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Thermodynamics

It is the science of the relations between heat, work and the properties of the systems.
Approaches in Thermodynamics:

In macroscopic approach, certain quantity of matter is considered, without considering the
events occurring at the molecular level. These effects can be perceived by human senses or
measured by instruments.

eg: pressure, temperature

Thermodynamics based on macroscopic approach is called Classical thermodynamics.

In microscopic approach, the effect of molecular motion is considered.

eg: At microscopic level the pressure of a gas is not constant, the temperature of a gas is a
function of the velocity of molecules. Most microscopic properties cannot be measured with
common instruments nor can be perceived by human senses

Thermodynamics based on microscopic approach is called Statistical Thermodynamics

System

The system is a quantity of matter or a region in space on which we focus our attention (eg: the
water kettle or the aircraft engine).

Surroundings

The rest of the universe outside the system close enough to the system to have some

perceptible effect on the system is called the surroundings.

Surroundings

Boundary

Boundaries
The surface which separates the system from the surroundings are called the boundaries as

shown in fig below (eg: walls of the kettle, the housing of the engine).
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Open System

A system in which, mass and energy (work or heat) can be transferred across the boundary.

Boundary
Heat/work l Mass

Out out

Heat/work

Mass in
In

Closed System

A system in which there is no mass transfer but only energy transfer across the boundary.

Boundary Heat/work
\ Out

Heat/work
n
Isolated System

A system in which there is no mass transfer and energy transfer across the boundary.

g . |
(_System /

= 74

Surroundings

Properties

It is some characteristic of the system by which the condition of system is described.
Extensive property:

Properties whose value depends on the size or extent of the system

If mass is increased, the value of extensive property also increases. eg: volume, mass
Intensive property:

Properties whose value is independent of the size or extent of the system. eg: pressure,
temperature (p, T).

State

A system is said to be in a state when it has definite values for properties. Any operation in

which one or more properties change is called a ‘change of state’.

Page 3



ME 8391- Engineering Thermodynamics Mechanical Engineering 2019-2020

Equilibrium State

It is a state of balance. A system is said to be in equilibrium state if it is under mechanical,
chemical and thermal equilibrium.

Mechanical equilibrium: No unbalanced forces, ie no difference in pressure within the system
Chemical equilibrium: No chemical reaction within the system

Thermal equilibrium: No difference in temperature within the system

Process

The succession of states passed through during a change of state is called the path of the system.
A system is said to go through a process if it goes through a series of changes in state.
Consequently:

A system may undergo changes in some or all of its properties in a process.

Quasi-static Process

A process in which the intermediate states are equilibrium states is called quasistatic or quasi-
equilibrium process. Generally quasi-static processes are slow processes.

Cycle

A series of processes at the end of which the system comes back to initial state.

Open and closed cycle

In a closed cycle, the same working substance will be undergoing the cycle again and again.
In an open cycle, the working substance will be exhausted at the end of a series of processes
which will be repeated again and again.

Zeroth Law of Thermodynamics

If two systems (say A and B) are in thermal equilibrium with a third system (say C) separately
(that is A and C are in thermal equilibrium; B and C are in thermal equilibrium) then they are

in thermal equilibrium themselves (that is A and B will be in thermal equilibrium.

T |— [Ty

Two systems are said to be equal in temperature, when there is no change in their respective
observable properties when they are brought together. In other words, “when two systems are
at the same temperature they are in thermal equilibrium” (They will not exchange heat).

Note: They need not be in thermodynamic equilibrium.

Page 4




ME 8391- Engineering Thermodynamics Mechanical Engineering 2019-2020

Point and path function

Path function: The function whose value is dependent on the path of the process. e.g. work
transfer and heat transfer

Point function: The function the change in whose value is independent on the path of the
process. e.g. pressure, temperature, etc.

Reversible and irreversible process

Reversible process: A reversible process is one which can be stopped at any stage and reversed
so that the system and surroundings are exactly restored to their initial states.

Irreversible process: An irreversible process is one which can be stopped at any stage and
reversed but the system and surroundings are not restored to their initial states.

Work and its Sign convention

Work is transient quantity which appears at the boundary when a system changes its state due
to the movement of a part of the boundary under the action of a force.

Sign convention:

If the work is done by the system, Work output of the system = + W

If the work is done on the system, Work input to system = - W

Heat and its Sign convention

Heat is transient quantity which appears at the boundary when a system changes its state due
to a difference in temperature between the system and its surroundings.

Heat received by the system = + Q, Heat rejected or given up by the system = - Q.

Flow energy

Energy required to introduce a quantity of fluid in a pipe section is flow energy. It is equal to pV.
Internal Energy

Internal energy of a gas is the energy stored in a gas due to its molecular interactions. It is denoted as U
Enthalpy of a system

It is the sum of internal energy and flow energy. i.e. H=U+ pV

Latent heat

Amount of heat required to cause a phase change in unit mass of a substance at constant pressure and

temperature.
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Process Units Constant Volume Constant Pressure Isothermal Adiabatic Process Polytropic Process
(V=C) (p=C) (pv=C) (pV" = 0) (V" =0
P ' P 1 P 1 P ' P B
v=C 1 P, p"’ec o &bb\\
p-V Diagram L S e
2 2 2 2
> % L. L. -~
Vo=V, v v 'V > >
k V. V; — p,V. V, — p,V.
Work Done J W=0 W = p,(V, — V) W =p,V, In (—2) w=Pi TP w = Pivi T P2Ve
Vi y—1 n—1
Change In Internal | kJ |y jeoor — 1) | AU = mCy(T, = T)) AU =0 AU = —W AU=Q —W
Energy
kJ V.
Heat Transfer Q=m(Cy(T, - Ty) Q=mCp(T, —Ty) Q=W=p;V;In (V—2> Q=0 Q= [ = 1)] X W
1
kJ/K T, T, V, T,
Change In Entropy AS = mCyIn | =+ AS=mCpln|=— AS = mRIn|— AS=0 AS =mC, In( =
T, Ty Vi T1
P2 Vi
e | e
Pz _ (—1) P1 V,
P1 V2 » T Voan-1
V,T Relations L _ P L_Y Va_ P T2 _ <£>y 2= <—1)
P Ty B P1 Ty B Vi Vi B P2 T Va T V2
y-1 n-1
E — <&> Y T, (Pz>T
Tl P1 Tl - Pl
» Where C=Constant, 1 and 2 indicates as initial | » pv=RT Entropy for all process can also be calculated by:
and final state, Specific Volume 'v' = = m%Kkg | AS = mC ln( ) + mR ln( ) AS = mCp In (E) —mRIn (P—z)
- Vl T1 P1
> Equation for Ideal Gas : pV = mRT V P,
> Pressure ‘p’ kN/m? (1 bar =1 X 10°kN/ m®) | » pV = mRT AS =mCpln <V1) + mCy In (P1>
» Volume ‘V*¢- m’ Volume flow rate 'V’ — m3/s For Ideal Gas (Air):
> Mass ‘m> - kg Mass flow rate ‘r’ — kg/s Specific Heat ‘Cp> =1.005 kJ/kg.K, ‘C,’ =0.718 ki/kg.K
» Gas Constant ‘R> - 0.287 kJ/kg.K _ For Water :
> Temperature ‘T’ - K (0°C = 273K ) |\>/| IpV =InRTV e | Specific Heat ‘C,” =4.186 kl/kg.K,
» Enthalpy ‘h’=u+Pv or h=C,T NO aLVO ufme I i m ,/ smo In (gz)
umper ot moles n Index of Expansion 'n’ = Vl
1
(ng)
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STEADY FLOW ENERGY EQUATION:

A > —
2, / _ .
A4
7 7
Inlet:
Kinetic energy + Potential energy+ Internal energy+ Flow energy + Heat
2
(:2_1 +8z1 +ug +p1ve +Q  (Jkg)
Exit

Kinetic energy + Potential energy+ Internal energy+ Flow energy + Heat
2
2 4 gz, + uy + pavz + W (Jkg)

According to the Energy Conservation Priciple

Inlet Energy = EXit Energy
2 2

C
71+gz1+“1+p1v1+Q=72+gz2+u2+p2v2+w
cs—c}
Q—-w-= — +8(z; —z1) + (uy —uy) + (P2v2 —p1v1)  (J/kg)
c; - C3 g(zz — 1)
Q-W=—2 4+ S (w — ) + (v —pave) (W/ke)
S C;—Ci gz —121)
— fr - h _ k
Q=W m[ 2000 © 1000 (uz —uy) + (P2vz — pP1v1) | (KI/s)
c o [ C-c}  g(zz—2z1)
Q-W= m[ 2000 1000 (2~ h) (kl/s)
FOR OPEN SYSTEM:
Q- W =AE
FOR CLOSED SYSTEM:
Q- W =AU

(i) Rate of heat transfer in the heat exchanger
From steady flow energy Equation:

n'l(c_%-}- 821 +u1+p1vl)+Q=m(C_§+ 87>

+u, + p,v )+W
2000 1000 2000 = 1000 2 T P2Va

Zl = Z2, C1 = 0, C2 = O y WZO, hl = u1 + plvl and h2 = uZ + szz
Q12 = m(hy —hy) (kJ/s)
(ii) The power output from the turbine assuming no heat loss
From steady flow energy Equation:

i (o + By 4 pyvy )+ Q= i (oo E2 o uy 4 v, ) + W
2000 " 1000 " Y1 T P1V1 - 2000 " 1000 © Y2 T P2V2

Where, 71 = Zy, h1 = Uuq + pP1Vv1 and hz = U, + P2V, Q =0
c2_c2
L2+ (hy—hy)|  (/s)

Wy, =m|

(iif) The power required to run the compressor assuming no heat loss
From steady flow energy Equation:

. ( CF 871 ) : . ( c3 822
m(—~— u v =m(—2
(2000 T 1000 tup+pave ) +Q 2000 T 1000

Where, z; =z, hy =u; +p;v;and h, =u, +p,yvy, Q=0

GGy —hp)| W)

+ u, +p2v2) + W

Wi, =m [ (Negative work will attain)

(iv) The velocity at exit of the nozzle
From steady flow energy Equation:

‘(C—%+ﬂ+ +piv;) +Q = (C—%+g22+ +pavz) + W
M 2000 T 000 ©~ Y1 T P11 Q=m 2000 " 1000 © Y2 T P2V2
Where, Z3 = Zg, Q:O, W=0, h3 = Uj3 + P3V3 a.nd h4_ = Uy + PaVa

c3 ci 2
Z=——+(h—h) = (= JC2 +2000 (h; — hy)

= C, = 44.7,/(h; —hy)) (m/s) If Cyis negligible
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PROBLEMS ON FIRST LAW OF THERMODYNAMICS CLOSED SYSTEM:

1. A mass of 1.5 kg of air is compressed in a quasi-static process from 0.1 MPa to 0.7 MPa for

which pV = C. The initial density of air is 1.16 kg/m®. Find the work done by the piston to
compress the air.
GIVER: m=1.5 kg, P,=0.1MPa, P,=0.7MPa, p=1.16kg/m’

FIND: The work done by the piston (W)

SOLUTION:
m m
p_7=> Vl_?‘us =V, = 1.293 m?
For quasi-static process
W= [pdV = W= 1V1fV2dV = W =p,V;In ;2 )

At pV =C === p.V, = p,V, = C memmp 2 l‘;l
1 2

W =p,V;In (32 )-:}W plvlln( ):}W_01><12931n( ):}W——25163k]

2. A mass of gas is compressed in a quasi-static process from 80 kPa, 0.1 m* to 0.4 MPa, 0.03
m®. Assuming that the pressure and volume are related by pV" = constant, find the work
done by the gas system.

GIVEN: P;=80kPa, P,=0.4MPa, V;=0.1m°  V,=0.03m°
FIND: (i) n, (ii) The work done (W)
SOLUTION:

At pV" =C = pVf = p,VJ

Taking Log on

Inp; +nInV; =Inp, +n = n(InV; —InV,) = Inp, — Inp, = n(ln%) = ln(i—z)
2 1

n_ln(gi)
(ing2)

W = [ pdv :W_M :W_w =>W = —11.764K]

1.34-1

In(5)
=> n= i) => n=1.3367 ~ 1.34

0.03

3. At the beginning of the compression stroke of a two-cylinder internal combustion engine
the air is at a pressure of 101.325 kPa. Compression reduces the volume to 1/5 of its
original volume, and the law of compression is given by pV*? = constant. If the bore and
stroke of each cylinder is 0.15 m and 0.25 m, respectively, determine the power absorbed in
kW by compression strokes when the engine speed is such that each cylinder undergoes 500
compression strokes per minute.

GIVEN: P,=101.325 kPa, V,=1/5 V1, D=0.15 m, L=0.25m, N=500rpm and pV!? = C
FIND: The power absorbed in kW (P)

Page 8



ME 8391- Engineering Thermodynamics Mechanical Engineering 2019-2020

SOLUTION:

1.2
PVI? = pV32ep py = () X pi= ()17 X 101.325 == p, = 699.41kPa

Tx0.152

x 0.25 == V; = 0.00442 m?

2
Initial Volume (V;) = % XL =V, =

0.00442

Final Volume (V) = 2 ==V, = l=> V, = 0.000884 m3
Work done W = ——[p,V, — p V4] => W=

=W =3. 59k]
4. Air at 1.02 bar, 22°C, initially occupying a cylinder volume of 0.015 m?, is compressed

]

reversibly and adiabatically by a piston to a pressure of 6.8 bar. Calculate :(i) The final
temperature ;(ii) The final volume ;(iii) The work done.

GIVEN: P;=1.02 bar, T;=22°C+273= 295K, V= 0.015 m?, P,= 6.8 bar, pV" = C

FIND : (i) T2, (ii) V2, (i) W

SOLUTION:

(1) Final temperature

From the relation

B () e

T1 Py

1.4-1

1.4 _
102) x 295 =5 T, = 507.24K

(i) Final Volume

I I

1.02
PV} = p V= B = (2 ) =V, = (32) x Vi = (L) x 0.015=3V; = 0.00387 m?
(iii) Work
W = [ pdv =W = p1V; PaVo =) 1y — 102X0015-680x000387 by (o 754k]

1.4-1

5. 0.15 m® of an ideal gas at a pressure of 15 bar and 550 K is expanded isothermally to 4
times the initial volume. It is then cooled to 290 K at constant volume and then compressed
back polytropically to its initial state. Calculate the net work done and heat transferred
during the cycle.

GIVER: V;= 0.15 m*, P;=15 bar, T;= T, =550K, X—j =4

T3=290K, V2 = 4‘ X V1 = 06 1’1’13
FIND : (i) W (ii) Q
SOLUTION:

3 (290 K)

Process 1-2: Isothermal Process : ,
0.15 Wo=W, ‘.-'{mB]

\% 0.15
At pV=C = p,V; =p,V, = Pz =t Xpy= x 15 = p, = 3.75bar

4x0.15

Work done Wy, = p,V; ln:;—i = (15 x 105) x 0.15In(4) => W, = 311.9K]
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Process 2-3: Constant Volume Process, Work done W,3 = 0

T 290
At%zC = p,T; =p;T, = p3=T—sz2=ﬁX3.75 = p3 =1.98bar

Process 3-1: Polytropic Process
At pV? = C== paVi = p, VP
Taking Log on

Inp; +nlnV; =Inp; +nlnV,= n(InV; —InV,) = Inp; — Inp, = n(ln%) =1In (&)

P3
n= —l (p;) => n= —=>l (1%58) n=1.46
= (1 V3) =71 (9)) =1.

In
Vi

Work done:

_ p3Vz-p1Vi _ 1.98x105x0.6—680x105x0.15 _
W3y = 222 B Wy, = —— = W;; = —230.87K]

Total Work done
W =W, + Wys + W3y =W =311.9+ 0+ (—230.87)=pW = 81.03K]

6. 0.2 m® of air at 4 bar and 130°C is contained in a system. A reversible adiabatic expansion
takes place till the pressure falls to 1.02 bar. The gas is then heated at constant pressure till
enthalpy increases by 72.5 kJ. Calculate (i) The work done (ii) The index of expansion, if
the above processes are replaced by a single reversible polytropic. Process giving the same
work between the same initial and final states. Take C, = 1 kJ/kg K, C, = 0.714 kJ/kg K.
GIVER: Vi= 0.2 m®, P;=4 bar, T;= 130°C, P,= 1.02  [*™™~
bar, Ah =72.5k], C, = 1 kJ/kgK, C, = 0.714
kJ/kgK.

FIND : (i) W (ii) n, (iii)
SOLUTION:

W (Volume)

From the characteristic gas equation:

R=Cp—Cy =P R=1-0714 = R=0.286:—;.K

0.714

C 1
Y=g = y=— = y=14

Process 1-2: Reversible adiabatic process:

1 I

VY =pV) =DV, = () x vy = (=) x 02 =PV, =0.53m
2

1.02
y-1 y-1 14-1
ion. Lz — (P2) v — (P2) v — (102) 14 =
From the relation, L= (Pl) =T, = (Pl) X Ty =T, = ( " ) X 403=pT, = 272.7K
Work
— 5 _ 5
le _ plvi,_i)zvz =>W12 _ (4X10°x0.2) 1(ii)ixx10 X0.53) => W12 _ 64.8501(]
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Process 2-3: Constant pressure process
Q23 = mCp(T; — T,)=p72.5 = 0.694 X 1 X (T3 — 272.7) PV, (4%x10%) x0.2
m = =

—>» T; =377K RTy 286 x 403
m = 0.694kg
At ¥= C = ,T, =W, =V, =%><V2 =%x0.53 =V, = 0.732m?
2 .

W,3 = pa(V5 — V) ==p W,; = 1.02 X 10°(0.732 — 0.53) =) W,3; = 20.604K]
Total Work done:
W =W, + Wy3 = W = 64.85 + 20.604 =) W = 85.454K]

Index of expansion, n: (If the work by the polytropic process is the same)

— 2 _ 2
W,s = p1Vr11_1;3V3=> g5 454 — (4X102X02)-(1.02xX10°X0.53) kb _ 4 (60

n-1

7. A cylinder contains 0.45 m® of a gas at 1 x 10° N/m? and 80°C. The gas is compressed to a
volume of 0.13 m®, the final pressure being 5 x 10° N/m?. Determine :(i) The mass of gas (ii)
The value of index ‘n’ for compression (iii) The increase in internal energy of the gas (iv)
The heat received or rejected by the gas during compression.. Take y = 1.4, R = 294.2
J/kg°C.

GIVEN: V;= 0.45 m®, P;=1x 10° N/m? , T;= T,=80°C, V,=0.13m®, P,=5x 10° N/m’
FIND : (i) m, (i) n, (iii) AU, (iv) Q
SOLUTION:

(i) The mass of gas :

5

RT, 294.2%353

(ii) The value of index ‘n’ for compression

At pV" =C = p,Vi' = p, V7
Taking Log on

Inp; +nInV; =Inp, + nInV,=n(InV, —InV,) = Inp, — InpF=p n(ln%) =In (p_z)
2

P1
ln(g—i)

In(2
n=(lnh) = n=(1:£f})5)=> n=1.296~1.3
]

0.13

(iii) The increase in internal energy of the gas (polytropic process)
T, (Vi \"?! v\ _ (045\1371 _
T_1 = (V_z) => Tz = (V_z) X T1 =>T2 = (m) x 353 => Tz = 509.7K

0.2942
1.4-1

AU = mCy (T, — Ty) =» AU = 0.433 x (509.7 —353) = AU = 49.9K]
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(iv) The heat received or rejected by the gas during compression

— 5 _ 5
W = fpdV => W = p1V;_11)2V2 => W= 1x10%x0.45-5%x105%0.13 = W = —67.44K]

1.3-1

Q=AU+W =» Q=49.9 — 67.44 =p Q = —17.44K]
8. Three grams of nitrogen gas at 6 atm and 160°C in a frictionless piston cylinder device is
expanded adiabatically to double its initial volume, then compressed at constant pressure
to its initial volume and then compressed again at constant volume to its initial state.

Calculate the network done on the gas. Draw the P-V diagram for the processes.

GIVEN: p A 1
m = 3g = 3 x 1073kg
o A&},
P, = 6atm = 6.08 x 10*°kN/m? I N
L

T, = 160°C + 273 = 433K 2

p=C
V1 = V3 )
Vz = 2V1 v

Find:Network done?

Assumey = 1.4

PV, mRT, => 3x1073x0.287%x433 3
m=—=> V; = V, = =>V=0.00061m
RT, 1 P, 1 6.08x102 1

V, =2 % 0.00061 = V,=1.22x10"3m3
Process 1-2: Revesible adiabatic expansion:

0.00061

VY =p,V) 2 22 (ﬁ)y = 6.08 x 102 x (—)1'4 = 2.5 x 102kN/m?
piVi =pV, & = =() =p; =6 71o3) = P2 =2

Vi-p,V 6.08x102x0.00061—2.5x102x1.22x10~3
w = Bkl = W= = = W =225.63k]

Process 2-3: Constant pressure cooling
Wys = P(Vz —V,) = W3 = 2.5 x 102(0.00061 — 1.22 X 1073) = Wp3 = —0.1525 K]

Process 2-3: Constant volume compression
W3, =0
Network done:
Wyet = 225.63 —0.15254+0 =) W, = 225.48K]
9. A gas undergoes a thermodynamic cycle consisting of three processes beginning at an
initial state where py =1 bar, V; = 1.5 m*® and U; = 512 kJ. The processes are as follows:
0] Process 1-2: Compression with pV = constant to p, = 2bar, U, = 690 kJ,
(i)  Process 2-3: W3 =0, Q23=-150 kJ, and
(iii)  Process 3-1: W3; = +50 kJ. Neglecting KE and PE changes,

Determine the heat interactions Qq, and Qgz;.
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GIVER: P1=1 bar , V1= 1.5 m*®, U;=512kJ, P,=2 bar, U,= 690kJ , W3 =0,
Q23=-150 kJ, W31 = +50 kJ
FIND : (i) Qa2 (ii) Qa1
SOLUTION:

Process 1-2: Isothermal Process
Q2 = AU + [ pdV Q15 = U, — Uy +p;V; In (‘\j—j):wlz = (690 — 512) + 100 x 1.5In (%)
Q. = 178 — 103.972 = Qq; = 74.03K]
Process 2-3: Constant Volume Process
W3 =0,  Q2=-150 kJ
Process 3-1: Adiabatic Expansion Process
Q3 = (U, —U3) + W ==p—150 = (690 —U3) + 0 = Uz = 540K]
Qs1=(Us —U) + W =) Qs = (540 — 512) + 50 =Q3; = 22K
10. A gas undergoes a thermodynamic cycle consisting of the following processes:
I.  Process 1-2: Constant pressure p = 1.4 bar, V1 =0.028 m3, W1, =10.5 kJ

ii.  Process 2-3: Compression with pV = constant, Uz = U,

iii.  Process 3-1: Constant volume, U; — U3 = - 26.4 kJ.
There are no significant changes in KE and PE. (a) Sketch the cycle on a p—V diagram, (b)
Calculate the network for the cycle in kJ (c) Calculate the heat transfer for process 1-2, (d)
Show that cycle XQ = XW.

GIVEN: P;=14 bar , Vi= 0.028 m* , Wi,= 10.5kJ, NN
Us= U U; — U3z =—26.4 kJ, r W N PV =C
FIND: (i) Sketch the cycle, (i) The net work for the " [=] ¥ weifim

O.0Z8nd

Tl

cycle (iii) Q15 (iv) Show that cycle £Q = W

SOLUTION:

Process 1-2: Constant Pressure Process

Wy, = P(V, —V;) = 10.5 = 1.4 x 100(V, — 0.028) = V, =0.103m3
U, — Uy = —26.4 =pU, — U, = —26.4 = U,=U;+26.4

Q12 = AE + [ pdVED Qqp = Up — Uy + Wiy 5 Q1 = (26.4) + 10.5 = Q2 = 36.9K]
= W, =10.5kJ

Process 2-3: Isothermal compression Process

W3 = p,V, In (X—z) =) Wy5 = 14X 100 X 0.103In (312) = W3 = —18.783 K]
Qa3 = (Uz — U3) + Wa3 £ Qa3 = (0) + (—18.783) = Q3 = —18.783K]
Process 3—1: Constant Volume Process = W3 =0

Q31 = (U3 —U))+W = Qs = (—26.4) + 50 = Q31 = 26.4K]
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(b) The net work for the cycle
W =Wy, + Wys + Wy E=pW = 10.5 — 18.783 + 0 =) W = —8.283K]
(d) Show that cycle XQ = XW
Wiz + Wo3 + Wsy = Qg2 + Q3 + Q31=)»p—8.283 = 36.9 — 18.783 — 26.4
XQ = XWis proved
11. 90 kJ of heat are supplied to a system at a constant volume. The system rejects 95 kJ of
heat at constant pressure and 18 kJ of work is done on it. The system is brought to original
state by adiabatic process. Determine :
0] The adiabatic work ;
(i) The values of internal energy at all end states if initial value is 105 kJ.
GIVER:

Heat supplied at constant volume =90kJ

Heat rejected at constant pressure=-95kJ
Work done on the system = -18kJ y

Initial value of internal energy = 105kJ

SOLUTION:
Process I-m: Constant volume heat supplied
Wi_m =0
Qm =Wiim + (U = U) = Qo = (U — U)) 5290 = (U, — 105) = Uy, = 195K]
Process m-n: Constant pressure heat rejected
Qmen = Wp_p + (U, — U, )E»—95 = —18 + (U, — U,, )Y, — U,, = —=77K/cp U, = 118K]
Process n-l: Adiabatic Expansion Q,,_; = 0, for Adiabatic process

j5Q=90—95=—5k]

$6Q=[ow = [6W =-18+W,; = -5=-18+W,; = W, =13k]

12. A fluid system, contained in a piston and cylinder machine, passes through a complete cycle of four
processes. The sum of all heat transferred during a cycle is -340 kJ. The system completes 200
cycles per min.

Process Q (kJ/min) W (kJ/min) E (kJ/min)

1-2 0 4340 -
2-3 42,000 0 -
3-4 - 4,200 0 -73,200
4-1 - - -

Complete the above table showing the method for each item, and compute the net rate of

work output in kW.
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13.

SOLUTION:
Sum of all heat transferred during the cycle = -340 kJ
Number of cycles completed by the system = 200 cycle/min
Process 1-2:
Qiz = Wy, + AE;, =9 0 = 4340 + AE,, =  AE;, = —4340 kJ/min
Process 2-3:
Q3 = Wy + AE,3 £ 42000 = 0+ AE,; =  AE,3 = 42000 KJ/min
Process 3-4:
Qa4 = Way + AE3, =2 —4200 = Wy, — 73200 = Wi, = 69000 k] /min
Process 4-1:
Ycycle Q = —340 k] /min
The system completes 200 cycles / min
Qus + Qus + Qaq + Quy = 200 X (—340) = 0 + 42000 — 4200 + Q,; = 200 X (—340)
= Q4 = —105800 KkJ/min
Now, [ dE = 0, since cyclic integral of any property is zero
AEy, + AEy3 + AE3, + AE,; = 0 =) —4340 + 42000 + (—73200) + AE4; = 0
= AE4 = 35540 KkJ/min
Q41 = Wy + AE,; =p —105800 = W,; — 35540 =) W,; = —141340 kJ/min

Rate od work output = —68000 —- = — 22 = 1133, 33 kW

680kg of fish at 5°C are to be frozen and stored at — 12°C. The specific heat of fish above
freezing point is 3.182, and below freezing point is 1.717 kJ/kg K. The freezing point is —
2°C, and the latent heat of fusion is 234.5 kJ/kg. How much heat must be removed to cool
the fish, and what per cent of this is latent heat?

GIVEN: m=680 kg, T1=5°C, T,= - 2°C, Ts= — 12°C, cafp=3.182k‘g‘—’K,

_ K] o
bep—1.7l7 kg_K’ hfg—234.5 kJ/kg

FIND : (i) Heat removed to cool the fish, (ii) percentage of this is latent heat.

