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THERMAL ENGINEERING 1
UNIT I - GAS AND STEAM POWER CYCLES
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CLASSIFICATION OF CYCLES:

The purpose of a thermodynamic cycle is either to produce power, or to produce refrigeration/pumping of
heat. Therefore, the cycles are broadly classified as follows:
(a) Heat engine or power cycles.
(b) Refrigeration/heat pump cycles.
The following are illustrations of heat engines operating on open cycle:
» Petrol and diesel engines in which the air and fuel are taken into the engine from a fuel tank and
products of combustion are exhausted into the atmosphere.
» Steam locomotives in which the water is taken in the boiler from a tank and steam is exhausted
into the atmosphere.
The power cycles are accordingly classified into two groups as:

» Vapour power cycles in which the working fluid undergoes a phase change during the cyclic
process.
» Gas power cycles in which the working fluid does not undergo any phase change.

ATR STANDARD CYCLE:

Assumption made in Air standard cycle.

(i) Airis the working fluid and it obeys the perfect gas laws

(i) The engine operates in a closed cycle. The cylinder is filled with constant amount of working
substance and the same fluid is used repeatedly and hence mass remains constant.

(ilf) The working fluid is homogeneous throughout at all times and no chemical reaction takes
place, inside the cylinder.

(iv) The compression and expansion processes are assumed to be adiabatic.

(v) The values of specific heat (C, and C,) of the working fluid remains constant.

(vi) All processes are internally reversible and no mechanical or frictional losses to occur
throughout the process.

(vii) Combustion is replaced by heat addition process and exhaust is replaced by heat rejection
process.

Air standard efficiency
It is defined as the efficiency produced by the ideal engine with air as a working medium.
Compression ratio
It is defined as the ratio of the stroke volume of cylinder to the clearance volume
Mean effective pressure
It is defined as the average pressure acting on the piston during the entire power stroke that would
produce the same amount of net work output during the actual cycle. It is also defined as the ratio of
work-done per cycle to swept volume.
Clearance Volume
It is the minimum volume occupied by the fluid in the cylinder when the piston reaches the top

dead centre position.
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ME8493-Thermal Engineering 1 Mechanical Engineering

When compression ratio is kept constant, what is the effect of cut-off ratio

on the efficiency of diesel cycle
The diesel cycle efficiency decreases with increase in cut-off ratio at constant compression
ratio. Effect of regeneration in the efficiency of Brayton /Joule cycle

The efficiency of Brayton cycle is increased by regeneration. The large quantity of heat energy
possessed by the exhaust gases leaving the turbine will be utilized to heat up the air leaving the

compressor. This heating is done in a heat exchanger called a regenerator.
Improve the efficiency of Gas turbine cycle

(i) Reheating (ii) Regeneration (iii) Inter cooling (iv) Combination of the above
three Deviation of Actual Cycles from Air Standard Cycles

The actual Otto and Diesel engines show marked deviations form the air-standard cycles described above.

Above fig shows p-v-diagram for a high-speed diesel engine would be very similar in appearance. The

main differences between the actual and theoretical cycles are as follows.

+«+ Compression and expansion are not friction less adiabatic processes. A Certain amount of friction is always
present and there is considerable heat transfer between the gases and cylinder wall.

¢+ Combustion does not occur either at constant volume or at constant pressure.

¢+ The thermodynamics properties of the gases after combustion are different than those of the fuel-air
mixture before combustion..

¢+ The combustion may be incomplete.

¢+ The specific heats of the working fluid are not constant but increases with temperature.

¢+ The cylinder pressure during exhaust process is higher than the atmosphere. As a result, more work has to
be done by the piston on the gases to expel them out of the cylinder, than work done by the gases on the
piston during the intake stroke. This difference in work, called pumping work, is represented by the
pumping loop shown by hatched area. Note that this work is negative and represents loss of work called
pumping loss.

Differentiate any four major difference between otto and diesel cycle.

