min = 9408 kJ/min

9408
210

(ii) Heatremoved from the fish above freezing point

Q= mxcy(T,-Ty)

= 20 x 1000 x 2.93(303 - 269) = 1.992 x 10° kJ
Similarly, heat removed from the fish below freezing point,

Q, = mxcge (T, - T,) =20 x 1000 x 1.26 x (269 - 265)
0.101 x 10° kJ
Total latent heat of fish, Q, = m x (hfg)fish
20 x 1000 x 235 = 4.7 x 108 kJ

Capacity of the plant =448TR

Total heat removed by the plant
= Q,+Q,+Q;=(1.992 +0.101 + 4.7) x 106 = 6.793 x 106 kJ

Total heat removed by the plant

Time taken to achieve cooling = :
Heat removed by the plant per min

~ 6.793x10°

= 722 min =
9408 min = 12.03 hr
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Practice Questions : Level-li

m A customer complained of poor cooling for an air-conditioning system of 100 TR capacity. The supplier
carried out test on condenser which is water cooled and noted power input to the motor. The
observations made are as under:

Cooling water flow rate : 10 litre/s

Inlet water temperature : 30°C

Outlet water temperature : 41.12°C

Power input to motor : 120 kW (94.92% efficiency)

Determine the actual refrigerating capacity and state whether the cooling capacity is lower, higher or
as per specifications.

Solution: ]
Cooling water

Given data: Capacity = 100 TR; I,,=30°C T, =4112°C T,1=30°C

T

w.

w1 = ,=41.12°C

Water flow rate, V = 10 litre/s = 10 x 10-3 m3/s,
Consider the refrigerating/AC system as shown
Heat rejection rate in condenser = rate of heat gain by water ® Expansion
. valve
= Qk - mWCp,W(TWZ - TW1) = pWVCp,W(TWZ - TW'I)
= 10% x 10x 1073 x 4.18 x (41.12 - 30) Evaporator
— 464.81 kW %
Power inputto motor = 120 kW
Actual power inputto cycle= 120 x 0.9492 = 113.904 kW [As motor efficiency = 94.92%]
From Tst law of thermodynamics,
Q = Q+W
= Qy, = Q- W=464.81-113.904 = 350.906 kW
. . , 350.906
Refrigeration capacity, Q, = 35167 99.78 TR

This is slightly lower than ideal or specified cooling capacity.

m A refrigerator machine uses R-12 as the working fluid. The temperature of R-12 in the evaporator coil
is -5 °C, and the gas leaves the compressor as dry saturated at a temperature of 40 °C. The mean
specific heat of liquid R-12 between the above temperatures is 0.963 kJ/kg K. The enthalpy of evaporation
at 40 °C is 203.2 kJ/kg. Neglecting losses, find the COP.

Solution:

Given data: (hfg) = 203.2 kJ/kg; (Cp), = 0.963 kJ/kg
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Internal Combustion Engines

Introduction and Basic Concepts

CHAPTER

Practice Questions : Level-I

m The brake thermal efficiency of a diesel engine is 30%. If air to fuel ratio by weight is 20 and calorific
value of fuel is 41800 kJ/kg. Find brake mean effective pressure at STP (15°C and 760 mm Hg).

Solution:

Brake thermal efficiency = L
Thermal power
BP.
03 - —2> ___BP.
mxCV- ey 41800
20
BP.
m, - BPXA__BP p

a 0.3x 41800 627
Assuming volumetric efficiency 100%
pVs = m,RT

0.76 x 13.6 x 103 x 9.81 x Vg = % x 287 x 288

. BP.
Brake mean effective pressure = o
S

0.76 x13.6 x 10° x 9.81x 627

= kPa = 7.69 bar or 5765.1 mm of Hg
287 x 288

A four cylinder 4-stroke diesel engine has a bore of 212 mm and stroke 292 mm. At full load at 720 rpm
the Brake mean effective pressure is 5.93 bar and specific fuel consumption is 0.226 kg/kWH. The air
fuel ratio as determined by exhaust gas analysis is 25 : 1. Calculate the brake thermal efficiency and
volumetric efficiency of the engine. Atmospheric conditions are 1.01 bar and 15°C. The calorific value
of fuel may be taken as 44200 kJ/kg.