SOLUTION:

Heat to be removed above freezing point:

Qar = MCyapp(Ty — T,) == Qu¢ = 680 X 3.182 X (5 — (—=2)) == Qur = 15.146M]
Latent heat to be removed:

Quu =mXhg, = Quy = 680 X 234.5 = QLy = 159.46M]
Heat to be removed below freezing point:

Qar = MCppy (T, — T3) = Qqup = 680 X 1.717 x (=1 — (—12))=> Qu¢ = 11.676M]
Total Heat:

Q=Qu+ Qg+ Qs = Q=15.146+159.46+ 11.676 == Q = 186.2816M]
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14. A gas of mass 1.5 kg undergoes a quasi static expansion, which follows a relationship P=a+bV,
where ‘a’ and ‘b’ are constants. The initial and final pressures are 1000 kPa and 200 kPa
respectively and the corresponding volumes are 0.2 m* and 1.2 m®. The specific internal energy of
the gas is given by the relation u=(1.5 pv-85) kJ/kg, where p is in kPa and V is in m*kg. Calculate

the net heat transfer and the maximum internal energy of the gas attained during expansion.
GIVEN: m=1.5 kg, P,;=1000kPa , P,=200kPa , V,=0.2 m®, V,=1.2 m®,
FIND : (i) The net heat transfer, (ii) The maximum internal energy
SOLUTION:
p =a+ bV, Where a and b are constants

Substitute P; V;and P, V, in the above quation to find the a and b are constants

1000 =a + 0.2b > 1
200=a+1.2b > 2
b =-800

Substitute value b in the first equation
1000 = a + 0.2b E=» 1000 = a + (0.2x(-800))=> a=1160
The equation becomes
p = 1160 - 800V
Work done:
W = [ pdV = W= f‘)’f[1160 — 800v]av = W= [1160V — 400V2]¥j
W = [1160(V, — V;) — 400[VZ — VZ]]
W = [1160(1.2 —0.2) — 400[1.2% — 0, 22]]
W = 600 K]
Change in internal energy:
u; = 1.5p;v; — 85=> u; = 1.5 X 1000 X ‘1’—§ — 85 = uy = 215 kJ/kg
uz = 1.5p,v; — 856=p U, = 1.5 X 200 X == — 85 = u, = 155 kJ/kg
AU = m(u; —up) =AU = 1.5(215 — 155) = AU = 60K]
(i) The net heat transfer
Q=AU+W =» Q=60+ 600 =) Q= 660K]
(if) The maximum internal energy
u = 1.5pv—85=pu = 1.5(1160 — 800v)v — 85 = u = 1.5(1160v — 800v?) — 85

%N — 1.5(1160v — 1600v) — 85, For maximumu, 2 =0, v = =22 = 0.725
ov ov 1600

Upay = 1.5(1160 X 0.725 — 800 x 0.7252) — 85 == wu,,.x = 335.5 k] /kg
Umax = M X Umax £ Upax = 1.5 X 335.5 = Upax = 503.25K]
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15. A system of volume V contains a mass m of gas at pressure p and temperature T. The

macroscopic properties of the system obey the following relationship:
[P+ ](V b) = mRT

Where a, b, and R are constants. Obtain an expression for the displacement work done by
the system during a constant-temperature expansion from volume V; to volume
V,.Calculate the work done by a system which contains 10 kg of this gas expanding from 1
m? to 10 m® at a temperature of 293 K. Use the values a = 15.7 x10 Nm*, b = 1.07 x10°m?,
and R = 0.278 kJ/kg-K.

GIVEN: m=10kg, V1=1 m®V,=10 m®, a=15.7 x10 Nm*, b = 1.07 x10?m®, R = 0.278 kl/kg-K
FIND : The work done (W)

SOLUTION:
Displacement work done by the system during a constant-temperature expansion.

lpl VZl(v1 b) = [ Vzl(VZ—b)—mRT K

From the equation

a
[ ](v b)—K=>P—(Vb) -
Work done
2 K a
W= fraves w = 7[5 - 2] av

> W= () - ()
- [Kln(v —b)+a (%)]i

_ (V2—-b) 1 1
W = Kln( V.b) + a(v2 Vl)

W = 10 X 0.278 x 293 In 20107 x1072) | 45 7 x10(=-1)
(1-1.07 x10-2) 1

4 3 3

= W =1742.14K]
16. The properties of a certain fluid are related as follows:
u =196 + 0.718t,
pv =0.287 (t + 273)
Where u is the specific internal energy (kJ/kg), t is in °C, p is pressure (kN/m?), and Vv is
specific volume (m®kg). For this fluid, find C, and Cp.
Specific Heat at Constant Pressure:

CP _ (6h) => CP _ (a(uaq'}pv))PQCP — (0(196+0 718;—1‘0 287(t+273)) => T:t+273, oT = at

0.718 0t+0.287 0t
Cp = (———=—2

— )P = Cp = 1.005 kJ /kg. K

Specific Heat at Constant VVolume:

C, = (a—“) = ¢, = (M)P = C, =0.718 kJ/kg.K

0T/ p aT
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PROBLEMS ON FIRST LAW OF THERMODYNAMICS OPEN SYSTEM:
1. In a gas turbine unit, the gases flow through the turbine is 15 kg/s and the power developed
by the turbine is 12000 kW. The enthalpies of gases at the inlet and outlet are 1260 kJ/kg

and 400 kJ/kg respectively, and the velocity of gases at the inlet and outlet are50 m/s and
110 m/s respectively. Calculate :
(i) The rate at which heat is rejected to the turbine, and (ii) The area of the inlet pipe given

that the specific volume of the gases at the inlet is 0.45 m*/kg.

GasasIn —— Gasas gul
> “

GIVEN: m=15kg/s, W=12000kW,

h,=1260kJ/kg, h;=400 kJ/kg, = -
C1=50 m/s, C,= 110 m/s }
v=0.45 m%Kkg /_au,
FIND : (i) Q (ii) AREA
SOLUTION:
From steady flow energy Equation: (per unit mass)
% +8Z1+u; +p1vi + Q12 = % + 8Z; T Uz +pavy + Wi
Where,
h, =u; +p;v;andh, =u, + p,v, , 7z, =7,
The equation becomes
1102 12000

cz _ 3 502 _
7+h1+q1_2—7+h2+W¢m+1260+q1_2—m+400+

Q =m x =55KJ/kg :> Q = 15kg/s x 55 k]/kg =p Q = 828 kW
Inlet Area

=12 = —55Kk]/kg

From continutity equation
=25 ) 15 = 22 £ A = 0.135m?
1

0.45

2. In an air compressor air flows steadily at the rate of 0.5 kg/s through an air compressor. It
enters the compressor at 6 m/s with a pressure of 1 bar and a specific volume of 0.85 m%kg
and leaves at 5 m/s with a pressure of 7 bar and a specific volume of 0.16 m*/kg. The
internal energy of the air leaving is 90 kJ/kg greater than that of the air entering. Cooling
water in a jacket surrounding the cylinder absorbs heat from the air at the rate of 60 kJ/s.
Calculate : (i) The power required to drive the compressor (ii) The inlet and output pipe

cross-sectional areas.
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GIVEN: m=0.5 kg/s, W=12000kW, OR———
C1=6 m/s, C,=5m/s A :;—‘ r_’_ "
P,=1 bar, v,=0.85 m3/kg Qe ‘—_J,_.__ wm:ri;mr ;
P,=7 bar, v,=0.16 m*/kg aterout “%“’* o
Au= - 90 ki/kg, Q= - 60 kfs N

FIND : (i) W (i) A, and A,

SOLUTION:
From steady flow energy Equation: (per unit mass)

G| g2y Uy + Prvy+ Quz = -+ g2, + Uy + Pavs +
2000 + 8Z1 T Uy T P1Vy T Qq-2 = S5 T 8Z2 T Uz T P2V T Wy

Where, z, = z,

c? -2 Q
W= ;0002 + (u; —uy) + (p1vy — pava) + o
-5 Co0) + (1% 10° x 0.85) — (7 x 105 x 0.16) (-60)
W= 2000 1000 0.5

w = —237 KJ/kg

Therefore,
W =r1h x 237 kJ/kg =p W = 0.5kg/s x 237 k] /kg = W = 118.5 kW
Inlet Area and Exit Area

From continutity equation

m:%@O.S:% =) A, =0.0708m?
) .

m=2%2 =)05=22 =54, =0.016m?

vy 0.16
3. 12 kg of air per minute is delivered by a centrifugal air compressor. The inlet and outlet
conditions of air are C; = 12 m/s, p1 = 1 bar, v1 = 0.5 m%®kg and C, = 90 m/s,p, = 8 bar, v, =
0.14 m*/kg. The increase in enthalpy of air passing through the compressor is150 kJ/kg and
heat loss to the surroundings is 700 kJ/min. Find : (i) Motor power required to drive the
compressor ; (ii) Ratio of inlet to outlet pipe diameter. Assume that inlet and discharge
lines are at the same level.
GIVEN: m=0.2 kg/s, C;= 12 m/s, C,= 90 m/s
P,=1 bar, v1=0.5 m®/kg
P,= 8 bar, v,=0.14 m*/kg
Ah= 150 kJ/kg, Q= - 11.67 ki/s

FIND : (i) W, (ii)j—:

SOLUTION:
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(i) Motor power required to drive the compressor

From steady flow energy Equation: (per unit time)

m (2000 t 8% T UL p1V1) +Q=rm (2000 ) +W

Where, z; = z,, hy = u; + pyvy and hy = u, +p,v,

W= [5G 4 (b —hy)| +Q =W =02[2

(- 150)] +(~11.67)

2000 2000
W= -42.46Kk]/s = W = —42.46 kKW
(if) Ratio of Inlet to outlet pipe diameter
From continutity equation
_ﬂ_“zcz Al__ ViphAr _ 90 05 A1
== =2 - =>2 — X — _2678l=> =5.175

4. At the inlet to a certain nozzle the enthalpy of fluid passing is 2800 kJ/kg, and the velocity
is 50 m/s. At the discharge end the enthalpy is 2600 kJ/kg. The nozzle is horizontal and
there is negligible heat loss from it.

0] Find the velocity at exit of the nozzle.

(i) If the inlet area is 900 cm? and the specific volume at inlet is 0.187 m®/kg, find
the mass flow rate.

(iii)  If the specific volume at the nozzle exit is 0.498 m®/kg, find the exit area of

nozzle
GIVEN: h;= 2800 kJ/kg, C;= 50 m/s,
Mmm“@

h,= 2600 ki/kg T R

_ 2 _ 3 . Fllﬂ:ilrl ¥ ;Fllﬂdmil?
A;=900 cm*, v;=0.187 m°/kg i:DD:::T e o

_ 3 o
v,=0.498 m°/kg

FIND : (i) Co, (i) m, (iii) A,
SOLUTION:
(i) The velocity at exit of the nozzle

From steady flow energy Equation: (per unit mass)

+gz1+u1+P1V1+(hz +gz2+u2+p2v2+w12

2000 2000

VVhere, Zl ::Zz, (2:0, VV:iL h1 ::Ul +‘p1V& and hz ==u2 +‘p2V2
c;
2000 2000

(if) Mass flow rate

—h,) =>CZ = 50 + 2000(2800 — 2600) =C, = 634.4 m/s

From continutity equation

-4
=48 2 gy = 20090 50 sy 4 = 24,06 m/s

V1 0.187

(iii) Area at the exit
= 222 0 24.06 = 22222 =4, = 0.018887 cm?
2

0.498
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5. Air at a temperature of 20°C passes through a heat exchanger at a velocity of 40 m/s where
its temperature is raised to 820°C. It then enters a turbine with same velocity of 40 m/s and
expands till the temperature falls to 620°C. On leaving the turbine, the air is taken at a
velocity of 55 m/s to a nozzle where it expands until the temperature has fallen t0o510°C. If
the air flow rate is 2.5 kg/s, calculate :

(1) Rate of heat transfer to the air in the heat exchanger
(i) The power output from the turbine assuming no heat loss
(ili)  The velocity at exit from the nozzle, assuming no heat loss

@E@“"f;
GIVER: t;= 20°C, C1= 40 m/s, :
t,= 820°C, Co= 40 m/s «

t5=620°C, C3=55 m/s

t4=510°C, 1h = 2.5 kg/s
FIND : () Q (i) W, (iii) Cq
SOLUTION:

(i) Rate of heat transfer to the air in the heat exchanger

From steady flow energy Equation:

m(c—%+ﬂ+u+ vy)+Q _m(cg + 22 4wy 4 povy) + W
2000 ' 1000 17T P1V1 12 = 2000 ' 1000 2 T P2V2 1-2

Whel’e, Z1 = Zy, Cl = 0, CZ =0 ) WZO, h1 = Uuq + P11 and hz = Uy + DP2V2

(if) The power output from the turbine assuming no heat loss
2 . 2 .
m(c—2+&+u2 +p2172) +ng = m(&+ﬂ+u3 +p3v3) + W23

2000 1000 2000 1000

Whel’e, Zy) = 73, h2 = Uy + |SPAS) and h3 = Us + P3V3, Q =0

Wo3 = m [622_632 + (hy — hs)]=>W23 =m [CZZ_C; + Cp(t; — t3)]

2000 2000

Wy = 2.5 [2222 1 1,005(820 — 620) =D W = 504.3 kj/s = W = 504.3 kW

2000
(iii) The velocity at exit of the nozzle

(€] | ez ) : _-(CE 874 ) -
m(2000+1000+u3+p3v3 + Q3 =m 2000 T 1000 T U4 T PaVa + Wsy

Where, z3 = z,, Q=0, W=0, h3 =uz+pzvzand hy =uy + psv,

2 2 2 2
2=t —t) BT =-41.005(620 — 510) = C4 = 473.4m/s
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ADDITIONAL SOLVED PROBLEMS
1. A piston-cylinder assembly contains air (ideal gas with y=1.4) at 200 kPa and occupies a volume of

0.01 m®. The piston is attached to one end of a spring and the other end of the spring is fixed to a
wall. The force exerted by the spring on the piston is proportional to the decrease in the length of
the spring from its natural length. The ambient atmospheric pressure is 100 kPa. Now, the air in
the cylinder is heated till the volume is doubled and at this instant it is found that the pressure of

the air in the cylinder is 500 kPa. Calculate the work done by the gas. [NOV/DEC 2015]

SOLUTION:
We know that the force excrted by the spring on the piston is given by
Fe=KX=K L:VL'
Where K = spning constant

A = cross~sectional area of piston

V, = Volume of air if the spring is at its natural length,
that is the spring is neither compressed nor
clongated.

V= Volume of air if the spring is compressed by a
distance X,

o R

Fv 200 B
S—
A [

00\ Ve o002
(a) )

Fig.E 1.44 (a) Skeich for Example 1.44.
(b) P-v diagram in which shaded area represents the work done.

Force acting on the piston duc to ambient atmasphere is given by
F,=P A
Force balance on the piston when the air volume is V is given by

TV
maﬂ'A#’———A(‘ ‘0)
A
or P=E.+A—'i(\'—t;,) iA)

Force balance on the piston in the initial state gives

L 1)
PA=P,A+K (liT‘ﬁ) (8)
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Force balance on the piston in the final stale gives

_ V-,
F:A—P"A+K{ n ] (C)

The work done by the air is given by
W= [ Fdve=[ PAd X = [Pdv

2 K K
-!'{;:‘ .,..ﬁ.:.{v-vu}dv_ PHWI—V.HH: {{V: -V - -Vu]z]

) K

= PV =¥+ {0V = Vo) 4 (V= Vo) {(V; = Vo) = (4 - v}
K

=RV = Vs ( + V= 2) (=)

2

K
={Pu+*iFU"z % —E%F}Wz"’il‘

(D)
Fmrr; Eqns. (B) and (C), we get
PB+P K
"I_z—"=ﬂ,“'-2'ﬂ—1(v3+v|—1vn] (E)

" Substituting Eqn.(E) in Eqn. (D), we obtain

w:':—‘“l—?’—‘l’w_,.-m

_ (200x 10" +500% 10*)
2

The shaded area of the trapezium ABCD in Fig.E 1.44 (b) represents the

work done by air. It can be observed that the area of the trapezium ABCD is
given by

x(0.02-0.01)=35kJ

5’“‘—?’13{?:-%)

2. Aninsulated rigid tank having 5 kg of air at 3 atm and 30°C is connected to an air supply line at 8
atm and 50°C through a valve. The valve is now slowly opened to allow the air from the supply line
to flow into the tank until the tank pressure reaches 8 atm, and then the valve is closed. Determine
the final temperature of the air in the tank. Also, find the amount of air added to the tank.

SOLUTION: [NOV/DEC 2015]

e boundary of the control volume is indicated by dashed lines in the figure below. This is not
a steady-Now process since the state of the control volume changes during the process.

Py= 8 atm

——————
T, = S0°G Al

E Py =8 alm
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The inlet conditions of the air during the process remain constant, and the state within the
control volume may be assumed to be changing uniformly since the flow into the tank is let in
slowly. Therefore, the flow process can be treated as a uniform-flow process. Let the subscripts
I and 2 refer to the initial and final stmates of the process in the tank and the subscript § to the
state of air at the inlet of the tank. For the present control velume with a single inlet, the mass
conservalion cqualion gives

my = (s = my)ey

The tank is insulated and no work is involved. Therefore, 0 = 0 and W = 03‘:505'-‘?“
conscervation of energy Lq. (3.27) for this case reduces to -

mby = (myuey = myuy ey

For air, being an ideal gas, u; = 1}, w, = C.T; and h, = CpT,. Thercfore,

mi 0= C,(m,T, - m,T.)
But m; = my - m,. Thus,

(my = my)CpT; = CmyTy = myT,)

By state equation we have PV = R/, Therefore,

T,
or
g 1| C
31!_ ’7;'(!- "7l'7;)
or
8T, 8 C
- — i fial=w -l
[Jﬁ r,( 1)r, [7<‘]
or Y
8 303.15 8 303.15 1
- =] o=l ]| S, v yml].
17T (3 J323.151. Ra B
1.117
Therefore,
/.= | 38186 K
o
me 830315 oo
m, 3 381.86
Therefore,

m.=2.117x5=10.585 kg

The mass of the air added Am = m. - m, = 10.585 - § =
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Moic that the final temperature of the air in the tank is more than the supply line temperature.
This is due to the fact that the cnthalpy b = w + Pv contains the flow encrgy Pv, and this flow
encrpgy is converted to sensible mteinal energy once the flow comes 1o rest in the conirol
volume and this is reflected as increase in lemperature.

3. A vessel of constant volume 0.3 m?® contains air at 1.5 bar and is connected via a valve, to a large
main carrying air at a temperature of 38°C and high pressure. The valve is opened allowing air to
enter the vessel and raising the pressure therein to 7.5 bar. Assuming the vessel and valve to be

thermally insulated, find the mass of air entering the vessel. [APR/MAY 2015]

Pi = L5 'bm = VS0 e Po
'P‘? 2 VS ‘oper = 5o ¥y

Vg \L}: D3 e
Ty o 22 %213 .2 311 %
To e ¥

W G e toge o Tonn Blia o

3

o

W
- |3
i :‘::
L

‘x

v
&

Q- fy s - raw) & =M #m;‘ﬁih“ﬁ::

F’\auﬂ .-'md.lt — lg"'“d .*m"’}i_h_;'}
; ™y
YR ™
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4. Prove that energy is a property of a system.
Property is characteristic nature of substance (system) expressed in terms of some numerical
values followed by some unit. During process, properties get changed.

Energy can be classified as stored energy and transit energy. Stored energy (internal energy)
IS a property. Heat and work are transit energies
We can prove that energy is a property - by first law of TD. As per law, on completion of a cycle the
net change in property value should be zero. (X @)cycie = EW)eycte OF (X AU)cyce =0
by applying 1st law of TD to the processes A, B and C which are carried out between the
states 1&2
(EW)eyete = (BQ) eyets

Wi+ Wg=04+0Q5

Qa—Wy=Ws—0Q5 4

AE, = —AEg

" .ﬂlaEB = .&Ef_—

\
/ > V
AE, = —AE.

Internal energy is not a path function. It is a point function. So, it is proved that energy is

property
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5. A rigid tank containing 0.4 m® of air at 400 kPa and 30°C is connected by a valve to a piston
cylinder device with zero clearance. The mass of the piston is such that a pressure of 200kPa is
required to raise the piston. The valve is opened slightly and air is allowed to flow into the cylinder
until the pressure of the tank drops to 200 kPa. During this process, heat is exchanged with the

surrounding such that the entire air remains at 30°C at all times. Determine the heat transfer for

this process. [NOV/DEC 2010]

Ans: Given data;
Volume, V,=0.4n"
Pressure, py=400kPa
Temperature, T, =30°C
Pressure, p,=200kPa.

Solution: )

The rigid tank is considered to be a closed system. Therefore, the change in interval
encrgy due to cosntant temperature throughout the process is zero.
As per the ﬁmllaworﬂ'nfmod}mnica,
Q=W+aAU
Forclosed system, AU =0
Q=W
The pressure volume relation is given by:
PV =pV,
PV,
P2
= 400x0.4
200
Work done at the boundries,

W=pa(V2=V})
W=200(08-04)=80kJ
We know that the heat transfer of surrounding,
Q=W
Q=80kJ.

V1=

.V, 0.8m°
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Limitations of First law of Thermodynamics.

First law does not indicate whether a process is possible or not. It does not give any information

regarding the extent of conversion of heat into work.

PMM1

An imaginary machine which supplies work continuously without any other form of energy input

is Perpetual Motion Machine of First kind (PMML1).

Perpetual motion machine of the second kind

Perpetual motion machine of second kind draws heat continuously from single reservoir and

converts it into equivalent amount of work. Thus it gives 100% efficiency

Causes of Irreversibility

Lack of equilibrium during the process (ex: Heat transfer through a finite temperature difference)

Involvement of dissipative effects. (ex: Free Expansion)

Kelvin Planck’s statement of Second Law:

% It is impossible to construct a device operating in cycle to produce net work while
exchanging heat with single reservoir or reservoirs at single fixed temperature.

% It is implied from this statement that a heat engine cannot convert all the heat
supplied to it into work. It has to necessarily reject heat.

% In other words, a heat engine cannot have zero heat rejection or 100% efficiency.

Source, Ty

Qg

HE —» W

Figure 1 A heat engine which violates Kelvin-Planck’s
statement of II law (PMM?2*)

Clausius” statement of Second Law:

It is impossible to construct a device operating in cycle to transfer heat from a lower temperature
region to higher temperature without any external aid.

It is implied from this statement that a refrigerator or heat pump cannot function

without work input.
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Equivalence of Kelvin-Planck’s and Clausius’ Statements of II Law:

Both Kelvin-Planck’s and Clausius” Statements of Il Law are equivalent. This can not
be directly proved. However, it can be shown that violation of either statement leads
to the violation of other statement.

Violation of KP Statement leading to violation of Clausius’ statement:

Consider a heat engine converting all the heat supplied to it into work as shown in

Figure 2. This is in violation of KP statement.

Source, Ty

Qi
.

Figure 2

Now, it is possible to operate a heat pump with the work output Whpet , from the heat

engine without violating any statement of II law, as shown in Figure 3.

Source. T

Note:
= Q1 =Wha=
Sink.
i Qr=QrtQ
Figure3

If the heat engine and heat pump are combined as a single system, the combined system

transfers heat Q. from sink to source without external work input as shown in Figure 4.

‘ Source. Ty |

Q2 \\\
-0\
~> Note:
Q: -Q =Q
Q
I Sink, T, I
Figure4

This is in violation of Clausius’ statement of second law of thermodynamics.
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Violation of Clausius’ statement leading to violation of KP Statement:

Consider a heat pump transferring heat Qi from a sink at T> to a source at T1 without
any external work input as shown in Figure 5. This is in violation of Clausius’ statement

of second law of thermodynamics.

| Source. T3 |

Q1

Q1

| Sink. T> |

Figures
Now, it is possible to operate a heat engine between the source at T1 and the sink at T>
without violating any statement of II law, as shown in Figure 6. Let the heat engine take

heat Q; from the source.

| Sink. T> l

Figure 6

The heat engine and heat pump together constitute a single system, which acts as a heat
engine as shown in Figure 7. As the heat transfer from the heat pump and heat transfer

to the engine are of same the hot reservoir can be eliminated.

Qi

9 G—IE) _\ivm=Q1—Q2

Qi Q2

r

(=0

Sink, T

Figure7

Now the combined system takes heat (Q1 - Q2) from the reservoir at T> (Now source)
and converts it into work while exchanging with a single reservoir. This is in violation

of Kelvin-Planck’s statement of II law.



ME 8391- Engineering Thermodynamics Mechanical Engineering 2018-2019
Carnot Theorem:
“Of all heat engines working between the same temperature levels, none has

greater efficiency than a reversible engine.”

Proof:

This cannot be directly proved. However, it can be shown that violation of
Carnot theorem leads to the violation of second law of thermodynamics.
Consider two heat engines “A” and ‘B” operating between the same source and
sink as shown in Figure 8. Let engine “A” be reversible and ‘B’ irreversible. Let the

heat supplied to both the engines be equal. i.e. Q1A = Q18

Source, Ty
Qia Qie
Wa ° We
Qza l Qze
Sink. T2
Figure 8

According to Carnot theorem, engine B, which is irreversible cannot have greater
efficiency than engine A, which is reversible.

Let us assume that engine B is more efficient*.

ie. B>a

Therefore Wg > Wa

Let engine “A’ be reversed as shown in Figure 9. Now the directions of Q1a , Q2a
and Wa are reversed. As Wg > Wa , Engine ‘B’ can supply work Wa to the
reversed engine ‘A’ (which now acts as a refrigerator/heat pump) and there is a

net work out put of (Wp - Wa). As Qia = Qip, the source can be eliminated.

Qia Qie

™\ Wa Wg
Dm0

3 (Wg-Wyu)
l Qas

Qaa

Sink, T

Figure9

St.Joseph’s College of Engineering/ St.Joseph’s Institute of Technology
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The heat engine ‘B’ and reversed heat engine ‘A’ together constitute a system
which produces net work out put exchanging heat with a single reservoir at Ta.
This is in violation of Kelvin-Planck’s statement of second law of
thermodynamics.

Hence the assumption that > a is wrong. Therefore, A > s.

Corollary of Carnot Theorem:

The efficiency of all reversible engines working between the same temperature
levels is the same.

Proof:

Consider two reversible heat engines “A” and ‘B’ operating between the same
source and sink as shown in Figure 10. Let the heat supplied to both the engines

be equal. i.e. Q1a = Qip

Source, Ty

Sink. T,

Figure 10

According to Carnot theorem, both the engines have same efficiency.

Let us assume that engine B is more efficient*.

i.e. B> 4, Therefore W > Wa

Let engine “A” be reversed as shown in Figure 11. Now the directions of Q1a , Q2a
and Wa are reversed.

As Wp > Wa , Engine ‘B” can supply work Wa to the reversed engine “A” (which
now acts as a refrigerator/heat pump) and there is a net work output of (Ws -
Wa).

As Q1a = QiB, the source can be eliminated.

St.Joseph’s College of Engineering/ St.Joseph’s Institute of Technology
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Qia Qe

Wa Wg
- B

(W —Wa)
l Q 3

Q2a

Sink. T>

Figurell

The reversible heat engine ‘B” and reversed heat engine ‘A’ together constitute a
system which produces net work out put exchanging heat with a single reservoir
at To. This is in violation of Kelvin-Planck’s statement of second law of
thermodynamics.

Hence the assumption that s> a is wrong.

Now, let us assume that engine A is more efficient”.
ie. A> B

Therefore Wa > W5

Let engine ‘B’ be reversed as shown in Figure 12. Now the directions of Q1p , Q25
and Wpg are reversed. As Wa > Wg , Engine ‘A’ can supply work Wp to the
reversed engine ‘B’ (which now acts as a refrigerator/heat pump) and there is a

net work out put of (Wa - Wg). As Q1a = Qip, the source can be eliminated.

Qia Qie
Wa W
( Wa —Wg)
Q2a Q:ze
Sink. T>
Figurel?2

The reversible heat engine ‘A" and reversed heat engine ‘B’ together constitute a
system which produces net work out put exchanging heat with a single reservoir
at T2. This is in violation of Kelvin-Planck’s statement of second law of

thermodynamics.
Hence the assumption that o> pis wrong. Therefore, A = .

St.Joseph’s College of Engineering/ St.Joseph’s Institute of Technology
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HEAT ENGINE HEAT PUMP REFRIGERATOR H.E CONNECTED IN H.E OPERATES H.P H.E OPERATES REFRIG.
SERIES
SOURCE R(:SZM ATM((]:;I’HERE SOURCE AT:}I{?SPHERE ATS[?SPHERE
T1 HIG(H T)EMA HlGl(‘l llle. T Hl(GI[ :![EM. l[[EGIl)TE,\l.

RESERVOIR
T,

RESERVOIR

RESERVOIR
Ty

RESERVOIR

Wyp1 = Qs —@Q

INREMEDIATE
TEMPERATURE

T,

SOURCE
T

RESERVOIR
T;

RESERVOIR

SOURCE
L]

Wyer = Wyp — Wyp
Q:

Q4

(OR)
LOW TEM.
RESERVOIR

(OR)
LOW TEM.
RESERVOIR

Work output
Whg = Q1 — Q2 (Or) nx Q
Heat Supplied to engine
Q= Wy +Q
Heat Rejected from engine
Q2 = Q1 — Wyg
Efficiency

Wee_, Q

Q1 Q1

For Reversible Heat
Engine (Or) Carnot

Engine :
Efficiency
T,
Heat Rejected from engine
Q_T
U T

Work input

Wap = Q1 — Q2 (Or) (:%_1P
Heat Supplied to room
Q= Wyp+Q:

Heat obserbed from atm
Q2 = Q1 —Wyp

Coefficient of perfom.