S.NO. OTTO CYCLE ‘ DIESEL CYCLE ‘
1 Constant volume cycle Constant pressure cycle
5 Heat is added at constant volume | Heat is added at constant pressure
process process
1 1 r’-1

3 Moo =1- 1 Tbiesel =+~ 1t :

r’ yr’ -1
4 Efficiency is high Efficiency is low

Page 3




ME8493-Thermal Engineering 1 Mechanical Engineering

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.

b —_—
[ &
= Turbine 4 W

7

5 e
o H e O -t
. Boiler = .
S
T Condenser
1 \\'\
Qy g

Pump Win

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 I) 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
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High-pressure
turbine

High-P
Low-pressure Turbine
turbine Boiler

Turbine

3 Fy 'l Low-P

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
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Otto

Cyele

T

A

o

' =
>
Vo=V, V=V, v

Compression Ratio (r)) = 2=2
Vo V3

: P P
Pressure Ratio (rp) = 3=
P, Py

1-2 Process: Adiabatic compression process
T, EY—l_ y-1 p2 _ (vi)'_ .Y
T_1 - (vz) ~Te ! P1 - (Vz) ~ e
2-3 Process: Constant volume heat addition
Qz-3 = ¢(T; — T,) (kI /Kg),

P3 T3
T2

3-4 Process: Adiabatic Expansion process

Ts _ (V_4)y_1: r.y-1 bs _ (V—4)Y: r.y-1
Ty V3 ¢ ' P4 V3 ¢

4-1 Process: Constant Volume heat rejection
Q41 = ¢ (T, —Ty) (kI/kg)
Work done

W=Qz-3 Qs
Efficiency

(kJ / kg)

_ Work done W
"~ Heat Supplied Q,_»
1

(e )r!

Mean Effective Pressure

AN Prre[(rc™t = 1) (r, — 1)]

n

n=1

(Y - 1)(rc - 1)
P — m X W Workdone kg x (kJ/kg)
™V V=V, m3

Note:
1. Find V; if not given, from p;V; = mRT,
2. Assume per kg of mass if not given mass
3. Find V, if not given, from Compression ratio

-
(rc) - vy

Diesel C ye le
A i
P~ Q5 A
Wou
Wi 4
Quus
AL Ve :1
V. V.=:v4‘-‘-v 51152 “‘ib_‘ -,
Compression Ratio (r;) = =
2
Cut-off Ratio (p) = %
2
1 H Va I'c
Expansion Ratio (r.) = — F
3

1-2 Process: Adiabatic compression process

T,  (v1 -1 y-1 p2 _ (vi\Y_
-~ — \ e o = \—) —I¢
T, V2 P1 A7)

2-3 Process: Constant pressure heat addition

V3 T3

Qz-3 = (T3 — Ty) (kI / Kg), . =p

T;

3-4 Process: Adiabatic Expansion process
Ts _ (va)' 7o (re\'Th ps o (va) o ()Y
Ty (v3) _(p) " pa (v3) _(p)
4-1 Process: Constant Volume heat rejection
Qi1 = ¢ (T, — Ty) (kI/kg)

Work done

W=Q;.3 Q44
Efficiency

(kJ / kg)

Work done w

~ Heat Supplied - Q,_3
1 pY —1
() [p -1

Mean Effective

P o — 1) =1 V(o — 1)]

- -1

N

n=1

Note:

1. Use above formulae if mass is not given or
mention per kg or Q is given in kJ/kg

2. If mass is given, multiple with heat
supplied and rejected. For ex: Q,_; = m
cy(Ty — Ty)

3. In process 2-3, any one parameter will
be given which is p, T3, Q,_3
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Duel

Cyele

Brayton Cycle

P heat
T 5

V—> s —>
Compression Ratio (r¢) = :_1
2
Cut-off Ratio (p) = :_4
3
pressure or explosion ratio = ‘;—3
2
i i _ V5 _ I
Expansion Ratio (rp) =0
1-2 Process: Adiabatic compression process
T2 o (ﬁ)y_lz Ic y_l, P2 _ (ﬁ)y: r. Y
Ty V2 p1 V2

2-3 Process: Constant volume heat addition

_ _ L) Ps _ Ts _
Qz-3 = ¢,(T3 — Ty) (kg) ) by T, I'p
3-4 Process: Constant pressure heat addition
K] T Y,
Qs_4 = Cp(T4 —Ts) (k_g)' Z_: = T_: =p, Ps=P,4

4-5 Process: Adiabatic Expansion process

GO o (3)=(x
Ts Vg p ’ ps Vg p

5-1 Process: Constant Volume heat rejection

Ts

K]
Qs—1 = ¢y(Ty — Ts) (k_g)» % =5, " T

Work done
Kk
W=0Q3-3+Q3_4—Qs_4 (é
Thermal Efficiency

_ Work done _ w
n= Heat Supplied B Q3+ Q3_4
(Or)
1 r,pY —1
n=1 ud

@) (= DAy — 1)

Mean Effective Pressure

_ Plrz[rpy(p -1)+ (rp —1) =1 7Y (rppY - 1)]