Solution:

Given data: n=4, d=212mm; [=292mm;  N=720rpm; p,.=593bar
SFC = 0226 kg/kW hr.:  AJF = 12, C.V = 44.2 MJ/Kg: P-1.01bar, T, - 288 K
o LANK 5.93% 105 x 0.292 x /4 x 0.2122 ><4><(720)
bp = DS - 50 — 146.69 kW
bp

Mo = r'nf x CV

m; = 0.226 x 146.69 = 33.15 kg/h
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146.69 x 3600
Mon = 3315x 44200 000 0%
5
p - L1009 g oor9kg/m
RT 287x288
A%
F -
= m, = m;x25=2828.75kg/h

Volume flow rate at intake condition:

. MRT_82875 1 _
Voo = T T72219760
. T, LNK i

- Zprh UL
s = 3P T T

V, 11.300

= 22%100= 2 %100 =

R 1484

11.300m3/min

0.2122 x 0.292 x 360 x 4 = 14.84 m3/min

76.15%

The output of an engine is given as input to an agricultural pump set. The pump is used for lifting water

from a depth of 30 m at the rate of 200 litres/min

ute. The transmission efficiency between the engine

and the pump is 100% and the pump is considered to be 100% efficient. The brake thermal efficiency
of the engine is 35%, the calorific value of the fuel is 43 MJ/kg, the cost of fuel is ¥ 53.00 per litre and

the density of the fuel is 780 kg/m3. Estimate the

running cost of the fuel for 1000 m3 of water lifted.

Solution:
. . 1000% 9.81x 200x 107 x 30
Power required to lift the water = pgQH = 1000 %60 = 0.981 kW
0.9817) x (1000) x (60
Brake work done = Power x time = ( ) x 3 ( )=294.3|\/|J
200x10
o Brake work done
Brake thermal efficiency = Calorific value x Mass of fuel
294.3 x1

= 035 = 43xMass of fuel
= Mass of fuel = 19.55kg

Volume of fuel

Running cost of engine

m A single cylinder 4-stroke Sl engine is producing

Massof fuel ~ 19.55
Density of fuel 780

25.07 x 53 =¥ 1328.7 only

= 25.0769 litre

100 kW power at an overall efficiency of 20%. Engine

uses fuel-air ratio of 0.07. Determine how many m3/hr of air is used if air density is 1.2 kg/m3. The fuel
vapour density is 4 times that of air. How many m3/hr of mixture is required? Calorific value of fuel is

42000 kJ/kg.

Solution:
BP
O Il effici f =
verall efriciency, T]O I’T]fXC\/
m = B2 100 _o1okgss
n, xCV 0.2 x 42000
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Air density, p, = 1.2 kg/m?
Fuel vapour density, p, = 4 x 1.2 = 4.8 kg/m3
Fuel mass flow rate, m; = 0.012 x 3600 = 43.2 kg/h

F/Aratio = 0.07

m
m,, (Air flow rate) ﬁ =617.143 kg/h

Mass flow rate 617.43

Density 1.2
m 43.2
Volumetric flow rate of fuel = p—f = —— =9mdhr
f

8
V, +V; = 514,525 + 9 = 523.525 m3/hr

= 514.525 m3/hr

Volumetric flow rate of air =

N

Volumetric flow of fuel mixture

Practice Questions : Level-li

m A six cylinder 4-stroke diesel engine has a bore of 60 mm and a crank radius of 32 mm. The compression
ratiois 9 : 1 and engine volumetric efficiency is 90%. Determine: (i) Stroke length, (ii) Mean volume per
cylinder, (iii) Swept volume per cylinder, (iv) Clearance volume per cylinder, (v) Cubic capacity of the
engine, (vi) Actual volume of air aspirated per stroke in each cylinder.