Q&
Whp Q1 — Q2

COPHP =

Reversible H.P (Or)

Carnot H.P :
Efficiency
T -T,

n

Heat observed from atm.

Work input

Wrer = Q; — Q3 (Or) C%_ZP

Heat delivered to atm

Q1 = Wger + Q2

Heat Rejected from room
Q2 = Q; — Wrer

For Actual Refrigerator:

Coefficient of perfom.

_ Q; _ Q;
Wrer Q1 — Q2
Reversible (Or) Carnot

refrigerator :
Efficiency

Tz

COPrgp = ——
REF = 7

Heat Rejected from room

To find Intermediate

Temperature

Equal power output:

Whe1r = Wiz

Nuer X Q1 = NMuez X Q

T, + T,
T=—_=
2

Same Efficiency:

Nue1 = MNHE2

T T,
1-—=1--2

T, T
T=1[T1XT2

Reversible Heat Engine:
Efficiency

Work output

Whe =Q; —Q; (Or) nx Q
Heat Supplied to engine

Q= Wy +Q;

Heat Rejected from engine

T,
Q2 =Q; —Wye (OR)Qq X T
1

Heat Pump:
Coefficient of perfom.

Q3 _ T3
Wip T3-T,
Work input

Whp = Q3 — Q4 (Or) CQTgP

Heat Supplied to room

Qs = Wyp+Q,
Heat observed from atm

Qs = Q3 — Wyp
T,
Qs = Qs XT_3

COPHP =

Reversible Heat Engine:
Efficiency

Work output

Wiye = Q; —Q; (Or) nx Q
Heat Supplied to engine
Q= Wy +Q

Heat Rejected from engine

T,
Q2 =Q; —Wye (OR)Qq X T

1

Refrigeration:
Coefficient of perfom.

Q4 T,
COPrgr =
KT Wegr ™ Ty =T,
Work input
Q4
Wrer = - Or) —
RerF = Q3 — Q4 (Or) coP
Heat Delivered to atm
Qs = Wger + Qs
Heat Rejected from room
Q4 = Q3 — Wgrer
T,
= X —
Q=0 xg

St.Joseph's College of Engineering/ St.Joseph's Institute of Technology
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Problems on Heat Engine, Heat Pump and Refrigerator:

1. A cyclic heat engine operates between a source temperature of 1000°C and a sink temperature of 40°C.

what is the least rate of heat rejection per kW net output of the engine?

Given:
T,=1000°C+273=1273K, T,=40°C+273=313K, T S:DLEFZ: K
Find: (i) Rate of heat rejection per kW |
Solution: YQ,
For a reversible heat engine, the rate of heat rejection will |
- W=0,-Q,=1kW
be minimum HE —» '
T 313
Nmax = 1 — _2=> Nmax = 1 — 1273=>nmax =754% |
TQ,
w w 2
Mmax = —g-- = Q1 = jﬁ—o7s4w> Q; = 1.33 kW |
The Rate of heat rejection: Sink
T,=313K
Q, =Q1 — Wyg => Q2=1.33—1=>Q2=0.33kw 2

2. Two reversible heat engines A and B are arranged in series, A rejecting heat directly to B. Engine A
receives 200 kJ at a temperature of 421°C from a hot source, while engine B is in communication with a
cold sink at a temperature of 4.4°C. If the work output of A is twice that of B, find (a) The intermediate
temperature between A and B, (b) The efficiency of each engine (c) The heat rejected to the cold sink

Given:
T,=421°C+273=694K, T3=4.4°C+273=277.4K, Q; = 200K]
Find: (i) Rate of heat rejection per kW

694 K

Solution:

(a) The intermediate temperature between A and B

As the work output of A is twice that of B

Wi = 2W, => Q1 —Q2=2(Q2—Qa) =>T1_T=2(T_T3)

694 —T =2 (T—2774)5 694 —T = 2T —554.8) = T, = 416.27K
(b) The efficiency of each engine

m=1-— =0 =1-220 5n=40.02%
1

694

nz=1-22 Bpm,=1--"0 5 n, =33.36%

(c) The heat rejected to the cold sink
CEE QXU S Q=X 200 5 Qs =79.94K]

4. Two Carnot engines A and B are connected in series between two thermal reservoirs maintained at 1000
K and 100 K respectively. Engine A receives 1680 kJ of heat from the high-temperature reservoir and
rejects heat to the Carnot engine B. Engine B takes in heat rejected by engine A and rejects heat to the
low-temperature reservoir. If engines A and B have equal thermal efficiencies, determine (a) The heat
rejected by engine B , (b) The temperature at which heat is rejected by engine, A (c) The work done
during the process by engines, A and B respectively. If engines A and B deliver equal work, determine,

(d) The amount of heat taken in by engine B, (e) The efficiencies of engines A and B

St.Joseph's College of Engineering/ St.Joseph's Institute of Technology 9
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Given:

T,=1000K, T5=100K, Q; = 1680K]

Find: (2) Q3 () T () Wa, W (d) Tif Wy = Wg (€) 11, M2
Solution:

Engines A and B have equal thermal efficiencies:

(a) The heat rejected by engine B
Q3:T3 =>Q3—_XQ1 = Q3 =

(b) The temperature at which heat is rejected by engine, A

M =Nz = 1—T1: -2 = L 100:> T =316.3K
1

T 1000

— 199 + 1680 = Q; = 168K]

As the work output of A is twice that of B

(c) The work done during the process by engines, A and B

C=T L= X0 = Q= 322X 1680 = Q, = 531.26K)
wA = Q1 —Q, =W, =1680—531.26 =W, = 1148.74K]
Wg=Q,—Qs E>Wy=531.26—168 = W; = 363.26K]

Engines A and B deliver equal work:
(d) The amount of heat taken in by engine B

_ T1+T, _1000+100 _
T=-22pT=—"— 5 T=550K
T 550
m=l-r &0 =1-10 5 1 =45%

np=1-2 pn,=1-32 =, =8182%

5. A heat engine is used to drive a heat pump. The heat transfers from the heat engine and from the heat
pump are used to heat the water circulating through the radiators of a building. The efficiency of the
heat engine is 27% and the COP of the heat pump is 4. Evaluate the ratio of the heat transfer to the
circulating water to the heat transfer to the heat engine.

Given: mn; =27%,COP=4

Find: (i) The ratio of the heat transfer
Solution:

The Heat Engine:

n1=1——=>027—1 QZI:} %:0.73@} Q, = 0.73Q,
1

Ny = % = 0.27 = "‘é‘iﬁ = Wy = 0.27Q,

The Heat Pump:

_ _Q - QU = =
COPyp = B 4= B9 Q, = 4Wyp & Q4 = 1.08Q; P -
Heat transfer to the circulating water: Qs
Q, +Q, =p 0.73Q; = 1.08Q; =) Q; + Q4 = 1.81Q, T

The heat transfer to the circulating water
= g = =1.81

The heat transfer to the heat engine

St.Joseph's College of Engineering/ St.Joseph's Institute of Technology 10
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6. A heat pump is run by a reversible heat engine operating between reservoirs at 800°C and 50°C. The
heat pump working on Carnot cycle picks up 15 kW heat from reservoir at 10°C and delivers it to a
reservoir at 50°C. The reversible engine also runs a machine that needs 25 kW. Determine the heat
received from highest temperature reservoir and heat rejected to reservoir at 50°C.

Given:
T,=1073K, T,= T4=323K, T53=283K, Q3 = 15kW
Find: (a) Q; (b) Q2 + Q4

g00°C 10°C

Solution:
Heat Pump:
COPyp = = o =pCOPyp = 8.075
Q
COPyp = 5 L = 5. s 8.075Q, — 121.13 = Q,

= Q, = 17.12kW
Whp = Q4 — Q3 = Wyp = 17.12 — 15 £ Wyp = 2. 12kW
Heat Engine: .
Wyg = Wyp + 25 = Wyg = 2.12 + 25 Wy = 27. 12kKW

T 323
nHEzl_T_j = My = 1 ~ o073 = Nug = 69.9%

Ny = % = 0.699 = ?:} Q; = 38.8kW
1 1

Wyg = Q; — Q, = 27.12 = 38.8 — Q, =5 Q; = 11.68KkW
Heat rejected to reservoir at 50 °C

=Q,+Q, = =11.68+17.12 = Q; + Q4 = 28.8kKW

7. A heat pump working on the Carnot cycle takes in heat from a reservoir at 5°C and delivers heat to a
reservoir at 60°C. The heat pump is driven by a reversible heat engine which takes in heat from a
reservoir at 840°C and rejects heat to a reservoir at 60°C. The reversible heat engine also drives a
machine that absorbs 30 kW. If the heat pump extracts 17 kJ/s from the 5°C reservoir, determine (a)
The rate of heat supply from the 840°C source (b) The rate of heat rejection to the 60°C sink.

Given:
T,:=1113K, T,=T4-333K, T3=278K, Q; = 17kW
Find: (a) Q; (b) Q2 + Q4

Solution:

Heat Pump:

COPyp = = s =) COPyp = 6.055

COPyp = 5 4Q = Q—‘*lp 6.055Q, — 102.94 = Q5 Q, = 20.36kW 333K
4= 4=

Wip = Qu — Q3= Wyp =20.36 — 175>  Wyp = 3.36kW

St.Joseph's College of Engineering/ St.Joseph's Institute of Technology 11
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Heat Engine:
WHE = WHP + 30 ¢ WHE = 336 + 30¢ WHE = 3336kW

Tz = nup = 70.08%

333
11HE=1—T_1 = Mue =1

T 1113

_ Whg _ 3336
n = = 0.708 o

Wye = Q; — Q; =5 33.36 =47.12 - Q,=» Q; = 13.76kW
Heat rejected to reservoir at 60 °C
=Q,+Qy = =13.76+20.36=) Q, + Q4 = 34.12KW
8. An ice-making plant produces ice at atmospheric pressure and at 0°C from water. The mean

=) Q; = 47.12kW

temperature of the cooling water circulating through the condenser of the refrigerating machine is
18°C. Evaluate the minimum electrical work in kWh required to produce 1 tonne of ice (The enthalpy of
fusion of ice at atmospheric pressure is 333.5 kJ/kg).

Given:

T,=273K, T,= 291K, Q, = 333.5 x 1000

Find: (a) Whin

Solution:

COP,.y = % £ COPiax = 5o £ COPygy = 15.2
COP,iy = wzm = 152 = %{:335 EP Wi, = 21.989M]

9. A heat pump is to be used to heat a house in winter and then reversed to cool the house in summer. The
interior temperature is to be maintained at 20°C. Heat transfer through the walls and roof is estimated
to be 0.525 kJ/s per degree temperature difference between the inside and outside. (a) If the outside
temperature in winter is 5°C, what is the minimum power required to drive the heat pump? (b) If the
power output is the same as in part (a), what is the maximum outer temperature for which the inside
can be maintained at 20°C?

Given: T,=293K, g=0.525kJ/s°C

Find: (a) Wpin for heat pump if outside temperature in winter is 5°C

(b) The maximum outer temperature for which the inside can be
maintained at 20°C (if power output is same for part a &b)
Solution:
Heat pump:
Estimated Heat Rate: Q = q X (T, — T,) 5 Q = 0.525 X (20 — 5)5Q = 7.875Kk]/s Winter

T 293
COPHP = ?1'1‘1 #COPHp = 293-278 ¢ COPHP =19. 53 T

COPyp = o = 19.53 =~ & Wi, = 403W

min

Refrigerator:

Heat Rate: Q; = q X (T —T;) & Q; = 0.525 x (T — 293) A
T 293 Ql
COPHP - T—1T1 => COPHp - T-293 293
293 0.525%(T—293
COPyp = W:in =>T—293 = o%ios : = T=308K

St.Joseph's College of Engineering/ St.Joseph's Institute of Technology 12
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10.A reversible heat engine operates between two reservoirs at temperatures 700°C and 50°C. The engine
drives a reversible refrigerator which operates between reservoirs at temperatures of 50°C and — 25°C.
The heat transfer to the engine is 2500 kJ and the net work output of the combined engine refrigerator
plant is 400 kJ.(i) Determine the heat transfer to the refrigerant and the net heat transfer to the
reservoir at 50°C (ii) Reconsider (i) given that the efficiency of the heat engine and the C.O.P. of the

refrigerator are each 45 per cent of their maximum possible values.

Given: T, =873 K T,=248K
T1:973K, T2: T4:323K, T3:248K, Q1 = 25001(]

. M yQ,
Find: (2) Q1 (b) Qz + Q4 -

W, W, |
Solution: HE | 3
Heat Engine: 1% o tREQW,
_1_T2 _q 323 _
Nue = 1 T, = Myg = 1 973 £ Mg = 66.8% —
My = 2HE £ 0,668 = i = Wy = 1670Kk]
Q. 2500

Refrigerator:
Wig = W + W,ofEP 1670 = 400 + Wyor = W,or = 1270K]

COProf = —2— £ COPpor = —2— [ COP,er = 3.306

T,-Ts 323-248
COPrer = = 53306 = 2% = Q4 =4198.6k]

Wrer = Q3 — Q,E1270 = Q5 — 4198.6 = Q; = 5468.6K]
Heat rejected to reservoir at 50 °C

=Q,+Q; = =830+54686 > Q,+Q; = 62986K]
If the efficiency of the actual heat engine and COP is 45%

NuE = 45% X Nmax = NMue = 0.45 X 0.668 = Ny = 30%

w w
m =Q—H1E:>o_3 = =) Wy = 750K]

Refrigerator:
Whg = W+ W, = 750 = 400 + W, = Weor = 350K]

COPer = 3.306 x 0.45 =) COP,; = 1.48
Q Q

COPper = W—‘*f = 148 = = Q,=518K]

Wier = Q3 — Q4 5350 = Q3 — 518 = Q; = 868kJ

Heat rejected to reservoir at 50 °C
=Q,+Q; =» =1750+868 =y Q,+ Q3 =2618K]

St.Joseph's College of Engineering/ St.Joseph's Institute of Technology 13
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11.A reversible heat engine operates between two reservoirs at 827°C and 27°C. Engine drives a Carnot
refrigerator maintaining —13°C and rejecting heat to reservoir at 27°C. Heat input to the engine is 2000
kJ and the net work available is 300 kJ. How much heat is transferred to refrigerant and total heat
rejected to reservoir at 27°C.

Given: T;=827°C, T,= T,=27°C, T3;=-13°C, Q; = 2000K]
Find: () Q4 (b)) Q2 + Q4

Solution:
Heat Engine:
Ql =h ¢ Q, =2 = % X 2000 = Q= 545.45K] "
WHE —Q, - Q, ¢ Wi = 2000 — 545.45 = Wyg = 1454.55K]
Refrigerator:
Wye = W + wref = 1454.55 = 300 + Wy = Wyer = 1154.55K] @ Q
300 kJ

ref = ref = 300—_260 ref 7°C T2 Low temperature ‘
COPyer = l:b 65 = Torms = =750458 o
Wier = Q4 — Q3 EM154.55 = Q, — 7504.58 D Q =8659.13K

Heat rejected to reservoir
=Q,+Q, B =54545+8659.13 = Q, + Q4 = 9204.58K]
12.(a) A reversible heat pump is used to maintain a temperature of 0°C in a refrigerator when it rejects the
heat to the surroundings at 25°C. If the heat removal rate from the refrigerator is 1440 kJ/min,
determine the C.O.P. of the machine and work input required.

Given:

T,=25°C+273=298K,T,=0°C+273=273K,

Q; = 1440KJ/min= 24kJ/s

Find: (a) COP & WypFind: (a) Q4 (b) Q, + Q4
Solution:

COPHP = ¢ COPHP =11.92

298 273

COPyp = v’v%p = 11.92 = pr = Wyp = 2.2kW

Wip=Q,— Q15 22=Q,-24 = Q,=26.2k]/s
(b) If the required input to run the pump is developed by a reversible engine which receives heat at

380°C and rejects heat to atmosphere, then determine the overall C.O.P. of the system.

Heat Engine: Wyg = Wyp

Source Source

as0ec 0eC
% _ E Q4+Wyg — T3 Qu+2.2 — g —
Q T4 :> Qs Ty Qs 298 => Qs = 1.847kJ/s a, g,
Wye = Qs — Q, B 2.2 = Qs — 1.847 59 Q; = 4.047K]/s E -y
Heat Pump o o
== & = —24 = Sink (Atmosphere!
COPyp = 2 = COPyp=—>— = COPyp =5.98 P —

The overall COP

_ Q2+Qq _26.24+1.847 _
= D= 22V 5 =698

St.Joseph's College of Engineering/ St.Joseph's Institute of Technology 14
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13.An ice plant working on a reversed Carnot cycle heat pump produces 15 tonnes of ice per day. The ice is

formed from water at 0°C and the formed ice is maintained at 0°C. The heat is rejected to the

atmosphere at 25°C. The heat pump used to run the ice plant is coupled to a Carnot engine which
absorbs heat from a source which is maintained at 220°C by burning liquid fuel of 44500 kJ/kg calorific

value and rejects the heat to the atmosphere. Determine :(i) Power developed by the engine (ii) Fuel

consumed per hour.Take enthalpy of fusion of ice = 334.5 kJ/kg.
Given: T;=493K, T,=T5-298K, T,=273K,

Find: (a) W (b) Fuel consumed per hour

Solution:

Heat Pump:
=) COPyp = 11.92

COPyp = = 298-273

15X1000%334.5
Q= %ﬁ Q4 = 58.07 kJ/s

COPyp = 5807-}11 92Q; — 692.23 = Q4

= Q; = 63.39 kJ/s
WHP = Q3 - Q4 ¢ WHP = 63.39 — 58.07 ¢WHP = 5.32kW
Heat Engine:

¢ T]HE = 1 —@ QTIHE = 39.55%

T
—1-1
"HE T, 493

Ny = % = 0.3955 = 232 ~ £ Q1 = 13.45kW
1

Q; = 13.45 x 60 X 60 ::} Q; = 48168 KkJ/hr
Quantity of fuel consumed/hour

__ Heat Supplied to engine __ 48168 _
= o = = 1,00 = = 1.082kg/h

14.Explain Carnot cycle with neat sketches.

» Any fluid may be used to operate the Carnot
Heat source

cycle which is performed in an engine cylinder / atT,
¥

the head of which is supposed alternatively to be

perfect conductor or a perfect insulator of a heat.
> Heat is caused to flow into the cylinder by the

application of high temperature energy source to

the cylinder head during expansion, and to flow

from the cylinder by the application of a lower A

temperature energy source to the head during \Sink at T.
compression.

F Y
L& Isocthermal P q
expansion

Adlabatic
expansion

Adiabatic
Adizbatic
expansien

Isethermal 3 lsothermal
compression axpansion

(220 + 273) (25 +273)
=493 K =208 K
¥ D:' Y D%
Heat N Heat
engine W pump
T Qﬂ ry GH
(25 + 273) (0+273)
=298 K =273K
Cylinder
¢
i
F 3
B
Piston

Isothermal
compression

Adiabatic
compression
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The assumptions made for describing the working of the Carnot engine are as follows:
i. The piston moving in a cylinder does not develop any friction during motion.
ii. The walls of piston and cylinder are considered as perfect insulators of heat.
iii. The cylinder head is so arranged that it can be a perfect heat conductor or perfect heat insulator.
iv. The transfer of heat does not affect the temperature of source or sink.
v. Working medium is a perfect gas and has constant specific heat.
vi. Compression and expansion are reversible.
Following are the four stages of Carnot cycle :
Process 1-2: Hot energy source is applied. Heat Q is taken in whilst the fluid expands isothermally and
reversibly at constant high temperature T;.
Process 2-3: The cylinder becomes a perfect insulator so that no heat flow takes place. The fluid expands
adiabatically and reversibly whilst temperature falls from T, to T.
Process 3-4: Cold energy source is applied. Heat Q, flows from the fluid whilst it is compressed
isothermally and reversibly at constant lower temperature T».
Process 4-1: Cylinder head becomes a perfect insulator so that no heat flow occurs. The compression is
continued adiabatically and reversibly during which temperature is raised from T, to T.
The work delivered from the system during the cycle is represented by the enclosed area of the cycle. Again
for a closed cycle, according to first law of the thermodynamics the work obtained is equal to the difference
between the heat supplied by the source (Q;) and the heat rejected to the sink (Q5).

~W=Q:1-Q;
- _ Work done _QuQQ_ ., T
Also, thermal EffICIenCy’ Nth = Heat supplied by the source ~ Q; 1 Ty

Such an engine since it consists entirely of reversible processes, can operate in the reverse direction so that it
follows the cycle shown in Fig and operates as a heat pump. Q. is being taken in at the lower temperature T,
during the isothermal expansion (process 4-3) and heat Q; is being rejected at the upper temperature T,
(process 2-1). Work W will be needed to drive the pump. Again, the enclosed area represents this work which
is exactly equal to that flowing from it when used as engine.

The Carnot cycle cannot be performed in practice because of the following reasons :

1. It is impossible to perform a frictionless process.

2. It is impossible to transfer the heat without temperature potential.

3. Isothermal process can be achieved only if the piston moves very slowly to allow heat transfer so that the
temperature remains constant. Adiabatic process can be achieved only if the piston moves as fast as possible
so that the heat transfer is negligible due to very short time available. The isothermal and adiabatic processes
take place during the same stroke therefore the piston has to move very slowly for part of the stroke and it has
to move very fast during remaining stroke. This variation of motion of the piston during the same stroke is not

possible.
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ENTROPY:
Change in entropy (52-51) is:
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> sign holds good for irreversible process and = sign for reversible process.

Principle of increase of entropy

Asuniverse >

The change in entropy of a thermodynamic universe (system and surroundings) is always

positive.
Change in Entropy :
Process Equation follows Change In Entropy
Tz
Constant Volume (V=C) AS = mC, In <_>
Ty
Constant Pressure (p=C) AS = mCp In <E>
Ty
Isothermal V.
sotherma (pV=C) AS = mRIn <V_>
1
Adiabatic Process (pVY = C) AS =0
: Ty
Polytropic Process (pV™ = C) AS = mC, In <T_1)

Entropy for all process can also be calculated by:

AS = mC, In (%) + mR1In (%),

1

AS = c1(T2) R1 (PZ)
=mCpln{= mRIn{2=],

1 1

\Z P,
AS = me In (V_l) + mCV In (P_l)

For Ideal Gas (Air):

Specific Heat ‘Cp,”> =1.005 kJ/kg.K, ‘C,” =0.718 kl/kg.K

For Water :

Specific Heat ‘Cp,” =4.186 kl/kg.K,
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1. Air at 20°C and 1.05 bar occupies 0.025 m®. The air is heated at constant volume until the pressure is 4.5

bar, and then cooled at constant pressure back to original temperature.

Calculate :(i) The net heat flow from the air.(ii) The net entropy change.

Given: TiK) 4
Temperature, Ty =20 + 273 =293 K

Volume,  Vi=V;3=0.025m’

Pressure, p1 = 1.05 bar = 1.05 x 10° N/m? Zomik
Pressure, P2 = 4.5 bar = 4.5 x 10°> N/m?,

Find: (i) Net heat flow (ii) Net entropy change

Solution:”
The mass of gas :

A =) _ (1.05x10%) x0.025 E==p _

Process1-2:Constant VVolume Process
P 4.5
At %: C=p piT,=p,TI=) T, =P—i><T1 = =% 293 =) T, = 1255.7K

Q12 = mCy(T, — Ty)=p Qq2 = 0.0312 X 0.718(1255.7 — 293) £ Q12 = 21.56K]

AS;, = mC, In (%):> AS;, = 0.0312 X 0.7181n (@) = AS,, = 0.0326k]/K

293
Process 2-3: Constant pressure process
Q23 = mCy(Ts — Ty) £»Qp3 = 0.0312 X 1.005 X (293 — 1255.7)) Q3 = —30.18K]

1255.7
293

AS,3 = mC, In (%):> AS,3 = 0.0312 X 1.0051n( )£ 8,3 = 0.0456k] /K

(i) The net heat flow

Q=0Qi; + Q3= Q=2156-30.18 =»Q = —8.62K]
(if) The Net decrease in entropy

AS = S;; + S,35p AS = 0.0326 — 0.0456 =) AS = 0.013K]/K

2. An insulated cylinder of volume capacity 4 m® contains 20 kg of nitrogen. Paddle work is done on the
gas by stirring it till the pressure in the vessel gets increased from 4 bar to 8 bar. Determine :(i) Change
in internal energy,(ii) Work done,(iii) Heat transferred, and (iv) Change in entropy
Given: P, =4bar =4 x 10°N/m*, P, =8 bar =8 x 10° N/m*, V, =V, =4 m°
C,=1.04 kJ/kgK , C\=0.7432 ki/kgK

Find: (i) AU (ii)) W (iii)) Q (iv) AS
Solution:
R=Cp—CyEpR=1.04—0.7432 =pR = 0.2968::—;.K
(i) Change in internal energy

AU = Up = U; AU = mCy(T, — Ty) = mCy(mT, — mTy) 5 AU = ¢, (B22 — Bty

5 5
AU = 0.7432(ZL2 _ X107 25 AU = 4006. 4K]

296.8 296.8
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(it) Work done, W
There is no change in system boundary or pdv work is absent. No heat is transferred to the system
Quz = (Uz = Up) + Wit 0 = (Uz = Up) + Wi Wy, = —(U, — U Wy, = —4006. 4K]
(iii) Heat transferred, Q, = 0

(i) Change in entropy
AS;, = mC, In (l—j) A8, = 20 X 0.7432In(2) = AS;, = 10.3kJ/K

3. Find the change in entropy of steam generated at 400°C from 5 kg of water at 27°C and atmospheric
pressure. Take specific heat of water to be 4.2 kJ/kg.K, heat of vaporization at 100°C as 2260 kJ/kg and
specific heat for steam given by; ¢, = R (3.5 + 1.2T + 0.14T?%) J/kgK.

Given: T1=400°C, m=5 kg, T,=27°C, Cp=4.2kJ/kgK, ht=2260kJ/kg

Solution:

Total entropy change = Entropy change during water temperature rise (AS;) + Entropy change
during water to steam change (AS;) + Entropy change during steam
temperature rise (AS3)

Entropy change during water temperature rise (AS;):

AS, = %:>A51= %:‘Tl) A, = ZAXCT300 b A | = 5,11k /K

300

Entropy change during water to steam change (AS>):

AS, =$—j=>ASZ = Do A, =222 =5 As, = 30.28 kJ/K

T, 373.13

Entropy change during steam temperature rise (AS3):
8.314

For steam R= rre 0.462 kJ/kg.K

Therefore,  C, for steam = 0.462 (3.5+ 1.2 - T + 0.14T%) x 10°°
= (1.617 + 0.5544 T + 0.065 T?) x 10°°

673.15 dQ 1.617

673.15 —
ASy = [ DEPASy = [[71F5X 1070 X (252 + 05544 + 0.065T) dT

373.15
= AS; = 51.84Kk]/K

Total entropy change = 5.11 + 30.28 + 51.84= 87.23 kJ/K
4. Determine the change in entropy of universe if a copper block of 1 kg at 150°C is placed in a sea water

at 25°C. Take heat capacity of copper as 0.393 kJ/kg K.

Given: m=1 kg, T;=150 °C+273=423 K, T,=25°C+273=298 K, Cp=0.393 kJ/kgK

Find: Change in entropy of universe

Solution:

ASuyniverse = ASplock T ASwater
Here hot block is put into sea water, so block shall cool down upto sea water at 25°C as sea may be

treated as sink.

ASprock = mMC, In (%)¢Asblock =1x03931n(22) = ASpiecx = —0.1376 kJ /K
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mCp(T,—T;) _ 1x0.393x(423-298)
T, - 298

Q
AS water = T_i:> AS water = =>AS water = 0.165K] /K

Thus, ASuniverse = — 0.1376 + 0.165 E=DASuniverse = 0.0274 kJ/k or 27.4 JIK

5. 1 kg of ice at — 5°C is exposed to the atmosphere which is at 25°C. The ice melts and comes into thermal
equilibrium. (i) Determine the entropy increase of the universe (ii) What is the minimum amount of
work necessary to convert the water back into ice at — 5°C ? Take : cp of ice = 2.093 kJ/kg°C, Latent

heat of fusion of ice = 333.33 kJ/kg

Take : <, of tce = 2.093 kdlkg>C
Latent heat of fusion of ice = 333.33 kI kg
Solution. Mass of ice, m = 1 kg "‘tm;g!};““'ﬂ
Temperature of ice = — 5°C (= — 5 + 273 = 2658 K)
Temperature of atmosphere = 25°C (= 25 + 273 = 208 K)
Heat absorbed by ice from the atmosphere (Fig. 5.51)
= Heat absorbed in solid phase + latent heat
+ heat absorbed in liquid phase Ta
=1x2003 «[0——5]+1=x33333+1=4187=(25_0)
= 1046 + 333.33 + 10467 = 44546 kJ.
(i} Entropyv increase of the universe, (A 3

Entropyv change of the atmosphere, -° Gi/ I -
448 46 Wﬁ%ﬁ
(A8), == F = —5oe— = L5049 WIK
Entropy change of system (ice) as 1t gets heated from — 5°C Fig. 351

to 0°C

273 : -
(A 5)pen = | mep G = 1 % 2093 log, gz = 0.0386 kK
Entropy change of the system as ice melts at 0FC to become water at 0FC.