)Y

" =D —-1)

heat
rejected

v
3

1-2 Process: Adiabatic compression process
T, _ (&)Y—T: i

T, P, p

Compressor Work (W¢) = mc, (T, — Ty) K]
2-3 Process: Constant pressure heat addition
Qs = mcy(T; — T,) K]

3-4 Process: Adiabatic Expansion process

B ()6
T, P, P, p
Turbine Work (Wr) = mc,(T; — T,) K]
4-1 Process: Constant pressure Heat Rejection
Qr = mc, (T, — T) K]
Work done
W=0Qs—QrkJ

Thermal Efficiency
Work done W

n= Heat Supplied Q_S
Efficiency
1
n=1- y-1
(rp) ¥

Turbine Work Ratio
T
We = 1—=(r")
T;
Note: for diesel and dual cycle
-1
re—1
For ex: Fuel cut off at 8% of the stroke in the
diesel cycle.

Fuel cut off =

p—1

V3 - Vz = 0.08 (Vl - Vz) - 0.08 =
re—1
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PART -1
OTTO CYCLE:

1. An engine works on otto cycle. The initial pressure and temperature of the air is 1bar and 40°C.
825 kJ of heat is supplied per kg of air at the end of compression find the temperature and pressure
at all salient points if the compression ratio is 6. Also find the efficiency and MEP for the cycle.

Assume air as the working fluid & take all ideal conditions.

GIVEN: 3

P A A
b1 = 1bal‘, T]_ = 4'O°C + 273 oy Adiabatic reversible
Qs = 825 kj/kg i
-
COMPRESSION RATIO A !
|
(r) = =0r=6 A
PRESSURE RATIO
_ Ps _ Py
(rp) =5, P,

1-2 Process: Adiabatic compression process

Y1 oy -
2o (B) =r"T DT=r" xT, =61 x3135DT, = 640.93K

T1 \'%]
Y
% — (:_1) =r. " = P =r. xP =6Mx1 =>P, =12.29 bar

2-3 Process: Constant volume heat addition

Qs = ¢,(Ty —T,) = 825 = 0.714(T; — 640) = T; = 1795.46 K
P; _ T; _ Ts _ 1795.46 _
= = P=Px 2=1229x 0 ) P; =34.43 bar

3-4 Process: Adiabatic Expansion process

T AV _ T 1795.46
== (f) =l 2T == = T, =876.83K

I'c

Y
Ps _ Vg _ Y _ P3 _ 34.43 _
Ps (V3) ~Te =>P4 S’ et => P, = 2.8 bar

r

4-1 Process: Constant Volume heat rejection

Qr = ¢ (T, —Ty) = Qg = 0.714(876.83 —313) = Qg = 402.57 kJ/kg
Work done

W=0Qs—Qp =PW=825-40257 =W = 422.43 k] /kg
Thermal Efficiency

__ Workdone _ 42243
" Heat Supplied ~ 825

= n=51.2%

Mean Effective Pressure

3 1X6[(61'4_1—1)(34'43

2] =» P,, =5.66 bar

(1.4-1)(6-1)

P, = Pyre[(re¥™*=1)(rp-1)] =>Pm

(y—1D(re-1)
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2. An Otto cycle has an compression ratio of 7. The initial pressure and temperature at the beginning
of compression stroke is 1 bar and 400 C. The heat supplied is 2510 kJ/kg. Find (i) Maximum
temperature and pressure, (ii) Work done per kg of air, (iii) Cycle efficiency and (iv) Mean
effective pressure. Assume, Cp and Cv , R and y suitably.

GIVEN: 2
p; = 1bar, T, = 40°C + 273
Qs = 2510 KJ/kg

COMPRESSION RATIO o[ %

Adiabatic reversible

(rC) = E = E = 7 V2= VJ V'=V4 T’ 515=5: Saih L
V2 V3

PRESSURE RATIO

P3 Py

(rp) =5 =

P, Pi

1-2 Process: Adiabatic compression process

Y=1  y- -
2o (B) =r"T D T=r" xT =71 X313 5T, = 681.68K

T, Va2
Y
2= (2)=r.’ S Rh=r'xh=7"x1 =P, = 15.25bar
1 2

2-3 Process: Constant volume heat addition

Qs = c,(T3—T,) =» 2510 = 0.714(T; — 681.68) = T; = 4197.08 K

4197.08
681.68

P3_ T3 = P, = P, X $_1525><

= P; = 93.89 bar
P, T,

3-4 Process: Adiabatic Expansion process

Ts (&)Y‘ T, = 2 =270 2 T, = 1927.12K

T4 V3 714-1
Y
P3 _ (V4_) _ Y _ P3 _ 93.89 Q _
== (—)=r P,=—F=—+ P, = 6.16 bar
Pa V3 C ¢ 4 re Y 714 4