Solution:
Stroke length, L = 2 x crank radius = 2 x 32 = 64 mm Ans. (i)
= 2LN 1000 128

. Voo 2= -3 - = _5 (i
Mean piston speed, V, 50 2%x64x%x10 X—BO 50 2.13 m/s Ans. (ii)
Swept volume per cylinder, V, = %DZL = %x 6°x6.4 =180.956 (cm)® =181 cc Ans. (iii)

Vi+ V. V.

Compressionratio, r = =—~<=—>+1
VC VC
V, 181 .
Clearance volume, V, = 1 Tg9_1- 22.625cc Ans.(iv)
Cubic capacity of the engine = Number of cylinder x Swept volume

=6x181=1086cc Ans.(v)

Actual volume flow rate of air
Volume flow rate of air corresponding to displacement volume

Volumetric efficiency

. m N
= X —DL x
Va = vy 2 % 60
_ 0.9x ™% (0.06)% x 0,064 x 200
4 2 %60
= 1.357 x 103 m3/s = 4.8858 m3/hr Ans.(vi)

m A six-cylinder, 4-stroke petrol engine has a swept volume of 3 litres with a compression ratio of 9.5.
Brake output torque is 205 N-m at 3600 r.p.m. Air enters at 85 kN/m? and 60°C. The mechanical
efficiency of the engine is 85% and air-fuel ratio is 15 : 1. The heating value of fuel is 44,000 kJ/kg and
the combustion efficiency is 97%. Calculate:

(i) Rate of fuel flow (i) Brake thermal efficiency
(iii) Indicated thermal efficiency (iv) Volumetric efficiency
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(v) Brake specific fuel consumption

Solution:
Given data: No. of cylinders, k = 6; 4-stroke, petrol engine; Swept volume, V, =3 x 10* m?;
. Nxk 3 . .
Rate of volume swept, Vs = Vsm =0.09m%/s; Compressionratio, r=9.5,
Brake output torque, T, = 205 N-m; Speed, N = 3600 rpm; Ambient pressure, P, = 85 kN/m?
Ambienttemperature, T, = 60°C = 333 K
Mechanical efficiency, n,, = 85%
Air fuel ratio, AFR = 15: 1
Calorific value of fuel, CV = 44,000 kJ/kg
Combustion efficiency, M ., = 97% = 0.97
Ideal gas equation, p,v, = RT,
= v1:ﬂ:1.124m3/kg
P

V.

Vi _ 3
, - 1=01183m’lkg

Swept volume/kg mass flow rate, v, = v, - v, = 1.006 m*/kg

For air flow, m, = L=O.O89 kg/s = 322.064 kg/hr
VS
(i) AFR=15:1
m, .m,
= —= = 15=m;=—2=21.471kg/hr
m 15

(ii) Brake thermal efficiency,
2nN 205 x 2 x 1 x 3600

BP =T xw-= Ty x =77.283 kW
60 60 x 1000
BP 77.283
= = = 30.36%
Mo = i X CV) X Mooy (21,4717 3600) x 44000 x 0.97 °
I.P.
iii) Indicated thermal efficiency, 1, =-—
( ) y nlm (meCV)Xﬂcomb
BP BP
= —=/P= =90.92TkW
nmech IP - MNmech
- 20921 = 35.718%
Mitn = (21.471/ 3600)x 44000x0.97 ~ ?
(iv) Volumetric efficiency, m,, = %
S
where V, = maﬂzo.wo:s m*/s
P
and V. = 0.09 m3/s
0.103 )
= Nyol = W:114.53é

M, > 100% implies that it is a supercharged engine)
(v) Brake specific fuel consumption (bsfc)

_ M _ 0,278 kg/k Whr
BP