33333
(A S.TI bs_'\.'re'c'r: - W

Entropy change of water as it gets heated from 0FC to 25°C

= 1.22090 kIK

= : (298]
(A )y stem = .[zﬁmcp % =1x 4187 log, | 373 = 03665 LIK
Total entropy change of ice as it melts into water
(A 5)

total

A+ Asp+ .ism
= 003386 + 1.2209 + 0.3668 = 1.6263 kI/K

Then temperature-entropy diagram for the svstem as ice at — 5°C converts to water at 25°C
iz shown in Fig. 5.52.
Entropv increase of the universe,
{'i S':.'r!."u. = {'ﬁ's‘lsj'smn + 1LI|I":".rn:r.rn'
= 16263 + (— 1.5049) = 0.1214 kJ/K. (Ans.)

(11} Minimum amount of work necessarv to convert the water back into ice at
-5C W,

To convert 1 kg of water at 25°C to ice at — 5°C, 448 46 kJ of heat have to be remosed from
it, and the svstem has to be brought from state 4 to state 1 (Fig. 5.52). A refrigerator cycle, as
shown mm Fig. 553, 15 assumed to accomplish this. The entropy change of the system would be the
same, Lo, 5, — 5, with the only difference that its sign will be negative, because heat is removed
from the svstem (Fig. 5.52).

(Asg) = 5, — 5, (negative)

system
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The entropy change of the worlang fluid in the refrigerator womild be zero, since it 1s operat-
ng in a cole, Le.,
i":"S:'-q-ng-ara- = 0.
The entropv change of the atmosphere (positivel,
. Q+W
(As),, = S
Entropy change of the unaverse
(As) . = (As) + (As)

iL System ‘refrigerator

B+W &+ W
=5, —5,)+0+ T =I5, —5,)+ =

+(As)

Bv the principle of increase of entropy
(As) . =0

v or isolated system

W
['31-5¢=-—T—Q+ | =0

% z(s,—5,)

WzTis, —5)-@
Weoim=T1l5,—5)-&

fm

Here G = 44546 IJ
=293 K

s, — 5, = 16263 kJ/K
W) = 298 x 1.6263 — 448.46 = 36.17 kJ. (Ans.)

6. Two tanks A and B are connected through a pipe with valve in between. Initially valve is closed and
tanks A and B contain 0.6 kg of air at 90°C, 1 bar and 1 kg of air at 45°C, 2 bar respectively.
Subsequently valve is opened and air is allowed to mix until equilibrium. Considering the complete
system to be insulated determine the final temperature, final pressure and entropy change.

Given: Pa=1bar, Ta =363 K, ma =0.6 kg; Tg = 318K, mg = 1kg, pg = 2 bar
Find: Final temperature, Final pressure and Entropy change
Solution:
In this case due to perfectly insulated system, Q =0, Also W =0
AQ =AW + AU
0=0+{(ma+mg) C,.Ts— (Ma.C,Ta) — (Ms.C\.Tg)}

_ (maCyTa+ mpCyTg) (0.6 X363+1X318) B
Te = (ma+ mp) Cy :>Tf = 06+D) =>Tf =334.88K

Using gas law for combined system after attainment of equilibrium,

- S et 1y 05 v, = 2
Entropy change Va=0.625m°
AS = {((ma + mg).Sr) — (Ma.Sa + MgSa)} Vg = mp RTp
= {ma(St—sa) + mg (St —sg)} PB
= {mA (cp ln;—‘:— Rln;)—:) + mg (cp lnTT—]‘;— Rln::—;)} Ve = 0.456 m’
as = {06 (10051 =22 — 0.287In=20) + 1 (1.005In =22 — 0.287 In =)}

AS = {—0.1093 + 014977} = AS = 0.04047 kJ/K
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7. One kilogram of water at 273 K is brought into contact with a heat reservoir at 373 K. (i) When the
water has reached 373 K, find the change in entropy of the water, of the heat reservoir, and of the
universe. (i) If the water had been heated from 273 K to 373K by first bringing it in contact with a
reservoir at 323K and then with a reservoir at 373K, what would have been the change in entropy of

the universe?

Solution
(a) Let us take the water and the heat source as our system and the surrounding nmospbcre as
the surroundings. as shown in the adjacent figure. TR

The heating of water can be treated as a constant /,, Heat /
volume process since water is incompressible. Thus, for i / ggurce /
— Atmosphere

water, the change in entropy is given by

As=679=mc,1n 5

Water

For water at 273 K, C, = 4.217 kl/(kg K) from standard

tables. Thus,
373
AS e =4217 | In — =] 1316 J/K
( 23) [1316 ]

The heat loss by the source §Q = heat gained by the water = mC,AT = 4217 x 100
Therefore, the change in entropy of the heat source is

=8Q

B s = since &Q is negative.

-421,7
=ﬂ. - -11301

373

The total change in entropy of the system = 1316 - 1130 = 186 J/K. This much entropy is added
to the entropy of the universe, since the system considered is pant of the universe. Thus, the

entropy change of the universe is [186 J/K].

(b) Here the beat addition to water is donc in two stages. In the first stage, the water
temperature increases from 273 K 1o 323 K and in the second stage the temperare goes up
from 323 K 10 373 K. For stage one at 273 K. €, = 4.217 kKikg K) for water and for stage two
at 323 K, C, = 4.180 kJikg K).

Therelore, for water

AS, =mC, In ?—I= 4217 In E—% = 709.2 VK
f 273

and

AS, =41801n 3—?3 - 601.6 J/K

Therefore, the net change in entropy of waler is

ASqer = AS, + AS, = 709.2 + 601.6 =

For the heat source, the change in entropy for slage one is

-30 -mC/(AT) -4217x50
T T 323
And for stage two, the change in entropy is

==6528J/K

ﬂ-S| =

as, = =H180%50 _ _se03 3k

- 373
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Thus, the net change in entropy of the heat source is

ASyest source = —652.8 — 560.3 = | =1213.1 JK

The change in entropy of the universe is, therefore = 1310.8 - 1213.1 = |97.7JK |,

8. 5m?of air at 2 bar, 27 °C is compressed up to 6 bar pressure following pvV1-3= C. It is subsequently
expanded adiabatically to 2 bar. considering the two process to be reversible, determine the network,

net heat transfer, change in entropy. Also plot the processes on T-S and P-V diagrams

Given : V1=5m5; py=2bar; T, =27V+273=300K; p,=6bar; p,=2har
Net work :
AR 4 T(K)

_pVi_ 2107 x5
T RTy 287 %300
Considering polytropic compression process 1-2, we have
n-1 13-1

Mass of air, m =1161 kg.

or T,=3865K

3\ D i el i V£
b 3365 9393 K

Now, work done during polyvtropic compression 1-2,
_ mRT-T) 1161x0287(300-3865) _

Wia= o1 31 = _ 0607 kJ
and, work done during adiabatic expansion 2-3,
W, , = mRT, - T5) _ 1161 = 0287 (386.5— 232.3) p—

¥—1 14-1
Net worl done = Ter_: + WH =— 0607 + 8658 = - 927 IJ
Hence net work done on the air = 92.7 kJ. (Ans.)

9. A metal block with m=5 kg, ¢c=0.4 kJ/kgK at 40°C is kept in a room at 20°C. It is cooled in the following
two ways: (i) Using a Carnot engine (executing internal number of cycles) with the room itself as the
cold reservoir; (ii) Naturally. In each case, calculate the change in entropy of the block, of the air of the
room and of the universe. Assume that the metal block has constant specific heat

Given: m=5 kg, ¢,=0.4 kJ/kgK, T;=40°C, T,=20°C
Solution:
(i) Cooling naturally
Heat absorbed by air, 5Q=Heat released by the metal block
6Q = mc(T; —T,) =5 X% 0.4 X (40 — 20)

8Q = 40K]
(293 dT _ 23 = B
(8Qprock = J315 me—=5x04In——= (8Q)prock = —0.132kJ /K
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Entropy change of atm, 6Q; = f_2 = 8Q, = 0.1365Kk]J/K

T 293

Entropy of universe:
8Quniverse = 6Qplock + 6Qair
S8Quniverse = —0.132 + 0.1365
8Quniverse = 0.0045 KJ/K
(i1) Cooling using a Carnot Engine:
Entropy of Carnot engine,AScame=0
For Carnot engine, efficiency

_T-T, _313-293
Ncarnot = T, => Ncarnot = 313
w w

Neamot =55 = 0.0639 =

Entropy of air, AS,; = SQ;W = 40:;56

:> Ncarnot = 6.39%

YW = 2.556 K]

—> AS,;, = 0.1452KJ/K

ASyniv = ASpiock +AScarnot engine+ASair = ASyniy = 0.2772 kJ/K

10. 2 kg of water at 90°C is mixed with 3 kg of water at 10°C in an isolated system. Calculated the

change of entropy due to the mixing process.

2x4.18(90—T ;) =3x4.18(T ; —10)
Tr=42°C

AS:=miC, In(hj =-1.1857kJ / K

1

AS>=miC, In[%) _1.3433kJ /K

2
AS mixing — AS1+AS, =157J /K

Availability and Irreversibiity:

Between state 1-2

Dead State

Initial State:

) Wi =qq — Tos1 + Povy
Available Energy: .
Final State:

W, =q; — Tosy + Pyvy

Initial State:

@1 =uy — Tpsq

Final State:

@ = uy — Tps;

Change in Available

¥, — ¥, = m[(q; — qz) — ToAs]
Energy (Wmax)

+ Py (v — V)

@1 — @2 = m[(u; —uy) — TyAs]

Irreversibility [ = Whax = Wactual

\"\Y%
Effectiveness [ = _Actual
Wmax
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1. 5kg of air at 550K and 4 bar is enclosed in a closed vessel

(a) Determine the availability of the system if the surrounding pressure and temperature are 1
bar and 290K.

(b) If the air is cooled at constant pressure to the atmospheric temperature, determine the
availability and effectiveness.

Solution. Mass of air, m=>a8ke

Temperature, ]"1 =ha0 K

Pressure, p, =4 bar = 4 x 10° Nfm?
Temperature, Ir,=T,=290K

Pressure, P, =p,=1bar =1 x 10° Nfim®.

(1) Awvailability of the svstem :
Availability of the system 15

=mliu, —uy) — Tyls; — 5,1 = mle (T, — T} — T, As]

ag = I gt

‘j"’_['.ﬂkgr Ty — & log, [m]-
_ : (5500 o /4
= 1005 log, | 55| —0287log, |7
= 0643 — 0.397 = 0246 kIkz K

Avwailabilitv of the system

=m ¢, (T, - T,)— T,Asl
= 5[0.715 (550 — 290) — 290 = 0.246] = 576.7 kJ.

(11} Heat transferred during cooling
@=m=xc =T -T
=5 = 1005 = {550 — 200}
= 13065 kT ... heat lost by the system
Change of entropy during cooling

(T
5= i (2)

i "w §
=5 x 1005 x log, | 7og| = 3.216 KI/K
Unavailable portion of this energy
=T, . (A5) = 200 = 3.216 = 932 .64 I

Available energy = 1306.5 — 93264 = 373.86 kJ. (Ans.)

Available snergy 373.86
€ = Avnilability of thesystem — HTG7
= 0.648 or G4.8%. i(Ans.)

Effectiveness,

2. 3 kg of air at 500 kPa, 90°C expands adiabatically in a closed system until its volume is doubled and its

temperature becomes equal to that of surroundings at 100 kPa and 10°C. Find maximum work, change
in availability and irreversibility.

@boLUben :
P = Soo K[
(]I g0+ RT3 = B3 K
7, = (04 2T3 =R&3 K
G, = 283 Kk

To furd (A5 [3ysbem

M—'dU f/ﬂ
7 T
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hmdma@ o0 hoth  Sldes 2
Sras s g m e ar s [ ATy
‘7‘ 7 v, VxT

f
(a8) ysbem =Sy - S, imCy za[7 j+mﬁlln j v
/

- 3X 0 7/@1:»[,233] 4 FK 0. 287 X 2n [_..’a_j
363

= _0.5365 4+ 0- 5968 > 0.06055 KTk
70 ot wmnpiocewr  20onk (2 oax )
Kpe (=) =Ty €S~ 8,2
= [Cp (T -T)+ T (.S’z-.S’,)J
= Bfo.7/8 (3b3 -283) + 2883 (0-0bo55)>]
23 [57 44 + 1T 14T

= RR3. T18kT
= ¢v b ¢,z,

= (UG- 2y)> =Tp L5 -8,) 4Py (V-
2 Lopr + Lo (Vi ~Vad
ﬁ.-_wm= U - KD - ‘To 65/—3},)3
Po (Vi-Yo) = Po(V; - 2V))

= - PoVi
= - 100 X sz O.M'IxJé,? = - bp-851 kKT
- Ssvo
E- PN, =mRT,
v, :mRT, - 38,0 287£ 863 ’
P
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3. Helium enters an actual turbine at 300 kPa, 300°C and expands to 100 kPa, 150°C. Heat transfer to
atmosphere at 101.325 kPa, 25°C amounts to 7 kJ/kg. Calculate the entering stream availability,

leaving stream availability and the maximum work. For helium, Cp=5.2kJ/kg and molecular
wt=4.003kg/kg-mol

£~y \r‘(.“f' ;‘5:
m=1¥9 "
f. ~ 900k fa
T, -g00'c2) 573
‘ ; T '(! “" F(‘

Po-10)- 326 ki
2£°c D29 ¥ K K- e

Cp = b2 V1 ltq K R -
L (T ) |

w9t 4 005 r}/j ek
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4. (@) Define the terms ‘Irreversible process’ and ‘Reversible process’. Give an e.g. of each.
Irreversible process
Processes that are not reversible are called irreversible processes. Once having taken place, these
processes cannot reverse themselves spontaneously and restore the system to its initial state. For this
reason, they are classified as irreversible processes.
Example for irreversible process: Once a cup of hot coffee cools, it will not heat up by retrieving the
heat it lost from the surroundings.
Reversible process
A reversible process is defined as a process that can be reversed without leaving any trace on the
surroundings. That is, both the system and the surroundings are returned to their initial states at the
end of the reverse process. This is possible only if the net heat and net work exchange between the
system and the surroundings is zero for the combined (original and reverse) process.
Examples for reversible process are
1) Quasi equilibrium expansion and compression of gas

i) Frictionless pendulum
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5. State and prove Clausius inequality.
The Clausius Inequality applies to any real engine cycle and implies a negative change in entropy on the cycle.
That is, the entropy given to the environment during the cycle is larger than the entropy transferred to the

engine by heat from the hot reservoir
The systermn to whoch the heat transfer 1s effected 15 neither concerned wath the source of
energy it recerves nor with the method of transfer, save that 1t st be reversible. Associated with
the small heat transfer d§ to the original system 15 a small work transfer dW and for this system
the first law gives
Y (6@ -EW)=0 :
ek 189
Now consider the engine replacing the reservoirs and apply the second law to the new
system in Fig. 5.4 (b). If the new svstem is not a perpetual motion machine of second land, no
positive work transfer 15 possible with a single reservoir.

Y, (W -sWy)<0

Therefore, e ..8.10)
But by the definition of thermodymamic temperature in equation (5.5}
iWp  6Qp-8Q Typ-T )
EIQ - IE'Q - T ...[D.].l.l
and by combination of egns. (5.9), (5.10) and (5.11)
Tnz (32 ! < 0 but T, # 0 and therefore ;
i G’Q"
|—|=0 - 19
Sl T | 4512}

This is known as Clausius inequality.
Let us now consider the case of a reversible engine for which

6. Mention the Clasius inequality for open, closed and isolated systems.

i. chcles—Q < 0, Cycle is irreversible

8Q

ii. chcle = 0, Cycle is reversible

iii. chde? < 0, Cycle is impossible
7. 300 kJ/s of heat is supplied at a constant fixed temperature of 290°C to a heat engine. The heat rejection
takes place at 8.5°C. The following results were obtained : (i) 215 kJ/s are rejected. (ii) 150 kJ/s are
rejected. (iii) 75 kJ/s are rejected. Classify which of the result report a reversible cycle or irreversible
cycle or impossible results.
Given: Heat supplied at 290°C= 300 kJ/s , Heat rejected at 8.5°C
Find: (i) 215kJ/s, (ii) 150 kJ/s, (iii) 75 kd/s
Solution:
Applying clausius inequality to the cycle

53Q _Q Q 8Q _ 300 215 3Q - .
(i) chcle = T—i - T—z =>ZCyc1e = ez 281s =>ZCYC‘eT = —2309 < 0, Cycle is irreversible
8Q Q. Q 8Q _ 300 150
(iii) ZCycle = T_l - T_2 :>2Cycle? = 563 2815 =>2Cycle T = 0, Cycle is reversible
8
(V) XcyceT ! = Q1 ~x ¢chcle T =>chde = 0.2664 < 0, Cycle is impossible
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PURE SUBSTANCE
A pure substance is a substance of constant chemical composition throughout its mass. A
pure substance does not have to be of a single chemical element. A mixture of various
chemical elements is also called as pure substance as long as the mixture is homogeneous in
composition, homogeneous in chemical aggregation and invariable in chemical aggregation.
e.g. H20.

SATURATION STATES
A saturation state is a state from which a change of phase may occurs without a change of
pressure or temperature. The state of a substance at which a phase transformation begins
or ends.

SUB COOLED LIQUID
The state of a pure substance at which the temperature is less than the saturation
temperature corresponding to the pressure is known as sub-cooled liquid state

COMPRESSED LIQUID
The pressure on the liquid water is greater than the saturated pressure at a given
temperature. In this condition, the liquid water is known as the compressed liquid

SUPER HEATING’ AND ‘SUBCOOLING’
Heating steam beyond its saturation temperature and cooling of liquid below saturation
temperatures are known as superheating and subcooling.

DEGREE OF SUPERHEAT
The difference between the superheated temperature and the saturated temperature at the
given pressure is called the degree of superheat.

CRITICAL STATE. THE TERM CRITICAL PRESSURE , CRITICAL TEMPERATURE, AND CRITICAL

VOLUME OF WATER.
The state at which the transition from liquid to vapour phase suddenly takes place. The
specific volume of the saturated liquid and of the saturated vapour is the same. Such a state
of the substance is called the critical state. The properties like pressure, temperature and
volume at critical state are known as critical pressure, critical temperature, and critical
volume. The corresponding values for water are: 221.2 bar, 374.15°C and 0.00317 m3/kg

TRIPLE POINT. FOR & PURE SUBSTANCE, HOW MANY DEGREES OF FREEDOM ARE THERE AT

TRIPLE POINT?
The state at which all the three phases-solid ,liquid and vapour coexist in equilibrium is
called the triple point. At the triple point, C=1, P=3 and application of the phase rule gives
F=C+2-P=1+2-3+0. Hence, the number of degrees of freedom at the triple point is equal to

zero. In other words the triple point is invariant (F=0). One cannot arbitrarily assign either




temperature or pressure for the triple point. The triple point exists at u definite pressure
and temperature. For example, the triple point of water is P=0.611kPa and t=0.01°C.
PHASE RULE FOR PURE SUBSTANCE
Phase rule gives F=C+2-P, Hence, the number of degrees of freedom at the triple point is
equal to zero. In other words the triple point is invariant (F=0). One cannot arbitrarily
assign either temperature or pressure for the triple point. The triple point exists at u
definite pressure and temperature. For example, the triple point of water is P=0.611kPa
and t=0.01°C.
LIST THE ADVANTAGES OF SUPERHEATED STEAM
v' Its heat content and hence its capacity to do work is increased without having to increase its
pressure
v High temperature of superheated steam results in an increase in thermal efficiency
v Superheating is done in a superheated which obtains its heat from waste furnace gases
which would have otherwise uselessly up the chimney
DRYNESS FRACTION
The term dryness fraction is related with wet steam. It is defined as the ratio of the mass of
actual dry steam to the mass of steam containing it. It is expressed by the symbol ‘x’.
HEAT OF SUPERHEAT
The additional amount of heat supplied to the steam during superheating is called as heat of
superheat. It can be calculated by using the specific heat of superheated steam at constant pressure.
LATENT HEAT
The heat being supplied does not show any rise of temperature but results in change of state is
known as latent heat.
SENSIBLE HEAT OF WATER.
It is defined as the quantity of heat absorbed by 1 kg of water when it is heated from 0°C to boiling

point. It is also called total heat of water.

PHASE EQUILIBRIUM DIAGRAM ON T-V COORDINATES

p-= 2209 MPa (3204 [bf/in.")
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PHASE EQUILIBRIUM DIAGRAM FOR & PURE SUBSTANCES ON T-S PLOT
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RANKINE CYCLE:

A simple Rankine cycle has the following processes for the boiler, turbine, condenser and pump of
a steam power cycle:

Process 1-2: [sentropic expansion of the working fluid through the turbine from

saturated vapour at state 1 to the condenser pressure.

Process 2-3: Heat transfer from the working fluid as it flows at constant pressure through the
condenser with saturated liquid at state 3.

Process 3-4: Isentropic compression in the pump to state 4 in the compressed liquid region.
Process 4-1: Heat transfer to the working fluid as it flows at constant pressure through the

boiler to complete the cycle.
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REHEAT RANKINE CYCLE:
Increasing the boiler pressure can increase the thermal efficiency of the Rankine cycle, but it
also increases the moisture content at the exit of the turbine to an unacceptable level. To
correct this side effect, the simple Rankine cycle is modified with a reheat process. The
schematic of an ideal reheat Rankine cycle with its T-s diagram. In this reheat cycle, steam is
expanded isentropically to an intermediate pressure in a high-pressure turbine (stage [) and
sent back to the boiler, where it is reheated at constant pressure to the inlet temperature of
the high-pressure turbine. Then the steam is sent to a low-pressure turbine and expands to the

condenser pressure (stage II) . The total heat input and total work output is

High-pressure
R turbine

R Low-P
High_—l’ Turbine
Low-pressure Turbine

turbine

REGENERATIVE RANKINE CYCLE:
In regenerative Rankine cycle, some amount of steam is bled off during expansion in the turbine
and mixed with feed water before it enters the boiler to reduce the heat input. In the below both

reheat and regeneration (Two feed water heaters) are incorporated.

~

PUMP2

PUMP 1 CONDENSER ®

RANKINE CYCLE IS MODIFIED?
The work obtained at the end of the expansion is very less. The work is too inadequate to
overcome the friction. Therefore the adiabatic expansion is terminated at the point before the
end of the expansion in the turbine and pressure decreases suddenly, while the volume
remains constant.

IMPROVE THERMAL EFFICIENCY OF THE RANKINE CYCLE.
v Reheating of steam
v’ Regenerative feed water heating
v By water extraction

v" Using binary vapour




PROPERTIES OF PURE SUBSTANCE:

T

Temperature

|

i
v
vi Vg g specific vnlumef
SATURATED SOLID LINE
F SATURED . comicaL POINT

\

(v)
(L+V) \-r SATURATED
VAPOR LINE

(5)
TRIPLE POINT LINE

SUBLIMATION (5 +V)

Y —=

TYPES OF STEAM:

WET STEAM:_From Steam Table at given dryness fraction and
Pressure (or Temperature)

Vi =7, Vg = ?, he=7?, hfg:?, S¢=7?, ng:?

V = V¢ + (XVfg)

h = hy + (xhy,)

Table 1 for given temperature
or
Table 2 for given pressure

s=s+ (xsfg)
if Dryness fraction is not given

QUALITY OF THE MIXTURE,
T8 or find out from above formula

mg+ mg

DRY OR SATURATED STEAM: From Steam Table at given
Pressure or Temperature

V= Vit Vg = V,
h=hf+hfg= hg
S=S+ St =) Sg

SUPERHEATED STEAM:_ From Steam Table at given
Pressure and Temperature

Table 1 for given temperature
or
Table 2 for given pressure

V,
g
V. = 2=2XT Table 3
sup = p A lsup —
h = hg + CP(TSup - TSat):> Table 4
Tou
s = 55+ CplIn (22) | Tables
Sat

For superheated steam, use formula or Table
(To find out Ty, , use formula which is easier)

Interpolate the valve and find exact one if not available in
steam table
Ex: Temperature vs Entropy (Find T)

Tr_Ta Sr — Sa

Tb_Ta Sp — Sa

IF & VESSEL CONTAINS WATER AND VAPOR

The total mass of mixture, m = m¢ + m,

Total Volume v = V; + V, = V = (mg X vp) + (my X v,)
Volume of liquid, Vi = m¢ X v¢

Volume of vapour V; = m, X v,

Vi
Mass of vapour, my = v—f
f

V,
Mass of vapour, m, = -£

QUALITY OF THE MIXTURE,

= mg

mg+ myg

THE SPECIFIC INTERNAL ENERGY, U :
u=h-pv

FROM SUPERHEATED STEAM TO WET STEAM EXPANSION:
From Superheated steam tables, At 10 bar & 300°C.

houp = e e oo oo

Vsup = e veneeneen

INTERNAL ENERGY OF SUPERHEATED STEAM
u = hsup — PVsup

From steam tables, at exit pressure (wet steam)
hfg = ?,

ENTHALPY OF WET STEAM (AFTER EXPANSION)
h; = h¢; + xX3hyg,

Vg:?, hf:’),

INTERNAL ENERGY OF THIS STEAM,
u; = hy — pax,vg,

HENCE CHANGE OF INTERNAL ENERGY PER KG

Au = (uz —uy)




REHEAT RANKINE CYCLE REGENERATION RANKINE CYCLE

REHEATER

! L)

s POMP1  CONDENSER

COMMON CONDITIONS TO THREE CYCLES

NOTE:

1. Boiler oulet steam condition may be Dry saturated or Super heated steam which enters to the Turbine.(Use saturated (hg) or superheated steam table (Table 3,4,5 ) to find out
properties.)

Turbine exit steam condition is wet steam which enters to the Condenser. (Use formulas [s = s + (xsg,)] to find out Dryness Fraction).

For Reheater and Regenerative cycle, Turbine exit at state 2, steam condition may be Dry Saturated Or Superheated Condition.

Condenser outlet condition is Saturated liquid always which enters to the Pump.(at a given Pressure, the enthalpy hg)

Pump outlet condition is subcooled liquid which enters to the boiler. (Ex: Simple Rankine Cycle, Use formulas [Wp = Vi3 (Py — P;) | to find out pump work and for enthalpy
h, =W, +h; (]]:—;) . ('not possible to use steam table at this condition.)