4-1 Process: Constant Volume heat rejection

Qr = ¢ (T, — T,)=p Qg = 0.714(1927.12 — 313) =) Qg = 1152.48 k] /kg
Work done

W= Qs — Qr =PW = 2510 — 1152.48 = W = 1357.52 k] /kg
Thermal Efficiency

__ Workdone _ 1357.52
" Heat Supplied T 2510

= 1 = 54.08%

Mean Effective Pressure

1x7[(74471-1) (552

1525 _ )] => P, = 18.83 bar

(1.4-1)(7-1)

P, = Pyrc[(reY™*-1)(rp-1)] =>pm =

(y—1D(re-1)
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3. In an Otto cycle air at 17° C and 1 bar is compressed adiabatically until the pressure is 15bar.
Heat is added at constant volume until the pressure rises to 40bar. Calculate the air standard

efficiency, the compression ratio and the mean effective pressure for the cycle. Assume

Cv=0.717kJ/kg.K and R=8.314kJ/Kmol K

Given: 3
— — ° — £4 A
P1 = lbar’ Tl =17'C+273 = 290K 0y Adiabatic reversible
P, = 15 bar, P; = 40 bar, Cv=0.717kJ/kg.K 2|
R.=8.314kJ/Kmol K ol st 3o |
| |
Compression Ratio Pressure Ratio f ;
W sl y : st
=V1_Va =P _P
() =2=2 () ==

Molecular Weight of air:
M = 21%0, + 79%N,=> M = (0.21 x 32) + (0.79 x 28) = M = 28.84 kmol/Kg

R=2 =2 p=23Ut R=0.288:—;.K

M T 2884
R=Cp—Cy = R=(Z—1)Cy DR = (y— 1)Cy=p0.288 = (y — 1)0.717 =Dy = 1.4
\%

1-2 Process: Adiabatic compression process

1

2o () e = () 2 = () 2 nmos

P1 \F)
T y-1
T—i: re = T,=r
2-3 Process: Constant volume heat addition

Do D5 T=TpXx 2 DT =628x=> 5  T;= 1674.7K
P T, P, 15

Qs = (T3 —T,) = Qs = 0.717(1674.7 — 628) =» Qg =750.5Kk]/kg

3-4 Process: Adiabatic Expansion process

T _ T 1674.7
T—j:rcy 1=> T4=r% => T4=m => T4=7734'K

"IXT, EPT, = 6911 %290 = T, = 628K

P3

Y
o (B)=rY 2 Py=-Y EpP =i £ Py= 2.7bar

P4 V3 re
4-1 Process: Constant Volume heat rejection
Qr = ¢y(T, — T = Qg = 0.717(773.4 —290) =» Qg = 346.6 kJ/kg
Work done

W =Qs— Qg =PW =750.5—-346.6 > W =403.9k]/kg
Thermal Efficiency

n=l-——7 = n=1-

PN = 0,
(re)Y? (6.9)14-1 => mn 53.82%

Mean Effective Pressure

_ 1x6.9(6.9%*1-1)(33-1)] =) P,, = 5.68 bar

(1.4-1)(6.9-1)

P, = Pyre[(reY™*-1)(rp-1)] =>Pm

(y—1D(re-1)
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4. An engine working on Otto cycle has compression ratio of 8.5. The initial pressure and temperature

at the beginning of compression stroke is 0.93 bar and 93° C. The Maximum pressure at cycle is

38bar. Find (i) Maximum temperature and pressure, (ii) Work done per kg of air, (iii) Cycle

efficiency and (iv) Mean effective pressure. Assume, Cp and Cv , R and y suitably.