NOTATIONS IN THE STEAM TABLE:

f — Liquid water

g — Dry or sautated vapour

fg — During the phase change from liquid to vapor
NOTE: (FOR REHEAT AND REGENERATION AT STATE 2)
Turbine inlet entropy = Turbine exit entropy

(51 =52)

at a given turbine exit pressure find entropy in the saturated pressure table sq,
if
Sg2 = S, then the steam is dry saturated steam

o W

Sg2 < S, then the steam is superheated steam
Sg2 > S, then the steam is wet steam




SIMPLE RANKINE CYCLE

REHEAT RANKINE CYCLE

REGENERATION RANKINE CYCLE

Process 1-2: Reversible adiabatic expansion (s; = s;)
Wy =h;—h K]

h; — Turbine inlet enthalpy
h, — Turbine exit and condenser intet enthalpy

Process 2-3:Constant pressure heat rejection (P, = P3)
= by~ hy ()
Qr =h; —h; kg

h; = hy, = hg; Condenser exit and pump inlet enthalpy

Process 3-4: Reversible adiabatic pumping (S3 = S4)
KJ
Wp = h4_ - h3 (k_g
h, — Pump exit & boiler inlet enthalpy
K]
W, =Vy3(Py—P3) (k_g)
K]
W, =V (P —Py) (k_g)
K]
h4 = Wp + h3 (k—g)
Process 4-1: Constant pressure heat supplied( P, = P;)
K]
Qs=h;—h, (k_g
Efficiency :
Wr—W, (hy—hy)— (hy—h3)

=", h; —h,

Process 1-2: Reversible adiabatic expansion (s; = s3)

K]
Wpy =h; —h, (k_g)

h; — Turbinel inlet enthalpy
h, — Turbine exit and reheater intet enthalpy

Process 2-3: Constant pressure reheating( P, = P3)
)
Qs1 =hz —h; (k_g)

h; — Turbinel inlet enthalpy

Process 3-4: Reversible adiabatic expansion (s3 = s4)

K]
Wy, =hs —hy (k_g)

h, — Turbine exit and condenser intet enthalpy

Process 4-5:Constant pressure heat rejection (P4 = Psg)

K]
Qr = hy — h; (k_g)

hs = hg, = hgs Condenser exit enthalpy

Process 5-6:Reversible adiabatic pumping (s5 = sg)

W, = hg — h; (H)
kg
hg — Pump exit & boiler inlet enthalpy
W, = V5 (P — P5) (ﬁ)
kg
he =W, + hg (H)
kg
Process 6-1:Constant pressure heat supplied (P = P;)
K]
Qsz =h; —hg (k_g)

Efficiency :
_ le + WTZ - Wp
Qsl + QsZ
_ (hy —hy) + (hy —h3) — (hg — hg)
(hz —hy) + (hy —hg)

Turbine Work:Reversible adiabatic expansion (s; = s, = s3)

Wr = 1kg(hy — hz) + (1 — m)(h; — h3)
h; — Turbinel inlet enthalpy
h, — bypass regeneration enthalpy

Process 3-4: Constant pressure heat rejection( P; = P,)
K]
Qr =h3 —hy (k_g)
h; — Turbine exit and condenser intet enthalpy

h, = hgz = hg, Condenser exit enthalpy

To find bypass steam mass: energy balance

m((h; —hg) = (1 —m)(hg — hs)
Process 4-5: Reversible adiabatic pumping (s = s3)
kJ
Wp1 = (1 —m)hy —hs (E’.)
Process 6-7: Reversible adiabatic pumping (s¢ = s7)
KJ
W2 = 1kg (h; — hg) (Eg)
K]
W, =Vse(P7 — Pg) (k_g)
KJ
h7 = Wp + h6 (k_g)
Process 7-1: Constant Pressure Heat Supplied ( P; = Py)
L)
Q51 = 1kg (hy —h7) (k_g)

Efficiency :

T=7q,

_ 1kg(hy — hy) + (1 — m)(h, — h3)
1kg(h; —h;)

Note: Here Pump work is negligible




PART - B

1. Explain steam formation with relevant sketch and label all salient points and explain every

point in detail.
Cylinder
' =
I
Piston —— — & [fs ry 4
' | f W " | saturated
ML I ey
E= Water =
= L = :
(if) (iif) (iv)
t, = Saturation temp. v; = Volume of water
tp = Temperature of superheated steam v, = Volume of dry and saturated steam

Vgp = Volume of superheated steam

Consider a cylinder fitted with a piston which can move freely upwards and downwards in it.
Let, for the sake of simplicity, there be 1 kg of water at 0°C with volume v; (m®) under the
piston. Further let the piston is loaded with load W to ensure heating at constant pressure.

Now if the heat is imparted to water, a rise in temperature will be noticed and this rise will
continue till boiling point is reached.

The temperature at which water starts boiling depends upon the pressure and as such for each
pressure (under which water is heated) there is a different boiling point.

This boiling temperature is known as the temperature of formation of steam or saturation
temperature.

It may be noted during heating up to boiling point that there will be slight increase in volume of
water due to which piston moves up and hence work is obtained as shown in Fig. (ii).

This work, however, is so small that is can be neglected. Now, if supply of heat to water is
continued it will be noticed that rise of temperature after the boiling point is reached nil but
piston starts moving upwards which indicates that there is increase is volume which is only
possible if steam formation occurs.

The heat being supplied does not show any rise of temperature but changes water into vapour
state (steam) and is known as latent heat or hidden heat.

So long as the steam is in contact with water, it is called wet steam [Fig. (iii)] and if heating of
steam is further progressed [as shown in Fig. (iv)] such that all the water particles associated

with steam are evaporated, the steam so obtained is called dry and saturated steam.
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> If vg (m®) is the volume of 1 kg of dry and saturated steam then work done on the piston will be
P(Vg— V1) .
where,
p is the constant pressure (due to weight ‘W’ on the piston).

> Again, if supply of heat to the dry and saturated steam is continued at constant pressure there
will be increase in temperature and volume of steam. The steam so obtained is called
superheated steam and it behaves like a perfect gas. This phase of steam formation is illustrated
in Fig. (v).

P

Tsup““'““""“““'{7’1: """""" \_\“'\ """" é’sé\l l |qU|d
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‘é,. ‘&'Er é’"—& i ‘,Jr.a p=12bar
) R

G R 2e 7
= ; i p=10132 bar

O

T

i

{hyg) : 12755 Saturated Satursted
Heat adition ——» ligquict lina vapour line

v

» The amount of heat required to convert the liquid water completely into vapour under this
condition is called the heat of vapourisation. The temperature at which vapourisation takes
place at a given pressure is called the saturation temperature and the given pressure is called
the saturation pressure.

» The pressure on the liquid water is greater than the saturation pressure at a given temperature. In
this condition, the liquid water is known as the compressed liquid.

» When the temperature increases above the saturation temperature (in this case 100°C), the
vapour is known as the superheated vapour and the temperature at this state is called the
superheated temperature.

» The difference between the superheated temperature and the saturation temperature at the given
pressure is called the degree of superheat.

» The specific volume of the saturated liquid and of the saturated vapour is the same, i.e., vf = vg.
Such a state of the substance is called the critical state. The parameters like temperature,
pressure, volume, etc. At such a state are called critical parameters.

» When the pressure is greater than the critical pressure. At this state, the liquid water is directly
converted into superheated steam. As there is no definite point at which the liquid water changes
into superheated steam, it is generally called liquid water when the temperature is less than the
critical temperature and superheated steam when the temperature is above the critical

temperature.
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2. A vessel having a capacity of 0.05 m® contains a mixture of saturated water and saturated steam at
a temperature of 245°C. The mass of the liquid present is 10 kg. Find the following, (i) The
pressure, (ii) The mass, (iii) The specific volume, (iv) The specific enthalpy, (v) The specific entropy,
and (vi) The specific internal energy.

GIVEN: V=0.05 m®, T;=245°C, m;=10 kg
FIND :(i)p (ii)m (iii)v (iv)h (v)s (vi)u
SOLUTION:
From steam tables, corresponding to 245°C :
Psat = 36.5 bar, v¢ = 0.001239 m%kg, vy = 0.0546 m*/kg
hs = 1061.4 kJ/kg, hrg = 1740.2 ki/kg,
sf=2.7474 kilkg K sfg = 3.3585 kJ/kg K.
(I) THE PRESSURE ‘P’ =36.5 bar
(II) THE MASS
Volume of liquid, Vi = m¢ X vi=pVe = 10 X 0.001239 =V; = 0.01239 m3

Volume of vapour V; = V — V; 5V, = 0.05 - 0.01239 =V, = 0.03761 m®

0.03761
0.0546

= Mass of vapour, m; = % cpmg = =m, = 0.688 kg
g

= The total mass of mixture, m = m¢ + my=p m = 10 + 0.688=) m = 10.688 kg
(L) THE SPECIFIC YOLUME
Quality of the mixture,

x= —8 = x= 2% = vy 0.064

mg+ mg¢ 0.688+10

vV = Vi + xvgg= v = 0.001239 + 0.064 X (0.0546 - 0.001239)=p v = 0.004654m°/kg
(IV) THE SPECIFIC ENTHALPY
h = hy + xhg, =h =1061.4 + (0.064 x 1740.2) = h=1172.77 kj/kg
(Y) THE SPECIFIC ENTROPY
S=s+ xS =p s = 2.7474 + (0.064 x 3.3585) =) s =2.9623 k]/kgK
(V1) THE SPECIFIC INTERNAL ENERGY
u=h-—pv £ u=1172.77 — 36.5 x 10% x 0.004654 = u = 1155.78K]/kg

3. A pressure cooker contains 1.5 kg of saturated steam at 5 bar. Find the quantity of heat which must

be rejected so as to reduce the quality to 60% dry. Determine the pressure and temperature of the
steam at the new state.

GIVEN: m=15kg,p=5bar,x;=1,x,=0.6
FIND: Pressure and temperature of the steam at the new state :
SOLUTION:

From steam tables, At 5 bar.

t;= 151.8°C, h = 640.1 kJ/kg, hgy = 2107.4 k] /kg, Vy=0.375 m/kg
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INTERNAL ENERGY OF STEAM per kg at initial point 1,

u; =h; —pivq => U, = (hf + hfg) — P1Vg1

u; = (640.1 + 2107.4) - 5 x 10° x 0.375 X 1073) =pu, = 2747.5- 187.5

u; = 2560 KJ/kg

THE VOLUME OF PRESSURE COOKER, Vi = m X v; = V; = 1.5 X 0.375 5 V; = 0.5625m?

We know that V; = V,, vy, is negligible

V, = m[(1 = X2)Vpy + XpVgy | =PV, = 1.5%,v 5 0.5625 = 1.5 X 0.6 X vgJ vgz = 0.625 ‘l‘(‘—:
From steam tables at vy, = 0.625

p2 = 2.9 bar, t; = 132.4 °C, hr, = 556.5Kk]/kg, hgs, = 2166.6 k] /kg

INTERNAL ENERGY OF STEAM per kg, at final point 2,

U, =h, —pov, & u, = (hfz + hfgz) — P2Vg2

u, = (556.5 + 2166.6) - 2.9 x 10° x 0.625 X 1073) = u, = 1856.46 - 108.75

u, = 1747.71 K] /kg

HEAT TRANSFERRED AT CONSTANT VOLUME PER K&

Q=Au+W=pQ =AuEpQ = u, —u; £»Q = 1747.71 - 2560 =pQ =- 812.29 kJ/kg

TOTAL HEAT TRANSFERRED

Q=mx Q5 Q=-281229 x 1.55 Q =- 1218.43 K]

4. A spherical vessel of 0.9 m® capacity contains steam at 8 bar and 0.9 dryness fraction. Steam is
blown off until the pressure drops to 4 bar. The valve is then closed and the steam is allowed to cool
until the pressure falls to 3 bar. Assuming that the enthalpy of steam in the vessel remains constant
during blowing off periods, determine :(i) The mass of steam blown off (ii) The dryness fraction of
steam in the vessel after cooling ;(iii) The heat lost by steam per kg during cooling.

GIVEN: V =0.9m® p; =8 bar, x; = 0.9, p, = 4 bar, ps = 3 bar
FIND : (i) m (ii) x,, (iii) Q

Spherical
vessel

0.9m’
Capacity

SOLUTION:

From steam tables, At 8 bar.

hey, = 720.9kJ/kg, heg, = 2046.5 k] /kg, Vg1 = 0.24 m*/kg
(I) THE MASS OF STEAM BLOWN OFF :

Vi 09
X1Vg1 0.9x0.24

Vl = m1X1Vg1¢ mq = ¢ mq = 4.167 kg

THE ENTHALPY OF STEAM BEFORE BLOWING OFF (per Kg)
hy = hgy + xhgg Ephy = 720.9 + (0.9 X 2046.5) =h, = 2562.7511:—; = h,

From steam tables, At 4 bar.
he, = 604.7 K] /kg , hegy = 2133 kJ/kg, Vg1 = 0.462 m*/kg
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ENTHALPY BEFORE BLOWING OFF = ENTHALPY AFTER BLOWING OFF
hy = hg, + xX5hgg, =92562.75 = 604.7 + (x, X 2133) =x, = 0.918

NOW THE MASS OF STEAM IN THE VESSEL AFTER BLOWING OFF,

v, 0.9
X;Vgz  0.918x0.462

Vz = m2X2VgP mz = ¢m2 = 2 122 kg

Mass of steam blown off, m = m; + m; =pm = 4.167 - 2.122 =) m = 2.045 kg
From steam tables, At 4 bar.
hgs = 604.7 k] /kg , hegs = 2133 kJ/kg, Vgs = 0.606 m°/kg
(II) DRYNESS FRACTION OF STEAM IN THE VESSEL AFTER COOLING
As it is constant volume cooling
XyVgz = X3Vgz £90.918 X 0.462 = x5 X 0.606 & x3 = 0.699
(Im) HEAT LOST DURING COOLING
Uy = hy —poxpvgEp Uy = (hfz + thfgz) — P2X2Vg2
u, = (604.7 + 0.918 x 2133)-4 x 10° x 0.918 x 0.462 x 1073)
u, = 2562.79 - 169.65 = u, = 2393.14 kJ/kg

Uz = h3 — p3X3Vgs) Uz = (hes + X3hfg3) — P3X3Vg3
u; = (561.4 + 0.669 x 2163.2) - 3 X 10°x 0.699 x 0.606 x 1073)
uz = 2073.47 - 127.07 =) uz = 1946.4 kJ/kg
HEAT TRANSFERRED DURING COOLING
Q =m(uy —uy) =Q = 2.045(1946.4 — 2393.14) =» Q =- 913.6 k] /kg
5. Calculate the internal energy per kg of superheated steam at a pressure of 10 bar and a
temperature of 300°C. Also find the change of internal energy if this steam is expanded to 1.4 bar
and dryness fraction 0.8.
GIVEN: p; =10 bar, T, =300°C, x; =0.8, p, = 1.4 bar
FIND : (i) Au
SOLUTION:
From steam tables, At 10 bar
vg = 0.194 m3/kg, T, = 179.9 + 273 = 452.9K
From Superheated steam tables, At 10 bar & 300°C.
hgyp = 3051.2 K] /kg,

v, 0.194
Veup = T—i X Tsup™ Vsup = 5555 X 5735 Vsyp = 0.245 m3 /kg

INTERNAL ENERGY OF SUPERHEATED STEAM AT 10 BAR,
u; = hgyp — PVeup =Puy = 3051.2 — 10 X 10° x 0.245 x 107> =p uy = 2806.2 kJ/kg
From steam tables, at 1.4 bar :
Vg = 1.236 m*/kg, hy = 458.4 k/kg, hey = 2231.9 kl/kg,
sf=2.7474 kJ/kg K, sgg = 3.3585 kJ/kg K.
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ENTHALPY OF WET STEAM (AFTER EXPANSION)
h, = hg + xzhfgp h, = 458.4 + (0.8 x 2231.9)=ph, = 2243.92:—;

INTERNAL ENERGY OF THIS STEAM,
Uy = hy — poXavedp up = 2243.92- (1.4 x 10 5>x 0.8 X 1.236 x 1073)
u, = 2105.49 k] /kg
HENCE CHANGE OF INTERNAL ENERGY per kg
Au = (u; —uy) =y Au=(2105.49 - 2806.2) =) Au =- 700.7 k] /kg
Negative sign indicates decrease in internal energy.

6. Steam initially at 0.3 Mpa, 250°C is cooled at constant volume. At what temperature will the steam
become saturated vapour? What is the steam quality at 80°C? Also find what is the heat
transferred per kg of steam in cooling from 25°C to 80°C.

From Steam Table

At P,=30 bar and T,=250 °C

v;=0.7964 m*kg, h;=2967.6 ki/kg

we know that ,  v,= v,= v5=0.7964 m*/kg
From steam Table

At v, = vy = 0.7964 m*/kg

v, = 0.8919 m¥/kg, T=120°C

v, = 0.7706 m*/kg, Ts=125°C

T,—T Vp—V T,—120 0.7964—0.8919
Lb b d = Tear = 123.9°C
Ta—Tp  Va—Va 125-120 0.7706—0.8919
State 2
From Steam Table
At T, = 80°C

vi = 0.001029 m*/kg , vy = 3.0407 m*/kg, h = 334.91 ki/kg, hyy = 2308.8 ki/kg, psar = 47.039bar
Vy = Vi + XaVpep £ 0.7964 = 0.001029 + x (3.0407 - 0.001029) = x, = 0.234
THE SPECIFIC ENTHALPY
h, = hg, +x2hg, =ph = 334.91 + (0.234 x 2308.8) = h, = 875.9k]/kg

THE SPECIFIC INTERNAL ENERGY

u; =h; —pyv; 5 u; =2967.6 — 30 X 102 x 0.7964 = u, = 578.4 k] /kg

U, =h, —p,v, 5 u, =875.9 —4.71 X 10? X 0.7964=p u, = —2875.1kJ/kg
HEAT TRANSFER
From first law of thermodynamics

Qi =AU+ W,_, y Wi, =0

Then, Q;_, = AU
Q_, =AUEQ,_, =U,—U; = Q;_, = —2875.1 — 578.4=) Q;_, = —3453.5K]/kg
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7. Steam at 30 bar and 350 °C is expanded in a non-flow isothermal process to a pressure of 1 bar.
The temperature and pressure of the surroundings are 25 °C and 100 kPa respectively. Determine
the maximum work that can be obtained from this process per kg of steam. Also find the
maximum useful work.

GIVEN : Non-flow system (Closed system)

SYSTEM AT STATE 1:
From steam table
p:= 30 bar and T,=350 °C (super-heated steam since sat T= 233.8°C for 30 bar sat pr.)
v1 = 0.09053 m®/kg

SYSTEM AT STATE 2:
From steam table
p.= 1 bar and T,= T, =350 °C (super-heated steam since sat T= 99.63°C for 1 bar sat pr.)
vi = 2.871 m¥/kg

Surrounding is at are 25 °C and 100 kPa

Consider mass of steam as 1 kg. Find maximum work that can be obtained from this

process per kg of steam.

2.871
0.09053

Wmax = PvIn (Z_Z) £ Wmax = 30 X 102 x 0.09053 1n( ) £ Wmax = 938.8:{{—;

Maximum useful work. [reversible adiabatic (isentropic) work]
From steam table
p:= 30 bar and T,=350 °C (super-heated steam since sat T= 233.8°C for 30 bar sat pr.)
h; =3117.5 kl/kg
Sy = 6.747 kJ/kg.k

From steam tables at 1 bar
s;z = 1.303kJ/kgK, gy, = 6.057 kJ/kgK,
he, = 417.5k]/kg  hge, = 2257.9K]/kg,

ENTHALPY OF WET STEAM (AFTER EXPANSION) (s; = s;)

Sl = 52 = Sf2 + XZng2=> 674‘7 = 1303 + (XZ X 6057) ¢ XZ =08987

h, =hg, +x,hg, = h, =417.5 +(0.8987 x 2257.9) = h, = 2446.67::—;
MAXIMUM USEFUL WORK:

wip =h; —h, = wy_, =3117.5-2446.67 > w;_, = 670.83 11:_,];
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RANKINE CYCLE

1. Draw the P-v, T-s, h -s, diagrams and theoretical lay out for Rankine cycle and hence

deduce the expression for its efficiency.

v

CONDENSER
S
Process 1-2: Turbine Work : Reversible adiabatic expansion (s; = s3)
Wy =h;—h k)
T — 11 2 (kg)

h; — Turbine inlet (wet or dry or superheated steam) enthalpy

h, — Turbine exit and condenser intet (wet or dry steam) enthalpy

Process 2-3: Condenser heat rejection : Constant pressure heat rejection ( wet or dry steam

convert into liquid) ( P, = P3)
K]
Qr =hz —h3 (k_g)

h; = hg, = hg; Condenser exit and pump inlet (saturated liquid) enthalpy

Process 3-4: Pump Work: Reversible adiabatic pumping (s3 = s4)
K]
W, =h3 —hy (k_g)
h, — Pump exit & boiler inlet (subcooled liquid) enthalpy

k]
W, =Vy3(Py —P3) (k_g)
k]
h4 = Wp + h3 (k—g)

Process 4-1: Boiler heat supplied (Constant pressure heat supplied) : Subcooled liquid to dry

or superheated steam (P4 = Py)
K]
Qs =h; —hy (k_g

Efficiency :

(el
_(hy —hy) — (hz —hy)
B h; —h,

Page 16
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2. In a Rankine cycle, the steam at inlet to turbine is saturated at a pressure of 35 bar and the exhaust
pressure is 0.2 bar. Determine : (i) The turbine work (ii) The condenser heat flow, (iii) The pump
work, (iv) Heat Supplied to the boiler, (v) Network done, (vi)The Rankine efficiency, (vii) The
dryness at the end of expansion, (viii) Carnot efficiency (ix) SSC, (x)Work ratio, (xi) Turbine
power output if flow rate of 9.5 kg/s.

GIVEN: p; = 35 bar, p, =0.2 bar T
FIND : (1) W, (i) n
SOLUTION: 5/ 35bar
State 1

From steam tables at 35 bar

3 0.2 bar 2

s; = sy = 6.1228 k] /kgK, h, = hy = 2802 kJ/kg
State 2
From steam tables at 0.2 bar
S, = 0.8321 kJ/kgK, gy, = 7.0773K] /kgK |
he, = 251.5k]/kg  hgg, = 2358.4 k] /kg ,
Vi = 0.001017 m¥/kg
Enthalpy of wet steam (after expansion) (s; = s,)

S1 =S, = Sp, + XpS1g, £96.1228 = 0.8321 + (X, X 7.0773)E> X, = 0.747

hy = hg, + XohegEph, = 251.5 + (0.747 x 2358.4) £ h, = 2013%';

State 3
K]
h3 = hf2 = hf3 = 251. 5k_g
State 4

W, = Vi3 (P, —P;) = W, =0.001017 (35— 0.2) x 102 =pW,, = 3.54 K] /kg
h, =W, + h; &h, =3.54+251.55 h, = 255.04Kk]/kg
PROCESS 1-2: TURBINE WORK : REVERSIBLE ADIABATIC EXPANSION
Wy = (h; —hy )5 Wy = (2802 —2013) = Wy =789 ]'{‘—;
PROCESS 2-3: CONDENSER HEAT REJECTION: CONSTANT PRESSURE HEAT REJECTION (P, = P;)
Qr = h, —hy & Qg = 2013 — 251.5 = Qg = 1761.5::—;
PROCESS 3-4: PUMP WORK: REVERSIBLE ADIABATIC PUMPING (s; = s,)
W, = Vis(P, —P;) = W, =0.001017 (35— 0.2) X 102 W, = 3.54 kJ/kg
PROCESS 4-1: BOILER HEAT SUPPLIED: CONSTANT PRESSURE HEAT SUPPLIED (P, = P))

Qs = h; —h, 5 Q, = 2802 — 255.04 =) Q, = 2546.96 k]/kg
NET WORK DONE:

Wiet = Wp — W, 5 Wyer = 789 — 3.54 £ Wy, = 785.46 k] /kg
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EFFICIENCY :

1 =WQL:t¢n =784 = 1 =30.84%

T 2546.96
CARNOT EFFICHENCY:

_ _ Q _ _ 333.9 _
n=1 T = n=1 515.5 = n=35%
SPECIFIC STEAM CONSUMPTION:

3600 3600
SSC =5 — = SSC=-__—- £ SSC=4.58kg/kWh
WORK RATIO:
_ Wnet _ 785.46 _
W, = = W==" = W, =0.995
TURNINE POWER OUTPUT:

P=nm(h;—h,) = P=952802-2013) ©» P=74955kW

3. A simple Rankine cycle works between pressures 28 bar and 0.06 bar, the initial condition of steam

being dry saturated. Calculate the cycle efficiency, work ratio and specific steam consumption.

GIVEN: p; = 28 bar, p, =0.06 bar I

FIND : (i) W, , (i) n, (iii) SSC ~ N\ |
SOLUTION: )

State 1 :

0.06 bar

From Superheated steam tables at 28 bar
s; = sg = 6.2104 kJ/kgK, h; = h, = 2802 k] /kg
State 2

From steam tables at 0.06 bar
stz = 0.521kJ/kgK, sz, = 7.809 kJ/kgK ,
he, = 151.5k]/kg hey, = 2415.9 k] /kg ,
Vi = 0.001m*/kg
Enthalpy of wet steam (after expansion) (s; = s;)

S1 =Sy = Spy + XZngZ ¢62104‘ = 0521 + (XZ X 7809) ¢X2 =0.728

h, = hg, + XohgEph, = 151.5 + (0.728 x 2415.9) = h, = 1910.27]‘(‘—;

State 3
K]
h3 - hfZ - hf3 = 1515k_g
State 4

W, = Vi3(P, —P;) = W, =0.001(28-0.06) x 10> =W, = 2.79K]/kg
hy =W, +h; &h, =279+ 1515 =) h, = 154.29k]/kg
PROCESS 1-2: TURBINE WORK : REVERSIBLE ADIABATIC EXPANSION

Wy = (h, —h, )= Wy = (2802 — 191027) = w; = 891.73 ]':—;
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PROCESS 2-3: CONDENSER HEAT REJECTION: CONSTANT PRESSURE HEAT REJECTION ( P, = P,)
Qr=hy —h; & Qg = 191027 —151.5 £p Qg = 1758.77 l‘(‘—;
PROCESS $-4: PUMP WORK: REVERSIBLE ADIABATIC PUMPING (s; = s,)
W, = Vi3 (P; — P;) £ W, = 0.001 (28— 0.06) x 10> £ W, = 2.79 kJ/kg
PROCESS 4-1: BOILER HEAT SUPPLIED: CONSTANT PRESSURE HEAT SUPPLIED ( P, = P,)
Qs =h; —h, = Q, = 2802 — 15429 P Q, = 2647.71kJ/kg

NET WORK DONE:
Wiet = Wr — W, £ Wyet = 891.73 —2.79 = Wy = 888.94 k] /kg

EFFICIENCY :
_ Whet _ 88894 _
= == 2647.71 = = 33.57%
SPECIFIC STEAM CONSUMPTION:
_ 3600 _ 3600 _
SSC=22 o SSC=Zit. D SSC=4.049 kg/kWh
WORK RATIO:
_ Wnet _ 88894 _
Wr = Wr = W= 891.73 = W, =0.997

4. In a steam turbine steam at 20 bar, 360°C is expanded to 0.08 bar. It then enters a condenser,
where it is condensed to saturated liquid water. The pump feeds back the water into the boiler.
Assume ideal processes, find per kg of steam the net work and the cycle efficiency.

GIVEN: p; = 20 bar, T; = 360°C, p, = 0.08 bar .
FIND : (1)) W, (i)

SOLUTION:

From Superheated steam tables at 20 bar, 360°C

By interpolation

hg-hp _ TR-Tp hg—-3138.6 _ 360350
ha—hy  Tq-Tp 3248.7-3138.6  400-350

K]
D h, = 3159.3k—;= h,

sR=Sp __ TR-Tp SR—6.960 _ 360-350
sa=sp  Ta=Th 7.130-6.960  400—350

£ s, = 6.991% =s,
From steam tables at 0.08 bar
s, = 0.5926 kJ/kgK, Sggz = 7.6361 kJ/kgK,
he, = 173.88kJ/kg hgy, = 2403.1Kk]/kg,
Vi> = 0.001008 m*/kg
Enthalpy of wet steam (after expansion) (s; = s,)
Sz = Sfz + XSfga = 6.991 = 0.5926 + (x2 X 7.6361)=p x, =0.838

h, = hg, + X,hg=ph, = 173.88 + (0.838 x 2403.1)= h, = 2187. 68:((—;

PROCESS 1-2: TURBINE WORK : REVERSIBLE ADIABATIC EXPANSION

Wy = (h, — h, ) =P Wy = (3159.3 — 2187.68) = Wy = 971.62 ]':—;
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PROCESS 2-3: CONDENSER HEAT REJECTION: CONSTANT PRESSURE HEAT REJECTION (P, = P3)

Qr =h, —h; = Qg = 2187.62 - 173.88 = Qg =2013.74 0

h; = h¢, = hg; Condenser exit and pump inlet (saturated liquid) enthalpy

PROCESS 3-4: PUMP WORK: REVERSIBLE ADIABATIC PUMPING (s; = s,)

W, = Vg3 (P, —P;) = W, =0.00108 (20 — 0.08) x 102 = W, = 2.008 kJ/kg

hy, =W, +h; =>h, = 2.008 + 173.88 £ h, = 175.89 k] /kg

h, — Pump exit & boiler inlet (subcooled liquid) enthalpy

PROCESS 4-1: BOILER HEAT SUPPLIED: CONSTANT PRESSURE HEAT SUPPLIED (P, = P;)

Qs = h; —h, 5 Q, = 3159.3 — 175.89 = Q, = 2983.41 k] /kg

NET WORK DONE:

Wyet = Wr — W, £ Wyer = 971.62 — 2.008 £ Wy, = 969.61 KkJ/kg

EFFICIENCY :

_ Whet _ 969.61 0
=g, => T 2983.41 n=32.5%

5. The following data refer to a simple steam power plant :
Calculate :(i) Power output of the turbine, (ii) Heat transfer per hour in the boiler and condenser
separately, (iii) Mass of cooling water circulated per hour in the condenser. Choose the inlet
temperature of cooling water 20°C and 30°C at exit from the condenser, (iv) Diameter of the pipe
connecting turbine with condenser.

S. No. Location Pressure Qualityltemp. Velocity
1 Inlet to turbine 6 MPa (= 60 bar) 380°C —
2. Exit from turbine 10 kPa (= 0.1 bar) 0.9 200m/s
inlet to condenser
3. Exit from condenser 9 kPa (=0.09 bar) Saturated —
and inlet to pump ligquid
4 Exit from pump and 7 MPa (= 70 bar) — —
inlet to boiler
5. Exit from boiler 6.5 MPa (= 65 bar) 400°C —
Rate of steam flow = 10000 kglh.

SOLUTION: ) cob 380
(I) POWER OUTPUT OF THE TURBINE, P :
From Superheated steam tables
At 60 bar, 380°C  (380°C is not available in steam table)
By interpolation

hg=hy _ TR=Ts hg-30458 _ 380-350 h,
= 3123. 5 =h;
ha—hp  Te— Tb:>31801 30458  400-350 >

Salurated liquid @

0.09 bar

From steam tables at 0.1 bar
hy, = 191.8 k] /kg
hrg, = 2392.8 kJ/kg , x, = 0.9
Vg2 = 14.67 m3/kg
h, = hg, + Xhgg, = hy, = 191.8 + (0.9 x 2392.8) h, = 2345.3 kJ/kg

Wy = m(h, — h,) 5 Wy = 2% o1 (3123.5 — 2392 8)=p Wy = 2162kW
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HEAT TRANSFER PER HOUR IN THE BOILER AND CONDENSER :
From steam tables at 70 bar
hg, = 1267.4 k] /kg
From Superheated steam tables at 65 bar, 400°C
h,; = 3167.6 kJ/kg (by interpolation)
HEAT TRANSFER PER HOUR IN THE BOILER,

Qi = m(hy, —hgy) B Q; = 22 (3167.6 — 1267.4) £ Q; = 5277.78kW

3600

From steam tables at 70 bar
he; = 183.3 K] /kg
HEAT TRANSFER PER HOUR IN THE CONDENSER,
Q;=m(h; —hg) £ Q, = (23453 — 183.3) Ep Q, = 6000 kW

3600

MASS OF COOLING WATER CIRCULATED PER HOUR IN THE CONDENSER, M,y :
Heat lost by steam = Heat gained by the cooling water
Q, = m,Cp(t, —t;) E»Q, =m,, x 4.18(30 — 20) => m,, = 3100 kg/s
DIAMETER OF THE PIPE CONNECTING TURBINE WITH CONDENSER, d :

mg = pAC =pmg = - '=>mSXSVg2 = gdz =>—2'78X:;X14'7 = Edz =d = 483mm

X2Vg2

6. A Rankine cycle operates between pressures of 80 bar and 0.1 bar. The maximum cycle
temperature is 600°C. If the steam turbine and condensate pump efficiencies are 0.9 and 0.8

respectively, calculate the specific work and thermal efficiency. Relevant steam table extract is

given below.
plbar) |t(°C) | Specific volume (m®/kg)| Specific enthalpy (kJ/kg) Specific entropy (kJ/kg K)
v, v, F;rf hfg I;rg s 5, 3,
0.1 | 4584 | 0.0010103 1465 1919 | 23923 25842 0.6438 | 7.5006 8.1494
50 2951 0.001355 0.0235 1317 14405 27575 32073 | 25351 5.7424

80 bar, 600°C v 0486 m3/ kg
Superheat h 3642 kJ [ kg
table g 7.0206 kJ | keK
GIVEN: p; =80 bar, T; = 600°C, p, =0.1 bar T4
FIND : (1)) W, (i) n
SOLUTION:
State 1

From Superheated steam tables at 80 bar, 600°C
s; = 7.0206 kJ/kgK, h; = 3642 kJ/kg, vg, = 0.486 m®/kg
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State 2
From steam tables at 0.1 bar
St = 0.6488 kJ/kgK, gy, = 7.5006 K] /kgK
hr, = 191.9Kk]/kg  heg, = 2392.3 k] /kg
Vi = 0.0010103 m*/kg
Enthalpy of wet steam (after expansion)
Sz = Sp2 + XpSggp = 7.0206 = 0.6488 + (x, X 7.006) =px, = 0.85

h, = hg, + xheg=>h, = 1919 + (0.85 x 2392.3) = h, = 2225.36 :{(_,.];

State 3
K]
h3 = hfz = hf3 = 191.9k_g
State 4

W, = Ve (P, —P;) = W, = 0.486 (60 — 0.1) x 107 = W, = 8.072K]/kg
8.072 8.072

Npump - 08 =>Wp =10.09 k]/kg

h, =W, +h; &h, = 1009+ 1919 = h, =201.99 kJ/kg

Actual pump work =

PROCESS 1-2: TURBINE WORK : REVERSIBLE ADIABATIC EXPANSION
Wy = (h, — h, )= Wy = (3642 — 222536) = Wy = 1275 ]‘:—;

PROCESS 2-3: CONDENSER HEAT REJECTION: CONSTANT PRESSURE HEAT REJECTION ( P, = P;)

Qr=h, —h; & Qg =222536—-191.9 £» Qg =2033.76 11:_:;
PROCESS 3-4: PUMP WORK: REVERSIBLE ADIABATIC PUMPING (s; = s,)

W, = 10.09 kJ/kg

PROCESS 4-1: BOILER HEAT SUPPLIED: CONSTANT PRESSURE HEAT SUPPLIED (P, = P,)

Qs =h; —h, 5 Q, = 3642 — 201.99 =) Q, = 3440.01 Kk]/Kkg

NET WORK DONE:
Wyet = Wp — Wy 5 Wyee = 1275 - 10.09 5 Wy = 1264.91 k] /kg

EFFICIENCY :
_ Whet _ 1264.91 _ 0
=g = =05 n=36.8%
SPECIFIC STEAM CONSUMPTION:
3600 3600
SSC =~ £ SSC=_——— &  SSC=2.85kg/kWh
WORK RATIO:
_ Wnet _1264.91 _
W, = "2 = W=-"— 5 W,=0.992
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7. Draw the P-V, T-S, h -s, diagrams and theoretical lay out for Reheat Rankine cycle and hence
deduce the expression for its efficiency.

SOLUTION:

REHEATER

CONDENSER

PROCESS 1-2: TURBINE WORK : REVERSIBLE ADIABATIC EXPANSION (s; = s;)

k]
Wr1 =hy —hy (k_g>

h; — Turbinel inlet (dry or superheated steam) enthalpy
h, — Turbine exit and reheater intet (wet or dry steam) enthalpy
PROCESS 2-3: CONSTANT PRESSURE REHEATING ( P, = P;)

Qs1 =h; —h; (:—;)

h; — Turbinel inlet (dry or superheated steam) enthalpy
PROCESS 3-4: TURBINE WORK? : REVERSIBLE ADIABATIC EXPANSION (s; = s,)

Wi, =h; — by ( 4 )
T2 = N3 + kg
h, — Turbine exit and condenser intet (wet or dry steam) enthalpy
PROCESS 4-5: CONDENSER HEAT REJECTION: CONSTANT PRESSURE HEAT REJECTION (P, = Py)
=he—hs ()
Qr =hy —hs ke
hs = hgy, = hgs Condenser exit (saturated liquid) enthalpy
PROCESS 5-6: PUMP WORK: REVERSIBLE ADIABATIC PUMPING (s5 = s;)

K]
Wp =h6—h5 (k—g)

hg — Pump exit & boiler inlet (subcooled liquid) enthalpy
K]
W, = Vis(Ps —P) ()

K]
h6 =Wp+h5 (k—g)

PROCESS 6-1: BOILER HEAT SUPPLIED: CONSTANT PRESSURE HEAT SUPPLIED ( Py = P;)
k]
Qs2 =hy —hg (k_g)
EFFICIENCY :

Wy +Wp =W, (hy —hy) + (hy —h3) — (hg —hs)
Qs1 + Qs2 (h3 —hy) + (hy —hg)
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8. A reheat Rankine cycle receives steam at 35 bar and 0.1 bar. Steam enters the first stage steam
turbine 350 °C. If reheating is done at 8 bar and 350 °C, calculate the specific steam consumption
and reheat Rankine cycle efficiency.

GIVEN: REHEATER A
P1=35 bar, T;=350 °C, P3=8 bar,
T3=350 °C, P,=0.1 bar

CONDENSER

SOLUTION:

PROCESS 1-2: ADIABATIC EXPANSION PROCESS
From the superheated steam table at 35 bar and 350 °C

By interpolation

hy—hy, _ pr—DPp h,—31042 _ 35-34 _ K _
ha-hp  Pa—Pa = 3108731042  36-34 —p hr=3106.45 kg h,
Sr=Sb _ Pr=Pb Sy—6.647  35-34 _ kK
Sa—Sb _ DPa—Da = 6.679-6.647  36-34 —p Sr=06.663 kgk S1
From saturated steam table at 8 bar
6.660 il
S, = 6. —
& kg.K

Where, s; = s, = Sg » SO the exit of turbine is saturated steam

From saturated steam table at 8 bar

h —27674k]—h
2 — " kg_ 1

TURBINE WORK
wr; =h; —h, == wqy =310645—2767.4 =) wry = 339.05Kk]/kg
PROCESS 2-3: CONSTANT PRESSURE HEAT ADDITION
From superheated steam table at 8 bar and 350 °C

— L - M
hs =3162.4{ . s3=7.411 %
HEAT SUPPLIED TO REHEATER

k]

Qs =hs —h, B==> q4 =31624-27674 > q4= 395 %

PROCESS 3-4: ADIABATIC EXPANSION PROCESS IN TURBINE 2: s; = s,
From saturated steam table at 0.1 bar

kJ
Sg4_ = 8151kg—K

S3 = S4 < Sg4, SO the exit of turbine is wet steam
From saturated steam table at 0.1 bar

_ kJ _ kJ _ k] _ k]
Sfa = 0.649 kg_K v Sfga = 7.502 kg7’ hf4_ =191.8 k_g ) hfg4_ = 2392.8 k_g

S4 = St XaSfge 2 7411 = 0.649 + (x4 X 7.502) = Xx4=09
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hy, = hey + x4hgge = hy =191.8+ (09 x 23928) = hy= 2345.32]'{‘—;
wrz = h; —h, £  wrp = 31624 — 2345.32 = wy; = 817.08k]/kg
PROCESS 4-5: CONSTANT PRESSURE HEAT REJECTION

hgs = hgs = hg = 191.8 k] /kg
PROCESS 5-6: ADIABATIC PUMPING
W, = vg(Ps —Ps) E=p W, =0.001010 % (35—-0.1) x 100  =pW, = 3.53Kk]/kg
W, = hs — h; =) 3.53 =hs — 1918 = he = 195.33 kJ/kg
PROCESS 5-6: CONSTANT PRESSURE HEAT ADDITION

K
gs1 =h; —hg = qg = 310645 — 19533 = g =2911.12 ¢

RANKINE CYCLE EFFICIENCY
_ Wr+Wp,-Wp,  339.05+817.08-3.53 _ o
T Qa+Qsz; 3954291112 = n=34.86%
SPECIFIC STEAM CONSUMPTION
3600 3600
SSC = Wt => SSC = 339.051817.08 => SSC=3.12 kg/kWh

9. A steam power plant operates on a theoretical reheat cycle. Steam at boiler at 150bar, 550 °C
expands through the high pressure turbine. It is reheated at a constant pressure of 40 bar to 550
°C and expands through the low pressure turbine to a condenser at 0.1 bar. Draw T-s and h-s
diagram. Find (i) Quality of steam at turbine exhaust (ii) Cycle efficiency (iii) Steam Rate in
kg/kwh.
GIVEN: REHEATER A
P1=150 bar, T,=550 °C, P3=40 bar,
T3=550 °C, P,=0.1 bar

CONDENSER s
SOLUTION:

PROCESS 1-2: ADIABATIC EXPANSION PROCESS

State 1

From the superheated steam table at 150 bar and 550 °C

_ K - L
h1 = 3445.2 kg , $1 = 6. 5125kg.k

State 2
From saturated steam table at 40 bar
kJ
Sg = 6069](19—1(

Where, s; = s, > Sg + SO the exit of turbine is Superheated steam

From saturated steam table at s, = 6. 5125% and 40 bar
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By interpolation

T.—T Sp—s T,—300 _ 6.5125-6.364
—r~’b _ Sr7Sb = r = = T, =332C=T,
Ta—Tp  Sa—Sh 350-300  6.587—6.364

hy—h, _ T—Tp h.—2962 _ 332-300 _ K
ha=h, Ta=Tp => 3095.1-2962  350—300 => h, = 3047. 18kg =h;

TURBINE WORK
wri =h; —h, => wp =3445.2—3047.18 => wr; = 398.02 k]/kg
PROCESS 2-3: CONSTANT PRESSURE HEAT ADDITION

From superheated steam table at 8 bar and 350 °C
— K = L/
hy =3558.90.,  s3=7.229 %
HEAT SUPPLIED TO REHEATER
k]
sz =hs —h, =) qs =35589-3047.18 => g4 = 511.72@

PROCESS 8-4: ADIABATIC EXPANSION PROCESS IN TURBINE 2:s; = s,
From saturated steam table at 0.1 bar

kJ
Sg4_ = 8151kg—K

S3 = S4 < Sgu, SO the exit of turbine is wet steam

From saturated steam table at 0.1 bar

kJ kJ
Sfa = 0.649 kg_K ) ng4_ =7.502 kg_K
hg, = 191.8 11:_; . hg, = 23928 ::_;

Se =Sts + XaStge 2 7411 =0.649 + (x4 X 7.502) £ x4 =09
hy =hgy +x4hg = hy =191.8+ (0.9 x 23928) = hy= 2345.32]':—;
wrz =h;—h, £  wr, =35589 —2345.32 = wr, =1213.58 kJ/kg
PROCESS 4-5: CONSTANT PRESSURE HEAT REJECTION
hgy = hes = hg = 191.8 kJ/kg
PROCESS 5-6: ADLABATIC PUMPING
W, = v (Ps—Ps) = W, =0.001010 x (150 —0.1) X 100 =p W, = 15.14Kk]/kg

W, = hg — hg =>15.14 =hg —191.8 => hg = 206.94 K] /kg
PROCESS 5-6: CONSTANT PRESSURE HEAT ADDITION
K]

RANKINE CYCLE EFFICIENCY

_ Wri+Wr,—Wp,  398.02+1213.58—15.14 _ 0

T Qa+Qsz | 511724323826 => n=42.57%
SPECIFIC STEAM CONSUMPTION

3600 3600 =>

S5C = W => SSC = 398097121356 1512 SSC = 2.254 kg/kWh
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10.Draw the P-V, T-S, h -s, diagrams and theoretical lay out for Regeneration Rankine cycle and

hence deduce the expression for its efficiency.

1 A

PUMPL CONDENSER >

PROCESS 1-2 & 1-3 TURBINE WORK
Wy = 1kg(hy — hy) + (1 —m)(h; — h3)
h; — Turbinel inlet enthalpy
h, — bypass regeneration enthalpy

PROCESS 3-4: CONDENSER HEAT REJECTION: CONSTANT PRESSURE HEAT REJECTION (P; = P,)
K]
Qr =h3z —h, (k_g)
h; — Turbine exit and condenser intet enthalpy
h, = hgz = hg, Condenser exit enthalpy
TO FIND BYPASS STEAM MASS: ENERGY BALANCE
m((hz —hg) = (1 —m)(hg — hs)
PROCESS 4-5: PUMP WORK 1: REVERSIBLE ADIABATIC PUMPING (s, = s5)

W,; = (1— m)h, — hg (:—;)

PROCESS 6-7: PUMP WORK2: REVERSIBLE ADIABATIC PUMPING (s = s,)

Wyz = Licg (hy ~ h) ()
Wy = Vis(Py — Pe) (1)

K]
h7 =Wp+h6 (k—g)

PROCESS 7-1: BOILER HEAT SUPPLIED: CONSTANT PRESSURE HEAT SUPPLIED (P, = P;)
K]
Q51 = 1kg (hy —hy) (k_g)

EFFICIENCY

Wy _ 1kg(h; — h;) + (1 — m)(h; — hy)
Qs 1kg(h; — hy)

Note: Here Pump work is negligible

‘rl:
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11.1n a single-heater regenerative cycle the steam enters the turbine at 30 bar, 400°C and the exhaust
pressure is 0.10 bar. The feed water heater is a direct contact type which operates at 5 bar. Find :
(i) The efficiency and the steam rate of the cycle. (ii) The increase in mean temperature of heat
addition, efficiency and steam rate as compared to the Rankine cycle (without regeneration). Pump

work may be neglected.

1 (400°C)

(1-m)kg

) + 0.1bar
S Condenser

W.tc—v—’—

PROCESS 1-2: ADIABATIC EXPANSION PROCESS
State 1
From the superheated steam table at 30 bar and 400 °C

_ K - L
hy = 323250 | 51=6.925_

State 2
From saturated steam table at 5 bar
kj
=6.819——
sg = 6.819 kg K

Where, s; =s; > s, , s0 the exit of turbine is Superheated steam
From saturated steam table at s, = 6. 925% and 5 bar

By interpolation

Te=Th _ Sr=Sp T,—151.8 _ 6.925-6.819

Ta=Tp  Sa—Sh = Z00-1518  7.059-6819 — T, =173.08°C=T;
hy—hp, _ T—Tp h,—2747.5 _ 173.08-151.8 _ K _
hy-hy  Ta-Tp => 2855.1-2747.5  200-151.8 => h, =2795.02 kg h,
State 3
From saturated steam table at 0.1 bar
kj
=8.151——
53 kg.K

S1 = S3 < Sg3, SO the exit of turbine is wet steam

From saturated steam table at 0.1 bar

kJ kJ
Sf3 = 0.649 kg_K , ng3 =7.502 kg_K
hes = 191.8 :_; . hggs = 2392.8 11:_;

S3 = S3 + X3Sg3 2 6.925 = 0.649 + (x3 X 7.502) = x3=0.837

K
hy =hs +Xshigs £ hy = 191.8+(0.837 x 23928)cp  hg = 2194.57 ¢
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State 4 and 6
Since pump work is neglected
hy =hs =191.8 kd/kg=hs hs = hss = 640.1 kJ/kg (at 5 bar) = hy
ENERGY BALANCE FOR HEATER GIVES
m (hz —hg ) = (1 —m) (he— hs)
m (2796 — 640.1) = (1 — m) (640.1 — 191.8) = 448.3 (1 - m)
2155.9 m =448.3 - 448.3 m

~m=0.172 kg

TURBINE WORK,
Wi = (hy— hy) + (1 —m) (h2 — hs) £ Wr = (3230.9 - 2796) + (1 — 0.172) (2796 — 2192.2)
Wi = 434.9 + 499.9 Wi = 934.8 k/kg
HEAT SUPPLIED,
Qi=hy —hs = Q;=3230.9-640.1 Q1 = 2590.8 kJ/Kg.
EFFICIENCY OF CYCLE, Mcycle

Neyele = Vg—f > Neele = e Neyete = 0.3608 or 36.08%
STEAM RATE
SSC = % = SsC=2>2 SSC= 3.85 kg/kWh

THE INCREASE IN MEAN TEMPERATURE OF HEAT ADDITION

_ hy-hg _3230.9-191.8 _ o
Ty = P = Ty = S92 0cao Tn1=484.5Kor 211.5°C.

INCREASE IN T,,,; DUE TO REGENERATION

Increase in T,,; =238.9-2115 Increase in T, =27.4°C
WITHOUT REGENERATION:
TURBINE WORK

Wr=h;—hs = Wr=3230.9-2192.2 W+ = 1038.7 kd/kg
STEAM RATE WITHOUT REGENERATION
SSC = 3V6V°T° = SSC= o= SSC= 3.46 kg/kWh

INCREASE IN STEAM RATE DUE TO REGENERATION
Increase in steam rate =3.85—3.46 Increase in steam rate = 0.39 kg/kWh

EFFICIENCY OF CYCLE, Tcycle
Neyele = T Ncycle = 0.3418 or 34.18%
h;—hg,

INCREASE IN CYCLE EFFICIENCY DUE TO REGENERATION
ncyde = 3608 - 3418 ncyde = 19%
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12.A steam turbine is fed with steam having an enthalpy of 3100 kJ/kg. It moves out of the turbine
with an enthalpy of 2100 kJ/kg. Feed heating is done at a pressure of 3.2 bar with steam enthalpy
of 2500 kJ/kg. The condensate from a condenser with an enthalpy of 125 kJ/kg enters into the feed
heater. The quantity of bled steam is 11200 kg/h. Find the power developed by the turbine. Assume
that the water leaving the feed heater is saturated liquid at 3.2 bar and the heater is direct mixing
type. Neglect pump work.

SOLUTION:
From the steam table at 3.2 bar 1kg
hts = 570.9 kJ/kg.
Consider m kg out of 1 kg is taken to the feed heater Bo@

Turbine Power out

Energy balance for the feed heater is written as : ® @
(m X h2)+ (1 - m) hf5 =1x hf6 ymi 1 _()ronric:‘jnser Plate

m x 2100 + (1 —m) x 125 =1 x 570.9 (é:;_—
2100 m + 125 -125m =570.9 ®

® @
1975 m =570.9 - 125 e GRLL

Pump Pump

m = 0.226 kg per kg of steam supplied to the turbine

STEAM SUPPLIED TO THE TURBINE PER HOUR
11200

0.226
=49557.5 kg/h
NET WORK DEVELOPED PER K& OF STEAM
=1kg (hy —hy) + (1 —m) (hy — hs)
= (3100 - 2500) + (1 —0.226) (2500 — 2100)
=600 + 309.6
=909.6 kJ/kg
POWER DEVELOPED BY THE TURBINE
=12521.5 kW
13. Steam enters the turbine at 3 Mpa and 400°C and is condensed at 10kPa. Some quantity of steam
leaves the turbine at 0.5 Mpa and enters feed water heater. Compute the fraction of the steam
extracted per kg of steam and cycle thermal efficiency.

From steam tables :
At 30 bar, 400°C : hy = 3230.9 kl/kg.
51 =6.921 klkg K =53 =<3,
At 5 bar : sp= 1.8604,
Sg = 6.8192 kl'kg K.
hg=640.1 kT/kg

Since s2> sg, the state 2 must lie in the superheated region. From the table for superheated steam
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ty = 172°C.
hy = 2796 kI'kg.

At 0.1 bar: s¢=0.649,
5= 7.501.
hs=191.8.

hfg =2392.8
Now, sa=s3
1.e..6.921 =spg +x3 Sfgl
x3 = 0.836
h_", = hf3 + X3 hfgg
=2192.2 klkg
Since pump work 1s neglected
he =191.8 kl'kg = hg
hes = 640.1 kl/kg (at 5 bar) = hg
Energy balance for heater gives
m (hy — hgs ) = (1 — m) (he— hgs)

~m=0.172kg
= Turbine work, Wt = (h1 — hz) + (1 —m) (hy — h3)
=9034.8 klkg
Heat supplied. Q1 =h; — hss
=2590.8 kl/kg.
Efficiency of cycle. neyele :
Wr
Tlc_vcle Q,

=0.3608 or 36.08%. (Ans.)
Steam rate = 3.85 kg'kWh. (Ans.)

14. In a steam generator compressed liquid water at 10 MPa, 30°C enters a 30 m diameter tube at the
Rate of 3 litres/sec. Steam at 9MPa, 400°C exits the tube. Find the rate of heat transfer to the
water.

GIVEN:
In boiler Pressurized water enters at section 1 (p1=100 bar, 30°C)
At section 2 it exits the tube as Steam at 90 bar, 400°C.
Check the condition of water at 1. (find v1)
From volume flow rate find mass flow rate of water
and find h;
Check the condition of water at 2. (find h2)
Find H.T rate Q = m(h2- h1) in kJ/min
Given:
In boiler Pressurized water enters at section 1 (p1=100 bar. 30°C)
At section 2 it exits the tube as Steam at 90 bar, 400°C.

Check the condition of water at 1. (find v1)

From volume flow rate find mass flow rate of water
and find hy

Check the condition of water at 2. (find hy)

Find H.T rate Q = m(hs- h;) in kJ/min
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15. BINARY VAPOUR CYCLE
A Binary Vapor Rankine Power Cycle consists of two separate Rankine Vapor Power Cycles
that use different working fluids. The two cycles only interact through a shared heat exchanger.
In this HEX, the sub-cooled liquid leaving the pump in the low-temperature
cycle absorbs heat from the turbine effluent of the high-temperature cycle. If necessary,
the working fluid in the low-temperature cycle can receive additional heat from the boiler before
entering the low-temperature turbine.

> If we use steam as the working medium the temperature rise is accompanied by rise in
pressure and at critical temperature of 374.15°C the pressure is as high as 225 bar which will
create many difficulties in design, operation and control.

» An ideal fluid for this purpose should have a very high critical temperature combined with
low pressure. Mercury, diphenyl oxide and similar compounds, aluminium bromide and zinc
ammonium chloride are fluids which possess the required properties in varying degrees.

» Mercury is the only working fluid which has been successfully used in practice. It has high
critical temperature (588.4°C) and correspondingly low critical pressure (21 bar abs.).

» The mercury alone cannot be used as its saturation temperature at atmospheric pressure is
high (357°C). Hence binary vapour cycle is generally used to increase the overall efficiency
of the plant. Two fluids (mercury and water) are used in cascade in the binary cycle for
production of power.

Mercury  Mercury electric Steam electric 1
’ turbine g?erator tiirz?_-lm genera‘torl /,_,1
ine \
_E—E — ] [
- \
o v Mercury \
= Superheater Steam cycle \
gﬂs;cmugr W condenser N -
Mercury condenser or
Steam generator .
U
Mercury feed pump Water feed pump |

The few more properties required for an ideal binary fluid used in high temperature
% It should have high critical temperature at reasonably low pressure.

>

7/
*

It should have high heat of vaporisation to keep the weight of fluid in the cycle to minimum.

L)

K/
°e

Freezing temperature should be below room temperature.

3

S

It should have chemical stability through the working cycle.

K/
°e

It must be non-corrosive to the metals normally used in power plants.

3

S

It must have an ability to wet the metal surfaces to promote the heat transfer.

K/
°e

The vapour pressure at a desirable condensation temperature should be nearly atmospheric
which will eliminate requirement of power for maintenance of vacuum in the condenser.

<

» After expansion through the prime mover the vapour should be nearly saturated so that a
desirable heat transfers co-efficient can be obtained which will reduce the size of the
condenser required.
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% It must be available in large quantities at reasonable cost.

It should not be toxic and, therefore, dangerous to human life.

Although mercury does not have all the required properties, it is more favourable than any other

fluid investigated. It is most stable under all operating conditions.

Although, mercury does not cause any corrosion to metals, but it is extremely dangerous to human

life, therefore, elaborate precautions must be taken to prevent the escape of vapour. The major

disadvantage associated with mercury is that it does not wet surface of the metal and forms a

serious resistance to heat flow.

Working:

v
v

v

A binary vapour power cycle is two power cycles working together.

The high-temperature cycle absorbs heat from the hot reservoir and the low-temperature
cycle rejects heat to the cold reservoir.

The interesting part is that the heat rejected from the high-temperature cycle, Qc; is used as
the heat INPUT to the low-temperature cycle, Q..

The transfer of heat out of the high-temperature working fluid and into the low temperature
working fluid takes place in a heat exchanger, labeled “HEX” in my diagram.

If the flow rates of the two working fluids are controlled properly, the low-temperature cycle
does not need to receive heat from the boiler.

Otherwise, the low temperature working fluid can be heated further in the boiler as | have
shown here.

The key is that the working fluids in the two cycles CANNOT be the same.

If the two working fluids were the same, there would be no advantage to using a binary
vapour cycle.

So, now, let’s try to determine what advantage there might be in using a binary cycle.

Thermal properties of mercury :

v
v

Its freezing point is — 3.3°C and boiling point is — 354.4°C at atmospheric pressure.

The pressure required when the temperature of vapour is 540°C is only 12.5 bar (app.) and,
therefore, heavy construction is not required to get high initial temperature.

Its critical temperature is so far removed from any possible upper temperature limit with
existing metals as to cause no trouble.

Some undesirable properties of mercury are listed below :

v

Since the latent heat of mercury is quite low over a wide range of desirable condensation
temperatures, therefore, several kg of mercury must be circulated per kg of water evaporated
in binary cycle.

The cost is a considerable item as the quantity required is 8 to 10 times the quantity of water
circulated in binary system.

Mercury vapour in larger quantities is poisonous, therefore, the system must be perfect and
tight.
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UNIT-V
PSYCHROMETRY

3.1 INTRODUCTION

The psychrometric is that branch of engineering science which deals with the study of
moist air i.e., dry air mixed with water vapour or humidity. It also includes the study of
behavior of dry air and water vapour mixture under various sets of conditions. Though the
earth’s atmosphere is a mixture of gases including nitrogen (N2), oxygen (O:), argon (Ar) and
carbon dioxide (CO2), yet for the purpose of psychrometric, it is considered to be a mixture of
dry air and water vapour only.

3.2 PSYCHOMETRIC TERMS

Though there are many psychometric terms, yet the following are important from the

subject point of view :

1. Dry air. The pure dry air is a mixture of a number of gases such as nitrogen,
oxygen, carbon dioxide, hydrogen, argon, neon, helium etc. But the nitrogen and oxygen
have the major portion of the combination. The dry air is considered to have the composition
as given in the following table:

Table .1 Composition of dry air

Molecular
C tit t B 1} B
onstituen y volume 'y mass Mass

Nitrogen (N2) 78.03% 75.47% 28
Oxygen (O2) 20.99% 23.19% 32
Argon (Ar) 0.94% 1.29% 40
Carbon dioxide (CO») 0.03% 0.05%

Hydrogen (Hz) 0.01%

The molecular mass of dry air is taken as 28.966 and the gas constant of air (Ra) is
equal 0.287 kJ / kg K or 287 J/kg K.

The molecular mass of water vapour is taken as 18.016 and the gas constant for water
vapour (k) is equal to 0.461-kJ/kg K or 461 J/kg K.

Notes: (a) The pure dry air does not ordinarily exist in nature because it always contains some

water vapout




(b) The term air, wherever used in this text, means dry air containing moisture in the
vapour form.

(c) Both dry air and water vapour can be considered as perfect gases because both
exist in the atmosphere at low pressure. Thus all the perfect gas terms can be applied to them
individually.

(d) The density of dry air is taken as 1.293 kg/m3 at pressure 1.0135 bar or 101.35
1(11/m2 and at temperature 0°C (273 K).

2. Moist air. It is a mixture of dry air and water vapour. The amount of water vapour
present. in the air depends upon the absolute pressure and temperature of the mixture.

3. Saturated air. 1t is mixture of dry air and water vapour, when the air has diffused
the maximum amount of water vapour into it. The water vapours, usually, occur in the form
of superheated steam as an invisible gas. However, when the saturated air is cooled, the water
vapour in the air starts condensing, and the same may be visible in the form of moist, fog or
condensation on cold surfaces.

4. Degree of saturation. 1t is the ratio of actual mass of water vapour in a unit mass of
dry air to the mass of water vapour in the same mass of dry air when it is saturated at the
same temperature.

5. Humidity. 1t is the mass of water vapour present in 1 kg of dry air, and is generally

expressed in terms of gram per kg of dry air (g / kg of dry air). It is also called specific

humidity or humidity ratio.

6. Absolute humidity. 1t is the mass of water vapour present in 1 m3 of dry air, and is
generally expressed in terms of gram per cubic metre of dry air (g /m3 of dry air). It is also
expressed in terms of grains per cubic metre of dry air. Mathematically, one kg of water
vapour is equal to 15 430 grains.

7. Relative humidity. 1t is the ratio of actual mass of water vapour in a given_volume
of moist air to the mass of water vapour in the same volume of saturated air at the same
temperature and pressure. It is briefly written as RH.

8 Dry bulb temperature. 1t is the temperature of air recorded by a thermometer, when
it is not affected by the moisture present in the air. The dry bulb temperature (briefly written
as DBT) is generally denoted by tq or tap.

9. Wet bulb temperature. 1t is the temperature of air recorded by a thermometer, when
its bulb is surrounded by a wet cloth exposed to the air. Such a thermometer is called *wet
bulb thermometer. The wet bulb temperature (briefly written as WBT) is generally denoted
by tw Or tws.

10. Wet bulb depression. 1t is the difference between dry bulb temperature and wet
bulb temperature at any point. The wet bulb depression indicates relative humidity of the air.




11. Dew point temperature. 1t is the temperature of air recorded by a thermometer,
when the moisture (water vapour) present in it begins to condense. In other words, the dew
point temperature is the saturation temperature (tsat). corresponding to the partial pressure of
water vapour (/) It is, usually, denoted by #4,. Since p». is very small, therefore the saturation
temperature by water vapour at pv is also low (less than the atmospheric or dry bulb
temperature). Thus the water vapour in air exists in the superheated state and the moist air
containing moisture in such a form (i.e., superheated state) is said to be unsaturated air. This
condition is shown by point A on temperature-entropy (T-s) diagram as shown in Fig.1.
When the partial pressure of water vapour (Pv) is equal to the saturation pressure (Ps) the
water vapour is in dry condition and the air will be saturated air

/P,
Vs
v'/
ETS o
\ ;

Temperature ——»

\ o 5
\ ; = Cooling

B 1 Dew point
temperature

Entro{)J—»
Fig.1. T-s diagram

If a sample of unsaturated air, containing superheated water vapour, is cooled at
constant pressure, the partial pressure (pr) of each constituent remains constant until the water
vapour reaches the saturated state as shown by point B in Fig.1. At this point 8, the first drop
of dew will' be formed and hence the temperature at point B is called dew paint temperature.
Further cooling will cause condensation of water vapour.

From the above we see that the dew point temperature is the temperature at which the
water vapour begins to condense.

Note: For saturated air, the dry bulb temperature, wet bulb temperature and dew point
temperature is same.

12. Dew point depression. 1t is the difference between the dry bulb temperature and
dew point temperature of air.

13.  Psychrometer. There are many types of psychrometers, but the sling
psychrometer, as shown in Fig..2, is widely used. It consists of a dry bulb thermometer and a
wet bulb thermometer mounted side by side in a protective case that is attached to a handle
by a swivel connection so that the case can be easily rotated. The dry bulb thermometer is
directly exposed to air and measures the actual temperature of the air. The bulb of the wet
bulb thermometer is covered; by a wick thoroughly wetted by distilled water. The
temperature measured by this wick covered bulb of a thermometer is the temperature of
liquid water in the wick and is called wet Nib j temperature.




The sling psychrometer is rotated in the air for approximately one minute after which
HO readings from both the thermometers are taken. This process is repeated several times to
assure': that the lowest possible wet bulb temperature is recorded.

Handle

1

«— Dry bulb
Wet bulb thermometer

thermometer

T
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Bulb covered

- £

Fig.2, Sling psychrometer
3.3 DALTON'S LAW OF PARTIAL PRESSURES

It states, The total pressure exerted by the mixture of air and water vapour is equal to
the sum of the pressures, which each constituent Fould exert, if it occupied the same space by
itself. In other words, the total pressure exerted by air and water vapour mixture is equal to
the barometric pressure. Mathematically, barometric pressure of the mixture,

Py, =P+ P,

P, = Partial pressure of dry air, and

P\,= Partial pressure of water vapour.
3.4 PSYCHROMETRIC RELATIONS

We have already discussed some psychrometric terms in Art. These terms have some
relations between one another. The following psychrometric relations are important from the
subject point of view:

1. Specific humidity, humidity ratio or moisture content. It is the mass of water vapour
present in 1 kg of dry air (in the air-vapour mixture) and is generally expressed in g /kg of dry
air. It may also be defined as the ratio of mass of water vapour to the mass of dry air in a

given volume of the air-vapour mixture.

Let P4, Vi, Ta, m, and R, = Pressure, volume, absolute temperature, mass and gas
constant




respectively for dry air, and

Py, Vy, myand R,= Corresponding values for the water vapour.

Assuming that the dry air and water vapour behave as perfect gases, we have for dry

Piva=mqR. 1,
and for water vapour, P,vy=my R, T,

Also Va=1VWy

and T.=T,,= Ty... (where Td is dry bulb temperature)
From equations (i) and (ii), we have

Py
Pa

=P,
R, p,

Substituting R, = 0.287 kJ/kg K for dry air and R, = 0.461 kJ/kg K for water vapour in the

above equation, we have

Humidity ratio, w

= 0287 x p, P, P,
= 0461x p, = p - Py — P,
- (o p=p,+p)

Saturated f

- water vapour \’\ A Superheated

2 zwer vapour

—— Temperature—p

‘Entropy ——»
Fig.3 T-s diagram

Consider unsaturated air containing superheated vapour at dry bulb temperature s and
partial pressure p, as shown by point A on the 7-s diagram in Fig. 3. If water is added into
this unsaturated air, the water will evaporate which will increase the moisture content
(specific humidity) of the air and the partial pressure p, increases. This will continue until the
water vapour becomes saturated at that temperature, as shown by point C in Fig.3, and there
will be more evaporation of water. The partial pressure p,, increases to the saturation pressure
ps and it is maximum partial pressure of water vapour at temperature /s. The air containing

moisture in such a state




(point () is called saturated air.

For saturated air (i.e. when the air is holding maximum amount of water vapour), the
humidity ratio or maximum specific humidity,

W= W, =0622x —2
pb —Fe

where Ps= Partial pressure of air corresponding to saturation temperature (i.e. dry bulb
temperature td).

2. Degree of saturation or percentage humidity. We have already discussed that the degree
of saturation is the ratio of vapour in a unit mass of water air to the mass of water vapour in
the same mass of dry air when it is saturated at the same temperature (dry bulb temperature),
it may be defined as the ratio of actual specific humidity to the specific humidity of saturated
air at the same dry bulb temperature. It is, usually, denoted by p. Mathematically, degree of
saturation,

0622 p,

- _‘E.:——-—-———pb—pv :&——"pb—pt =&—
e w 062p,  p

Py= Py Py

pb-’)j

Notes: (a) The partial pressure of saturated air (Ps) is obtained from the steam tables
corresponding to dry bulb temperature /..

(b) If the relative humidity,@) = Pv/ Ps is equal to zero, then the humidity ratio, W =
0, i.e. for dry air, u = 0.

(c) If the relative humidity, @) Pv/ Ps is equal to 1, then W = Ws and u = 1. Thus p.
varies between 0 and 1.

3. Relative humidity. We have already discussed that the relative humidity is the ratio of
actual mass of water vapour (m,) in a given volume of moist air to the mass of water vapour
(ms) in the same volume of saturated air at the same temperature and pressure. It is usually
denoted by @. Mathematically, relative humidity,

Let py, v, Ty, myand R, = Pressure, volume, temperature, mass and gas constant
respectively for

water vapour in actual conditions, and

Ps, Vs, Ts, msand Rs = Corresponding values for water vapour in saturated air.




We know that for water vapour in actual conditions,
Povw=m, R, T,
Similarly, for water vapour in saturated air,
Psvs =ms Rs Ts

According to the definitions,

Tv=Ts
Also Rv=Rs=0461klkgK

=~ From equations (i) and (ii), relative humidity,

P
Py

m
¢=
m}’

Thus, the relative humidity may also be defined as the ratio of actual partial pressure
of water vapour in moist air at a given temperature (dry bulb temperature) to the saturation
pressure of water vapour (or partial pressure of water vapour in saturated air) at the same
temperature.

The relative humidity may also be obtained as discussed below:

We know that degree of saturation,

=@~ =
Pp

4. Pressure of water vapour. According to Carrier's equation, the partial pressure of water
vapours,

(py—p, )0, —1,)
1544 — 144 ¢,

pv = Pw_

Pw, = Saturation pressure corresponding to wet bulb temperature (from
steam tables),

P»= Barometric pressure,




ta= Dry bulb temperature, and
tw= Wet bulb temperature.

5. Vapour density or absolute humidity. We have already discussed that the vapour density or
absolute humidity is the mass of water vapour present in 1 m® of dryair.

Let  v,= Volume of water vapour in m’/kg of dry air at its partial pressure,
va= Volume of dry air in m*/kg of dry air at its partial pressure,

pv, = Density of water vapour in kg/m® corresponding to its partial pressure
and dry bulb

temperature 74, and
pa= Density of dry air in kg/m’ of dry air.

We know that mass of water vapour,

mV = VII pv
and i =
mass of dry air, m, = v, p,

Dividing equation (i) by equation (ii),

ﬂ — Vv pv

mﬂ va pa

Since v, = v, therefore humidity ratio,

m >
We =00 or p=Wp,

m, i

We know that P, v,=mRT,

Since v, = — and m_ = 1 kg, therefore substituting these values

a

we get

Py

1
p,X— =R, T, or p,=
@ pa a " d Ran

Substituting the value of p_ in equation (i), we have

Wp, Wi(p,-p,)

R, T, R, T,

Pressure of air in kN/m?,
Gas constant for air = 0.287 kJ/ kg K, and
Dry bulb temperature in K.




Example.1. The readings from a sling psychrometer are as follows ry bulb temperature
= 30° C ; Barometer reading 740mm of Hg Using steam tables, determine : I. Dew point
temperature ; 2. Relative humidity ; 3. Specific humidity ; 4. Degree of-saturation ; 5.
Vapour density ; and 6. Enthalpy of mixture per kg of dry air.

Solution given: ta= 30°C ; tw. = 20°C ; P4= 740 mm of Hg
1.Dew point temperature

First of all, let us find the partial pressure of water vapour (Pv).

From steam tables, we find that the saturation pressure corresponding to wet bulb temperature
of 20° C is

P,,=0.023 37 bar
We know that barometric pressure,
ph =740 mm of Hg ... (Given)

=740 x 133.3 =98 642 N/m? ... (~ mm of Hg =
133.3 N/m?)

=0.986 42 bar

N/m?)

=~ Partial pressure of water vapour,

K. (pb o=y pu) (’d _tw)
Pe = Po™ "o 184¢,

(0.986 42 —0.02337) (30 — 20)
1544 —1.44x 20
0.023 37 — 0.006 36 = 0.017 01 bar

0.023 37 —

Since the dew point temperature is the saturation temperature corresponding to the
partial pressure of water vapour (Py), therefore from steam tables, we find that corresponding
to pressure 0.017 01 bar, the dew point temperature is

tap = 15°C Ans
2. Relative humidity

From steam tables, we find that the saturation pressure of vapour corresponding to dry
bulb temperature of 30°C is

Ps=0.042 42 bar

We know the relative humidity,




p. 0.01701
= B i m = 0.40 or 40% Ans.
= :

3. Specific humidity

We know that specific humidity,
0622 p,  0.622x0.01701
Py — P,  0.98642—0.01701

0.01058 .
096941 — 0.010 914 kg/kg of dry air

w

10.914 g/kg of dry air Amns.
4. Degree of saturation =

We know that specific humidity of saturated air,

= 0622 p, _ 0.622x0.04242
4 Py — Ps 0.98642 — 0.04242

= 0_;’;_223 =0.027 945 kg /kg of dry air

We know that degree of saturation, _

W 0.010914
= W, 0.027 945 =0.391 or 39.1% Ans.

The degree of saturation (i) may also be calculated from the following relation :

£s_(pb = p.t)
" Ps \ Pp — Pvx

0.01701 [0.98642 — 0.04242]

0.04242 | 098642 —0.01701
0.391 or 39.1% Ans.

5. Vapour density
We know that vapour density,

°
» W(p, ~p,) _ 0010914 (0.98642 - 0.01701) 10°
4 R, T, 287 (273 + 30)
= 0.012 16 kg/m’® of dry air Aus
6. Enthalpy of mixture per kg of dry air

rom steam tables c ﬁnd that t.h Vv P i .Oll ()I w
F s, W c latent hcat Of aporisatt 1
> ater at deW polnt

hyq, = 2466.1 kl/kg
. Enthalpy of mixture per kg of dry air,
h = 1.02% L+ W [hmp +23 th]
1.022% 30 + 0.010 914 [2466.1 + 2.3 x 15]
= 30.66 + 27.29 = 57.95 kJ/kg of dry air




Example.2: On a particular day, the atmospheric air was found to have a dry bulb
temperature of 30°C and a wet bulb temperature of 18°C. The barometric pressure was
observed to b 756mm of Hg. Using the tables of psychrometric properties of air,
determine the relative humidity, the specific humidity, the dew point temperature, the
enthalpy of air per kg of dry air and the volume of mixture per kg of dry air.

Solution: Given: ta= 30°C; t, - 18°C; Pp= 756 mm of Hg

Relative humidity

First of {111, let us find the partial pressure of water vapour (p, ). From steam tables, we find
that the saturation pressure corresponding to wet bulb temperature of 18°C s,

p,, = 0.020 62 bar = 0.020 62 x 10° = 2062 N/m?

2062
= 1333 = 1347 mm (:f Hg . (- 1 mm of Hg = 133.3 N/m?)

_py-p,)0-1,)
1544.-144 -

(756-1547)(30-18)
1544 -144 x18

= 15.47 - 5.85 = 9.62 mm of Hg

From steam tables, we find that the saturation pressure of va
temperature of 30°C is

= 1547 -

mm of Hg

pour corresponding to dry bulb

P, = 0.042 42 bar = 0.042 42 x 10° = 4242 N/m>

4242
= 1333 =31.8 mm of Hg

We know that the relative humidity,

2 _ 962

g p, 318

=0.3022 or 30.22%

Specific humidity

We know that specific humidity,

0.622 p, _ 0.622x9.62
Py —p,  756-9.62

W= = 0.008 kg kg of dry air Ans.

Dew point temperature

Since the dew point temperature is the saturation temperature corresponding to the
partial pressure of water vapour (P,), therefore from steam tables, we find that corresponding




to 9.62 mm of Hg or 9.62 x 133.3 = 1282.3 N/m?=0.012 823 bar, the dew point temperature

1S

>

tap =10.6° C Ans.

Enthalpy of air per kg of dry air

From steam tables, we also find that latent heat of vaporization of water at dew point

temperature of 10.6°C,
hteap = 2476.5 kl/kg
We know that enthalpy of air per kg of dry air,
h=1.022ti+ W ( htgap+ 2.3 ap)
=1.022 x 30 +0.008 (2476.5 +2.3 x 10.6)

=30.66 + 20 = 50.66 kJ/kg of dry air Ans.

Volume of the mixture per kg of dry air

From psychrometric tables, we find that specific volume of the dry air at 760 mm of
Hg and 30°C dry bulb temperature is 0.8585 m*/kg of dry air. We know that one kg of dry air
at a partial pressure of (756 — 9.62) mm of Hg occupies the same volume as W = 0.008 kg of
vapour at its partial pressure of 9.62 mm of Hg. Moreover, the mixture occupies the same

volume but at a total pressure of 756 mm of Hg.

=~ Volume of the mixture (v) at a dry bulb temperature of 30°C and a pressure of 9.62

mm of Hg
= Volume of 1 kg of dry air (v,) at a pressure of ( 756 — 9.62 ) or

746.38 mm of Hg

= (.8585 x =0.8741 kg/kg of dry air Ans.

‘74638
Note : The volume of mixture per kg of dry air may be calculated as discussed below :

R, T,

a

We know that ViENe =
P,

R.= Gas constant for air = 287 J/kg K

1= Dry bulb temperature in K
=30+273=303 K, and

. . 2
Ppa= Pressure of air in N/m




=Pp- P,=756-9.62 =746.38 mm of Hg
=746.38 x 133.3 = 994 92 N/m?

Substituting the values in the above equation,

287 %303

"= 099492 ~ 0.8741 m¥/ke of dry air Ams.

Example.3. The humidity ratio of atmospheric air at 28°C dry bulb temperature and
760 mm of mercury is 0.016 kg / kg of dry air. Determine: 1. partial pressure of Water
vapour; 2.relative humidity; 3. dew point temperature; 4. specific enthalpy; and S.
vapour density.

Solution: Given: t4=28°C ; P,= 760 mm of Hg ; W =0.016 kg/ kg of dry air
1. Partial pressure of water vapour

Let P, = Partial pressure of water vapour.

We know that humidity ratio (W),

0622 p, 0622 p,
Py=pP, 160-p,
12.16 - 0.016 P,= 0.622 Pyor 0.638 P,= 12.16

P,=12.16/0.638 = 19.06 mm of Hg
=19.06 x 133.3 =2540.6 N/m? Ans.

0.016 =

2. Relative humidity

From steam tables, we find that the saturation pressure of vapour corresponding to dry bulb
temperature of 28°C is

P,=0.03778 bar = 3778 N/m>

; /
Py _ 25406
b= , Y =0.672 or 67.2% Ans.

3. Dew point temperature

=~ Relative humidity,

Since the dew point temperature is the saturation temperature corresponding to the
partial pressure of water vapour (), therefore from steam tables, we find that corresponding
to a pressure of 2540.6 N/m? (0.025406 bar), the dew point temperature is,

tgp =21.1° C Ans.




4. Specific enthalpy

From steam tables, latent heat of vaporization of water corresponding to a dew point
temperature of 21.1° C,

hyedp=2451.76 kI /kg
We know that specific enthalpy.
h=1.022 ta+ W (sgap + 2.3 ap)
=1.022x28+0.016 (2451.76 +2.3x 21 1)
=28.62 + 40 - 68.62 kJ/kg of dry air Ans.
5. Vapour density

We know that vapour density,

_ W(p,—p) _ 0.016(760 - 19.06) 133.3
WS RT 287 (273 + 28)

=0.0183 kg/m* of dry air.

3.5 THERMODYNAMIC WET BULB TEMPERATURE OR ADIABATIC
SATURATION TEMPERATURE

The thermodynamic wet bulb temperature or adiabatic saturation temperature is the
temperature at which the air can be brought to saturation state, adiabatically, by the
evaporation of water into the flowing air.

(WZ— wl)- twv hlw
Make-up water

> G 7 Insulated chamber
i

1
| Saturated air
—

-Water{f,)-- - [ g Vo by

\

Fig.4 Adiabatic saturation of air.

The equipment used for the adiabatic saturation of air, in its simplest form, consists of
an insulated chamber containing adequate quantity of water. There is also an arrangement for
extra water (known as make-up water) to flow into the chamber from its top, as shown in
Fig.4.




Let the unsaturated air enters the chamber at section 1. As the air passes through the
chamber over a long sheet of water, the water evaporates which is carried with the flowing
stream of air, and the specific humidity of the air increases. The make-up water is added to
the chamber at this temperature to make the water level constant. Both the air and water are
cooled as the evaporation takes place. This process continues until the energy transferred
from the air to the water is equal to the energy required to vaporize the water. When steady
conditions are reached, the air flowing at section 2 is saturated with water vapour. The
temperature of the saturated air at section 2 is known as thermodynamic wet bulb temperature
or adiabatic saturation temperature.

The adiabatic saturation process can be represented on 7-s diagram as shown by the
curve 1-2 in Fig.5.

1 Unsaturated air (Initial condition)

—— Temperature—>

w point of unsaturated air at 1

Entropy ———»

Fig.5. T-s diagram for adiabatic saturation process

During the adiabatic saturation process, the partial pressure of vapour increases,
although the total ressure of the air-vapour mixture. The unsaturated air initially at dry bulb
temperature Zs;2, is coo e adiabatically to dry bulb temperature td, which is equal to the
adiabatic saturation temperature #,. It may be noted that the adiabatic saturation temperature
is taken equal to the wet bulb temperature for all practical purposes.

Let  h;=Enthalpy of unsaturated air at section 1,
W1 = Specific humidity of air at section 1,
h, W>= Corresponding values of saturated air at section 2, and
hsw= Sensible heat of water at adiabatic saturation temperature.

Balancing the enthalpies of air at inlet and outlet (i.e. at sections 1 and 2),




hy+ (Wy—W,) by, = h, e ()

h, - W, h/w =h,-W, hfw 1))

The term (h, — W, h,u,) is known as sigma heat and remains constant during the adiabatic
process.

We know that h,=h, +Wn h

h,=h,+W,h,
-+ h;= Enthalpy of 1 kg-of dry-air at-dry-bulb temperature-;;; -
*h,, = Enthalpy of superheated vapour at t,, per kg of vapour,

sl

h,, = Enthalpy of 1 kg of air at wet bulb temperature _, and
h,, = Enthalpy of saturated vapour at wet bulb temperature ¢, per kg of
vapour.
Now the equation (ii) may be written as :
(hyy + W hy) =W b = (hy+ Wy hy) - Wy by
W, (h, —hg) = W, (hy—he)+h,—h,

W, (h,, - hﬂ,) +h,-h,

W

A hy—h o

3.6 PSYCHROMETRIC CHART

It is a graphical representation of the various thermodynamic properties of moist air.
The psychrometric chart is very useful for finding out the properties of air (which are
required in the field of air conditioning) and eliminate lot of calculations. There is a slight
variation in the charts prepared by different air-conditioning manufactures but basically they
are all alike. The psychrometric chart is normally drawn for standard atmospheric pressure of
760 mm of Hg (or 1.01325 bar).

Sensible heat factor

4

~
N
O N3

F
> >
39' Saturation

curve -

Vapour pressure in mm of Hg

—— Sp. humidity —»

25
Dry bulb temperature (°C) ———»

Fig. 6 Psychrometric chart.

In a psychrometric chart, dry bulb temperature is taken as abscissa and specific
humidity i.e. moisture contents as ordinate, as shown in Fig. 6. Now the saturation curve is




drawn by plotting the various saturation points at corresponding dry bulb temperatures. The
saturation curve represents 100% relative humidity at various dry bulb temperatures. It also
represents the wet bulb and dew point temperatures.

Though the psychrometric chart has a number of details, yet the following lines are
important frpm the subject point of view :

1. Dry bulb temperature lines. The dry bulb temperature lines are vertical i.e. parallel
to the ordinate and uniformly spaced as shown in Fig. 7. Generally the temperature range of
these lines on psychrometric chart is from - 6° C to 45° C. The dry bulb temperature lines are
drawn with difference of every 5°C and up to the saturation curve as shown in the figure. The
values of dry bulb temperatures are also shown on the saturation curve.

2. Specific humidity or moisture content lines. The specific humidity (moisture
content) lines are horizontal i.e. parallel to the abscissa and are also uniformly spaced as
shown in Fig. 16.8. Generally, moisture content range of these lines on psychrometric chart is
from 0 to 30 g/ kg of dry air (or from 0 to 0.030 kg / kg of dry air). The moisture content
lines are drawn with a difference of every 1 g (or 0.001 kg) and up to the saturation curve as

shown in the figure.

N

Sp. humidity ——»

Sp. humidity —

1L e b oo Ly

5 10 15 20 25 30 35 40 45
— Dry bulb temperature, °C —»

— Dry bulb temperature —»

Fig.7. Dry bulb temperature lines. Fig. 8. Specific humidity lines.

3. Dew point temperature lines. The dew point temperature lines are horizontal i.e.
parallel to the abscissa and non-uniformly spaced as shown in Fig. 16.9. At any point on the
saturation curve, the dry bulb and dew point temperatures are equal.

The values of dew point temperatures are generally given along the saturation curve
of the chart as shown in the figure.
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Fig. 9 Dew point temperature lines. Fig.10 Wet bulb temperature lines.

4. Wet bulb temperature lines. The wet bulb temperature lines are inclined straight
lines and non-uniformly spaced as shown in Fig.10. At any point on the saturation curve, the
dry bulb and wet bulb temperatures are equal.

The values of wet bulb temperatures are generally given along the saturation curve of

the chart as shown in the figure.

5. Enthalpy (total heat) lines. The enthalpy (or total heat) lines are inclined straight
lines and uniformly spaced as shown in Fig.11. These lines are parallel to the wet bulb
temperature lines, and are drawn up to the saturation curve. Some of these lines coincide with

the wet bulb temperature lines also.

The values of total enthalpy are given on a scale above the saturation curve as shown
in the figure.

6. Specific volume lines. The specific volume lines are obliquely inclined straight
lines and uniformly spaced as shown in Fig.12. These lines are drawn up to the saturation
curve. The values of volume lines are generally given at the base of the chart.

—— Sp. humidity ———
—— Sp. humidity —>

——— Dry bulb temperature ——» —— Dry bulb temperature —»

Fig. 11. Enthalpy lines. Fig. 12. Specific volume lines.




7. Vapour pressure lines. The vapour pressure lines are horizontal and uniformly
spaced. Generally, the vapour pressure lines are not drawn in the main chart. But a scale
showing vapour pressure in mm of Hg is given on the extreme left side of the chart as shown
in Fig.13.

a 8 B 8
Sp. humidity —

=)
—_— Sp. humidity —

Vapdur pressure in mm of Hg

o o

Dry bulb temperature —» —— Dry bulb temperature —»

Fig. 13. Vapour pressure lines. Fig. 14. Relative humidity
lines.

8 Relative humidity lines. The relative humidity lines are curved lines and follow the
saturation curve. Generally, these lines are drawn with values 10%, 20%, 30% etc. and up to
100%. The saturation curve represents 100% relative humidity. The values of relative
humidity lines are generally given along the lines themselves as shown in Fig. 14.

3.7 PSYCHROMETRIC PROCESSES

The various psychrometric processes involved in air conditioning to vary the

psychrometric properties of air according to the requirement are as follows:

1. Sensible heating, 2. Sensible cooling, 3. Humidification and dehumidification, 4.
Cooling and adiabatic humidification, 5. Cooling and humidification by water injection, 6.
Heating and humidification, 7. Humidification by steam injection, 8. Adiabatic chemical
dehumidification, 9. Adiabatic mixing of air streams.

We shall now discuss these psychrometric processes, in detail, in the following pages.

3.71 Sensible Heating

The heating of air, without any-change in its specific humidity, is known as sensible
heating. Let air at temperature td, passes over a heating coil of temperature 743, as shown in
Fig. 15 (a). It may be noted that the temperature of air leaving the heating coil (z:2) will be
less than #455. The process of sensible heating, on the psychrometric chart, is shown by a
horizontal line 1-2 extending from left to right as shown in Fig.15 (b). The point 3 represents
the surface temperature of the heating coil.

The heat absorbed by the air during sensible heating may be obtained from the
psychrometric chart by the enthalpy difference (A2 - /1) as shown in Fig. 15 (b). It may be
noted that the specific humidity during the sensible heating remains constant (i.e. W1 = W>).




The dry bulb temperature increases from #4s, to t42 and relative humidity reduces from @1, to
@> as shown in Fig. 15 (b). The amount of heat added during sensible heating may also be

obtained from the relation:

Heat added, = h, —h,
Cpa Up —14) + chx p—1) 3
= G+ W ,)(n—ty)=c,, (ty— 1)

The term (c,, + W c,) is called humid specific heat (c,,) and its value is taken as 1.022

kJ /kg K.
s .. Heat added, 1.022 (¢, — ¢,,) KJ/kg

<

Heating coil

= Sp. humidity——

Steam —— Dry bulb temperature —»

(;) Psychro?setﬁc process. (b) Psychrometric chart.
Fig.15 Sensible heating
Notes: 1. For sensible heating, steam or hot water is passed through the heating coil. The
heating coil may be electric resistance coil.

2. The sensible heating of moist air can be done to any desired temperature.

3.72 Sensible Cooling

The cooling of air without any change in its specific humidity, is known as sensible
cooling. Let air at temperature rd, passes over a cooling coil of temperature #s3 as shown in
Fig. 16 (a). It may be noted that the temperature of air leaving the cooling coil (7s2) will be
more than 743. The process of sensible cooling, on the psychrometric chart, is shown by a
horizontal line 1-2 extending from right to left as shown in Fig. 16

4 Cooling coil (ty3)

—

—— Sp. humidity—»

—— Dry bulb temperature —»

Refrigerant
= {b) Psychrometric chart

(a) Psychrometric process.

Fig. 16 Sensible cooling.




The heat rejected by air during sensible cooling may be obtained from the
psychrometric chart by the enthalpy difference (h1 — h,) as shown in Fig. 16(b).

It may be noted that the specific humidity during the sensible cooling remains
constant (i.e.Wi= W3). The dry bulb temperature reduces from #4; to 74> and relative humidity
increases from @ to @> as shown in Fig. 16(b). The amount of heat rejected during sensible
cooling may also be obtained from the relation:

Heat rejected, q=h-h2
= Cpa (ldl' td2) +W Cps(tdl - tdZ)
= (Coa+ W Cps) (ta1 - taz) = Cpm (ta1 - ta2)

The term (Cpa+ W Cys) is called humid specific heat (Cpm) and its value is taken as 1.022 kJ
/kg K.

= Heat rejected, q=1.022 (ta1 - ta2) kl/kg
For air conditioning purposes, the sensible heat per minute is given as

SH = ma Com At=vp Cpm At kJ/min .. (vm=vp)

v = Rate of dry air flowing in m*/min,

p = Density of moist air at 20° C and 50% relative humidity
=1.2kg/ m3 of dry air,
Cpm= Humid specific heat = 1.022 kJ /kg K, and
At = tq1 - tao= Difference of dry bulb temperatures between
the entering and leaving conditions of air in ° C.
Substituting the values of p and cp,,, in the above expression, we get
SH=vx12x1.022x At=1.2264 vx AtklJ/min

o L2ZOVXAL 02044 v xArkIs or KW

60
.. (- 1Kki/s=1kW)
3.73 By-pass Factor of Heating and Cooling Coil

The temperature of the air corning out of the apparatus (742) will be less than *#431in
case the coil is a heating coil and more than 745 in case the coil is a cooling coil.

Let 1 kg of air at temperature #4; is passed over the coil having its temperature (i.e.
coil surface temperature) z43 as shown in Fig. 17.




A little consideration will show that when air passes over a coil, some of it (say x kg)
just by-passes unaffected while the remaining (1 - x) kg comes in direct contact with the coil.
This by-pass process of air is measured in terms of a by-pass factor. The amount of air that
by-passes or the by-pass factor depends upon the following factors :

1. The number of fins provided in a unit length i.e. the pitch of the cooling coil fins ;
2. The number of rows in a coil in the direction of flow; and

3. The velocity of flow of air.

It may be noted that the by-pass factor of a cooling coil decreases with decrease in fin

spacing and increase in number of rows.

(,,_T-_,_._ﬁ / Insulated apparatus

*W_*....‘_“ﬁ—r T l e e o —

1 kg—'-> xkg £ ——>1kg
Airin —— ——> Air out

Fig.17. By-pass factor
Balancing the enthalpies, we get

pm ’dl + (l = \) C]ml d3
I'xc om {22 ... ( where Com = Specific humid heat)

In=1ty) =
X

where x is called the by-pass factor of the coil and is generally written as BPF. Therefore by-pass
factor for heating coil,

BPF = ‘43" 'a
tas=1q

Similarly, *by-pass factor for cooling coil,

BPF = 42" a3

ta = 1y3
The by-pass factor for heating or cooling coil may also be
obtained as discussed below :

.




Let the air passes over a heating coil. Since the temperature distribution of air passing
through the heating coil is as shown in Fig.18. therefore sensible heat given out by the coil.

n )

Air hanling system

U = Overall heat transfer coefficient,
A= Surface area of the coil, and
tm = Logarithmic mean temperature difference.

We know that logarithmic mean temperature difference,

Lix —lay

t —
loge _43—
.

G L La)
» log, (1/ BPF)
Now the equation (i) may be written as

Lis — Ity
Q, = UxA. X 1oe (1/BPF)

We have already discussed that the heat added during sensible heating,
= m,c,, (tp—1;)
= Humid specific heat = 1.022 kJ/kg K, and
. = Mass of air passing over the coil.
Equating equations (if) and (iif), we have
UA_. = m, c,, log_(1/BPF)

- 1 ) UA_
°2. | BPF = m,c e
UA

log, (BPF) s

m, c

e
o \Macpm)_ , (1022m,




Proceeding in the samee* way as discussed above, we can derive the equation (iv) for a
cooling coil.

Note: The performance of a heating or cooling coil is measured in terms of a by-pass factor.
A coil with low by-pass factor has better performance.

3.74 Efficiency of Heating and Cooling Coils

The term (1 - BPF) is known as efficiency of coil or contact factor.

= Efficiency of the heating coil,

|_BPF=1- 0"t _'n~la

My =
In=ta o~ ta

Similarly, efficiency of the cooling coil,

0 = potg=te _‘n—"a
e = T=— =
Ly — a3 tay — a3

3.75 Humidification and Dehumidification

The addition of moisture to the air, without change in its dry bulb temperature, is
known as humidification. Similarly, removal of moisture from the air, without change in its
dry bulb temperature, is known as dehumidification. The heat added during humidification
process and heat removed during dehumidification process is shown on the psychrometric
chart in Fig. 19 (a) and (b) respectively.

Ultrasonic humidification system

It may be noted that in humidification, the relative humidity increases from @1 to @
and specific humidity also increases from Wi to W2 as shown in Fig. 19 (a). Similarly, in
dehumidification, the relative humidity decreases from @i to @2 and specific humidity also
decreases from W1 to W»as shown in Fig. 19 (b).




—— Sp. humidity —»
—— Sp. humidity —»
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(a) Humidification. (b) Dehumidification.

Fig. 19 Humidification and dehumidification

It may be noted that in humidification, change in enthalpy is shown by the intercept
(h2 - h1) on the psychrometric chart. Since the dry bulb temperature of air during the
humidification remains constant, therefore its sensible heat also remains constant. It is thus
obvious that the change in enthalpy per kg of dry air due to the increased moisture content
equal to (W2 - W) kg per kg of dry air is considered to cause a latent heat transfer (LH).
Mathematically,

Multiple small plate dehumidification system

LH = (h2- h1) = hyz (W2 - W1) where Ay is the latent heat of vaporization at dry bulb
temperature (Zq).

Notes: 1. For dehumidification, the above equation may be written as:
LH = (h—h2) = hp(W1- W2)

2. Absolute humidification and dehumidification processes are rarely found in
practice. These are always accompanied by heating or cooling processes.

3. In air conditioning, the latent heat load per minute is given as

LH:maAh:mahngW: VphngW




v = Rate of dry air flowing in m*/min,

p = Density of moist air = 1.2 kg/m?’ of dry air,

hf= Latent heat of vaporization = 2500 kJ /kg, and

AW = Difference of specific humidity between the entering and
leaving conditions of

air = (W2 - W) for humidification and (W1 — W2) for
dehumidification.

Substituting these values in the above expression, we get
LH=vx12x2500x AW =3000 v x AW klJ/min

3000 v x AW

= —60‘ =50 vx AWKkJ/s or kW

3.8 Methods of Obtaining Humidification and Dehumidification

The humidification is achieved either by supplying or spraying steam or hot water or
cold water into the air. The humidification may be obtained by the following two methods:

1. Direct method. In this method, the water is sprayed in a highly atomized state into
the room to be air-conditioned. This method of obtaining humidification is not very effective.

2. Indirect method. In this method, the water is introduced into the air in the air-
conditioning plant, with the help of an air-washer, as shown in Fig. 20. This -conditioned air
is then supplied to the room to be air-conditioned. The air-washer humidification may be
accomplished in the following three ways:

Eliminator
plates ,_

Heating or
cooling coil

Fig. 20. Air-washer.
(a) by using re-circulated spray water without prior heating of air,

(b) by pre-heating the air and then washing if with re-circulated water, and




(c) by using heated spray water.

The dehumidification may be accomplished with the help of an air-washer or by using
chemicals. In the air-washer system the outside or entering air is cooled below its dew point
temperature so that it loses moisture by condensation. The moisture removal is also
accomplished when the spray water is chilled water and its temperature is lower than the dew
point temperature of the entering air. Since the air leaving the air-washer has its dry bulb
temperature much below the desired temperature in the room, therefore a heating coil is
placed after the air-washer. The dehumidification may also be achieved by using chemicals
which have the capacity to absorb moisture in them. Two types of chemicals known as
absorbents (such as calcium chloride) and adsorbents (such as silica gel and activated
alumina) are commonly used for this purpose.

Sensible Heat Factor

As a matter of fact, the heat added during a psychrometric process may be split up
into sensible heat and latent heat. The ratio of the *sensible heat to the total heat is known us
sensible heat factor (briefly written as SHF) or sensible heat ratio (briefly written as SHR).
Mathematically,

_ Sensibleheat _~ SH
" Totalheat  SH+LH

SH = Sensible heat, and
LH = Latent heat.

The sensible heat factor scale is shown on the right hand side of the psychrometric
chart.

3.9 Cooling and Dehumidification

This process is generally used in summer air conditioning to cool and dehumidify the
air. The air is passed over a cooling coil or through a cold water spray. In this process, the dry
bulb temperature as well as the specific humidity of air decreases. The final relative humidity
of the air is generally higher than that of the entering air. The dehumidification of air is only
possible whoén the effective surface temperature of the cooling coil (i.e.ts4) is less than the
dew point temperature of the air entering the coil (i.e., Z4y:.). The effective surface temperature
of the coil is known as apparatus dew point (briefly written as ADP). The cooling and
dehumidification process is shown in Fig. 21.
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© (@) Fig. 21 Cooling and dehumidification. (®)

ta1= Dry bulb temperature of air entering the coil,
tapi= Dew point temperature of the entering air = 743 and
ta4= Effective surface temperature or ADP of the coil.

Under ideal conditions, the dry bulb temperature of the air leaving the cooling coil
(i.e. ta4) should be equal to the surface temperature of the cooling coil (i.e. ADP), but it is
never possible due to inefficiency of the cooling coil. Therefore, the resulting condition of air
coming out of the coil is shown by a point 2 on the straight line joining the points 1 and 4.
The by-pass factor in this case is given by

#lso BpF = fd2"tas _ laa— ADP
gy — s ty — ADP
W, —-W,  h,—hy
W, —-W, h —hy

BPF =

Actually, the cooling and dehumidification process follows the path as shown by a
dotted curve in Fig. 21(a), but for the calculation of psychrometric properties, only end points
are important. Thus the cooling and dehumidification process shown by a line 1-2 may be
assumed to have followed a path 1-A (i.e. dehumidification) and A-2 (i.e. cooling) as shown
in Fig. 21 (a). We see that the total heat removed from the air during the cooling and
dehumidification process is

q=hi-hy=(h;- hs)+ (ha—h2)=LH+ SH

where LH = h;— hy = Latent heat removed due to condensation of
vapour of the reduced moisture content (W1— W2), and

SH = ha— hy= Sensible heat removed.

We know that sensible heat factor,




SHF = Sensible heat = SH = h, - h,
Total heat LH + SH h h,

Note: The line 1-4 (i.e. the line joining the point of entering air and the apparatus dew point)
in Fig. 21 (b) is known as sensible heat factor line.

Example 1: In a cooling application, moist air enters a refrigeration coil at the rate of
100 kg of dry air per minute at 35° C and 50% RH. The apparatus dew point of coil is
5° C and by-pass factor is 0.15. Determine the outlet state of moist air and cooling

capacity of coil in TR.

Solution Given: ma= 100 kg/min; t4:= 35°C; @ = 50%; ADP = 5°C; BPF =0.15
Outlet state of moist air

Let f42, and @2 = Temperature and relative humidity of air leaving the cooling coil.

First of all, mark the initial condition of air, i.e. 35° C dry bulb temperature and 50%
relative humidity on the psychrometric chart at point 1, as shown in Fig. 22. From the
psychrometric chart, we find that the dew point temperature of the entering air at point 1,

tdpt = 230C

Since the coil or apparatus dew point (ADP) is less than the dew point temperature of
entering air, therefore it is a process of cooling and dehumidification.

We know that by-pass factor,

Ly =144 e = ADP

:

—— Sp. hlmidity —»

Tay — 144

ti»=3 13,5

35-35 30

» =0.15x30+5=9.5°C Ans.

——Dry bulb temperature, °C —»
Fig.22

From the psychrometric chart, we find that the relative humidity corresponding to a dry bulb
temperature (/a2,) of 9.5°Con the line 1-4 is @2=99%. Ans.

Cooling capacity of the coil

The resulting condition of the air coming out of the coil is shown by point 2, on the
line joining the points 1 and 4, as shown in Fig. 22. The line 1-2 represents the cooling and
dehumidification process which may be assumed to have followed the path 1-A (i.e.
dehumidification) and A-2 (i.e. cooling). Now from the psychrometric chart, we find that
enthalpy of entering air at point 1,




h= 81 kJ/kg of dry air
and enthalpy of air at point 2,
ho= 28 kJ/kg of dry air
We know that cooling capacity of the coil
= ma(h1- h2) = 100 (81 - 28) = 5300 kJ/min
=5300/210 =25.24 TR Ans. ....(* 1 TR =210 kJ/min)

Example 2. 39.6 m*/min of a mixture of re-circulated room air and outdoor air enters
cooling coil at 31°C dry bulb temperature and 18.5°C wet bulb temperature. The
effective surface temperature of the coil is 4.4°C. The surface area of the coil is such as
would give 12.5 kW of refrigeration with the given entering air state. Determine the dry
and wet bulb temperatures of the air leaving the coil and the by-pass factor.

Solution: Given: vi=39.6 m3/min; tae = 31°C; twi=18.5°C; ADP=tas=4.4°C; Q=12.5
kW =125 kJ/s =12.5 x 60 kJ/min

Dry and wet bulb temperature of the air leaving the coil
Let 142 and w2 = Dry and wet bulb temperature of the air leaving the coil.

First of all, mark the initial condition of air, i.e. 31°C dry bulb temperature and
18.5°C wet bulb temperature on the psychrometric chart at point 1, as shown in Fig. 23. Now
mark the effective surface temperature (ADP) of the coil at 4.4°C at point 4.

From the psychrometric chart, we find that enthalpy at point 1

h1=52.5k]J / kg of dry air
Enthalpy at point 4,
ha=17.7k]J/kg of dry air

Specific humidity at point 1

W1=0.0082 kg / kg of dry air
—— Dry bulb temperature, °C —>
Specific humidity at point 4,
W4=0.00525 kg / kg of dry air
Specific volume at point

vs1, = 0.872m’/ kg

We know that mass flow rate of dry air at point 1,

—— Sp. humidity —»




=44.41 kg/min

and cooling capacity of the coil,

m, (h, —h,)

—Q—=L5—x—62=l6.89 kJ / kg of dry air
m 44 .41

a

0
Iy —hy

h, = h,-1689=525 - 16.89 = 35.61 kJ / kg of dry air
The equation for the condition |mc 1-2—4 is given as
W,—-W, h,—hy
W, W, - by —hy
-000525 _35.61-17.7
0.0082—0.00525 52.5-17.7
W, = 0.006 77 kg / kg of dry air

Now plot point 2 on the psychrometric chart such as enthalpy, 2= 35.61 kJ/kg of dry
air and specific humidity, W2 = 0.00677 kg/kg of dry air. At point 2, we find that

ta2=18.5°C; and ftw2= 12.5°C Ans.
By-pass factor

We know that by-pass factor,

-h, 35.61-17.
BPF = ok i) =0.5146 Ans.

h-h, 525-17.7

3.10 Heating and Humidification

This process is generally used in winter air conditioning to warm and humidify the
air. It is the reverse process of cooling and -- dehumidification. When air is passed through a
humidifier having spray water temperature higher than the dry bulb temperature of the
entering air, the unsaturated air will reach the condition of saturation and thus the air becomes
hot. The heat of vaporization of water is absorbed from the spray water itself and hence it
gets cooled. In this way, the air becomes heated and humidified. The process of heating and
humidification is shown by line 1-2 on the psychrometric chart as shown in Fig. 24.

Active desiccant system.

The air enters at condition 1 and leaves at condition 2. In this process, the dry bulb
temperature as well as specific humidity of air increases. The final relative humidity of the air
can be lower or higher than that of the entering air.
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Fig.24 heating and humidification
Let mw1 and mw2 = Mass of spray water entering and leaving the humidifier in kg,
hew1 and hsvo = Enthalpy of spray water entering and leaving the humidifier in kJ/kg,
Wiand W» = Specific humidity of the entering and leaving air in kg/kg of dry
h1 and h2 = Enthalpy of entering and leaving air in kJ/kg of dry air, and
m, = Mass of dry air entering in kg.
For mass balance of spray water,
(mw1— mw2) = ma(W2- W)
My2 = Mw1 - Ma(W2— W1)
or and for enthalpy balance,
mw1 hfwi = mw2 htw2 = ma(ha — h)
Substituting the value of mw2 from equation (i), we have
Mw1 hiw1 — [ Mw1 - ma (W2 - W1)] A2
= ma (ha— h1)

hi) + (Wy = W)) he,y

m,
hy = hy = T:L (b -
a

The temperatures f1 and #s> shown in Fig. 24 (a) denote the temperatures of entering
and leaving spray water respectively. The temperature 13 is the mean temperature of the
spray water which the entering air may be assumed to approach.

Actually, the heating and humidification process follows the path as shown by dotted
curve in Fig. 24(b), but for the calculation of psychrometric properties, only the end points
are important. Thus, the heating and humidification process shown by a line 1-2 on the
psychrometric chart may be assumed to have followed the path 1-A (i.e. heating) and A-2




(i.e. humidification), as shown in Fig. 24(b). We see that the total heat added to the air during
heating and humidification is

q=ha—hi1=(ha— )+ (ha- hi)) = g+ gs

where q= (h2 - ha) = Latent heat of vaporization of the increased

moisture
content (W2— W1), and
qs= (ha - hi) = Sensible heat added

We know that sensible heat factor,

SHF = Sensible heat . % hy —hy
Totalheat ¢ gs+q by -k

Note: The line 1-2 in Fig. 24 (b) is called sensible heat factor line.

3.11 Heating and Humidification by Steam Injection

The steam is normally injected into the air in order to increase its specific humidity as
shown in Fig. 25 (a). This process is used for the air conditioning of textile mills where high
humidity is to be maintained. The dry bulb temperature of air changes very little during this
process, as shown on the psychrometric chart in Fig. 25 (b).

Let ms= Mass of steam supplied,

ma,= Mass of dry air entering,

L 0 S

—> =
—> 1 =» 2 —
— > = ! —

-

—— Sp, humidity —>

Steam (m,) —— Dry bulb temperature —»

(a) Psychrometric process. (b) Psychrometric chart.

Fig.25 heating and humidification by steam injection
W= Specific humidity of air entering,
W2 = Specific humidity of airleaving,
h1 = Enthalpy of air entering,

h>= Enthalpy of air leaving, and




hs= Enthalpy of steam injected into the air.

Now for the mass balance,

..()

and for the heat balance,

m
hy=h + = xh =h +(W,- W) h

m,

... [From equation (i)]

Example 3: Atmospheric air at a dry bulb temperature of 16° C and 25% relative
humidity passes through a furnace and then through a humidifier, in such a way that
the final dry bulb temperature is 30° C and 50% relative humidity. Find the heat and
moisture added to the air. Also determine the sensible heat factor of the-process.

Solution: Given: tg= 16° C; @1=25% ; teo=30° C; 42 = 50%
Heat added to the air

First of all, mark the initial condition of air i.e. at 16°C dry bulb temperature and 25%
relative humidity on the psychrometric chart at point 1, as shown in Fig. 16.47. Then mark
the final condition of air at 30° C dry bulb temperature and 50% relative humidity on the

psychrometric chart at point 2. Now locate the point A by drawing horizontal line through
point 1 and vertical line through point 2. From the psychrometric chart, we find that enthalpy
of air at point 1,

h1=23 kl/kg of dry air

=
— Sp. humidity ——»

=

— Dry bulb temp., °C —>
Fig.26
Enthalpy of air at point A,
ha= 38 kJ/kg of dry air

and enthalpy of air at point 2,




ha= 64 la/kg of dry air
-~ Heat added to the air
= ha- =64 - 23 = 41 kJ/kg of dry air Ans.
Moisture added to the air
From the psychrometric chart, we find that the specific humidity in the air at point 1,
Wi1=0.0026 kg/kg of dry air
and specific humidity in the air at point 2,
W2=0.0132 kg /kg of dry air
~ Moisture added to the air
=W2—-W;=0.0132 - 0.0026 = 0.0106 kg/kg of dry air Ans.

Sensible heat factor of the process

We know that sensible heat factor of the process,

_38-23
64-23

=0.366 Ans.

Example 4: Air at 10°C dry bulb temperature and 90% relative humidity is to be ated
and humidified to 35°C dry bath temperature and 22.5°C wet bulb temperature. The
air is pre-heated sensibly before passing to the air washer in which water is re-
circulated. The relative humidity of the air coming out of the air washer is 90%. This
air is again reheated sensibly to obtain the final desired condition. Find: 1. the
temperature to which the air should be preheated. 2. the total heating required; 3. the
makeup water required in the air washer ; and 4. the humidifying efficiency of the air
washer.

Solution: Given : tg= 10°C; @1=90%; t1,=35°C; tw2=22.5°C

First of all, mark the initial condition of air i.e. at 10°C dry bulb temperature and 90%

relative humidity, on the psychrometric chart at point 1, as shown in Fig. 16.48. Now mark
the final condition of air i.e. at 35° C dry bulb temperature and 22.5° C wet bulb temperature

at point 2.

From point I , draw a horizontal line to represent sensible heating and from point 2
draw horizontal line to intersect 90% relative humidity curve at point B. Now from point B,
draw a constant wet bulb temperature line which intersects the horizontal line drawn through
point 1 at point A. The line 1-A represents preheating of air, line AB represents
humidification and line 8-2 represents reheating to final condition.
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1. Temperature to which the air should be preheated

From the psychrometric chart, the temperature to which the air should be preheated

(corresponding to point A) is 4 faa=32.6°C Ans.

2. Total heating required
From the psychrometric chart, we find that enthalpy of air at point 1.

h1=27.2 kJ /kg of dry air

Enthalpy of air at point A,
ha =51 kJ/kg of dry air

and enthalpy of air at point 2,
hy = 68 kl/kg of dry air
We know that heat required for preheating of air
=ha- h1=51-27.2 =238 kl/kg of dry air
and heat required for reheating of air

= h2- hg= 68 - 51 = 17 kJ/kg of dry air

= Total heat required =23.8+ 17 =40.8 kJ/kg of dry air Ans.

3. Make up water required in the air washer

From the psychrometric chart, we find that specific humidity of entering air,

W1=0.0068 kg /kg of dry air




and specific humidity of leaving air,
W2=0.0122 kg /kg of dry air
. Make up water required in the air washer
=Wp-Wa=W2-W,;
=0.0122 - 0.0068 =0.0054 kg/kg of dry air Ans.
4. Humidifying efficiency of the air washer
From the psychrometric chart, we find that
tag=19.1°C and tqs= 18°C
We know that humidifying efficiency of the air washer,

‘Actual drop in DBT L
M = Idealdropin DBT 1, — 1,y
32.6-19.1 135

32.6—-18 = 146 =0.924 or 92.4%

3.12 Heating and Dehumidification -Adiabatic Chemical Dehumidification

This process is mainly used in industrial air conditioning and can also be used for
some comfort air conditioning installations requiring either a low relative humidity or low
dew point temperature in the room.

In this process, the air is passed over chemicals which have an affinity for moisture.
As the air comes in contact with these chemicals, the moisture gets condensed out of the air
and gives up its latent heat. Due to the condensation, the specific humidity decreases and the
heat of condensation supplies sensible heat for heating the air and thus increasing its dry bulb
temperature.

/ adsorption |
_/dehumidification |

= /l' o
~— Adiabatic 3
dehumidification
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The process, which is the reverse of adiabatic saturation process, is shown by the line 1-2 on
the psychrometric chart as shown in Fig. 28. The path followed during the process is along
the constant wet bulb temperature line or-constant enthalpy line.

The effectiveness or efficiency of the dehumidifier is given as

_ Actual increase in dry bulb temperature P tiy =ty

M = Ideal increase in dry bulb temperature ¢, ¢,
Notes: 1. In actual practice, the process is accompanied with a release of heat called heat of
adsorption, which is very large. Thus the sensible heat gain of air exceeds the loss of latent

heat and the process is shown above the constant wet bulb temperature line in Fig. 28.

2. Two types of chemicals used for dehumidification are absorbents and adsorbents.
The absorbents are substances which can take up moisture from air and during this process
change it chemically, physically or in both respects. These include water solutions or brines
of calcium chloride, lithium chloride, lithium bromide and ethylene glycol. These are used as
air dehydrators by spraying or otherwise exposing a large surface of the solution in the air
stream.

The adsorbents are substances in the solid state which can take up moisture from the
air and during this process do not change it chemically or physically. These include silca gel
(which is a form of silicon dioxide prepared by mixing fused sodium silicate and sulphuric
acid) and activated alumina (which is a porous amorphous form of aluminum oxide).

Example 5: Saturated air at 21° C is passed through a drier so that its final relative
humidity is 20%. The drier uses silica gel adsorbent. The air is then passed through a
cooler until its final temperature is 21° C without a change in specific humidity.
Determine : 1. the temperature of air at the end of the drying process; 2. the heat
rejected during the cooling process ; 3. the relative humidity at the end of cooling
process; 4. the dew point temperature at the end of the drying process ; and S. the
moisture removed during the drying process.

Solution: Given: f41, = ta3= 21°C; 0= 20%
1. Temperature of air at the end of drying process

First of all, mark the initial condition of air i.e. at 21°C dry bulb temperature upto the
saturation curve (because the air is saturated) on the psychrometric chart at point 1, as shown
in Fig. 29. Since the drying process is a chemical dehumidification process, therefore-. it
follows a path along-the-constant wet bulb temperature or the constant enthalpy line as
shown by the line 1- 2 in Fig. 29. Now mark the point 2 at relative humidity of 20%. From
the psychrometric chart, the temperature at the end of drying process at point 2, fa> = 38.5°C
Ans.
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2. Heat rejected during the cooling process
The cooling process is shown by the line 2-3 on the psychrometric chart as shown in

Fig.29. From the psychrometric chart. we find that enthalpy of air at point 2.
ha= 61 kJ /kg of dry air
and enthalpy of air at point 3,
h3 =43 kl/kg of dry air

- Heat rejected during the cooling process
= hy- h3=61— 43 = 18 kJ/kg of dry air A ns.

3. Relative humidity at the end of cooling process
From the psychrometric chart, we find that relative humidity at the end of cooling

process (i.e. at point 3),
@3 = 55% Ans.

4. Dew point temperature at the end of drying process
From the psychrometric chart, we find that the dew point temperature at the end of the

drying process,
tap2=11.6° C Ans.

5. Moisture removed during the drying process
From the psychrometric chart, we find that moisture in air before the drying process at

point 1,
Wi1=0.0157 kg/kg of dry air

and moisture in air after the drying process at point 2,

W2=0.0084 kg/kg of dry air




- Moisture removed during the drying process

=W,—W,=0.0157 0.0084 = 0.0073 kg/kg of dry air Ans.