GIVEN: 3
p: = 0.93bar, T, =93°C+ 273
P; = 38 bar :
1
COMPRESSION RATIO Py - 3!
I

Vi

Adiabatic reversible

Va 1
r = =—=28.5 V=V =
( C) Vs V3 2 3 V,=Vy

PRESSURE RATIO
() =p=p

P, Py
1-2 Process: Adiabatic compression process

T1 V2

P1 \F)
2-3 Process: Constant volume heat addition

P; _ T;
P, T, P, 18.6

_1 _ —
Lo (9) =r " D To=r T X T =85M 1 x 366 = T, = 861.4K

o ()ar' PR =r xP=85"x093 = P,=186bar

P

= T, =T, X 2=8614x—= = T; = 1759.85K

Qs = ¢, (T3 —T,) = Qs = 0.714(1759.85 — 681.68) = Qs = 644.9 k]/kg

3-4 Process: Adiabatic Expansion process

-1
T _ (E)Y =r Yl DT, = 2 = 598 o, = 747.75K

V3 re Y-1 7 ggl4-1

Ps3 38
Y
C

i_j _ (:_:)Y: r.Y = P, = — = 5o = P, = 1.9 bar

4-1 Process: Constant Volume heat rejection

Qr = ¢y(T, — T =P Qg = 0.714(747.75 — 366) =p Qg = 274.1Kk]J/kg
Work done

W=0Qs— Qg =PW=06449—2741 £ W =370.8k]/kg
Thermal Efficiency

_ Workdone _ 370.8
" Heat Supplied T 644.9

=N =57.5%

Mean Effective Pressure

_1xss|(854 1 -1)(S-1

P, = Pyre[(re¥™*=1)(rp-1)] =>Pm

(y—1D(re-1)

(1.4-1)(8.5-1)

ios!) = P, =3.72bar
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5. Fuel supplied to an SI engine has a calorific value 42000 kJ/kg. the pressure in the cylinder at 30%
and 70% of the compression stroke are 1.3 bar and 2.6 bar respectively. Assuming the compression
follows the law PV1.3=C. Find the compression ratio. If the relative efficiency of the engine

compared with the air standard efficiency is 50%. Calculate the fuel consumption in kg/kW h.

GIVEN: p )
For 70% of compression 2.6 bar

A
Adiabatic reversible
\
CV=42000kJ/kg Pl S b

PVHi=C >

= -
Vi=Vy vy Si=52 T ]

For 30% of compression 1.3bar

Relative Efficiency is 50%
p1 = 0.98bar, p, = 3.25 bar

COMPRESSION RATIO

Be ()= 2 =@ -()T -2
AIR STANDARD EFFICIENCY

1
- 2.511.3-1

n =1 =1 = 1 =24.13%

1
(re)"™
ACTUAL EFFICIENCY
Nrel = T]?Z:; => Nact = Nrel X Nideal = 0.5 X 0.2413 => Nact = 12.06%

SPECIFIC FUEL CONSUMPTION

src = T _
==

Where

1P IP © NipXmexCV
Nip Qs mexCV 3600

3600

_ome_ mg 3600 3600 _
SFC = [P NIpXmexCV = SFC= CVxnp  42000x0.1206 =PSFC=0.71 kg/kWh

3600
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DIESEL CYCLE:

6. Derive an expression for the air-standard efficiency of diesel cycle.Explain why the efficiency of

Otto cycle is greater than that of the diesel cycle for the same compression ratio.

COMPRESSION RATIO = L |
2 E 3

CUT-OFF RATIO == .
2

EXPANSIONRATIO === | " =
3 v,

1-2 Process: Adiabatic compression process

T y-1 y-1 y-1
2= (E) :rc ©T2:rc XTl

T1 V2
pz_(vl)"_rv :>P—ry><P
p1 vy c 2 C 1

2-3 Process: Constant pressure heat addition
Qs = ¢(Tz — To) KJ/kg
Vs _ E:p =>T3:T2xp:rcy_1><T1><p

V2 T2

3-4 Process: Adiabatic Expansion process

% = (V_4)y_1: (E)y_l = T, =1, v XT; X pX (rﬂ)y_l = T,=T; X p

V3 p c
4-1 Process: Constant Volume heat rejection
Qr = ¢y(Ty —Ty)
Work done
W=0Q;-3—Qs1
Thermal Efficiency

_ Workdone = W _Q2-3-Q4—4 — 1 _ 1 [pY—1]
n= Heat Supplied X Q23 => n= Qz—3 => = 1 y(re)Y~1 Lp-1

The efficiency of the diesel cycle is 7 =1 — — [py_ll

Y)Yt Lp-1
The efficiency of the diesel cycle for the constant compression ratio depends upon the factor
_ ) Wfa
e [p—l]
For the value of y = 1.4, the value of the factor K for different cut- off ratios is given under
p = 3 25 2 15
K = 131 124 117 1.092

Thus we see that the value of is always greater than unity and thus we can deduce that for the

compression ratio, the efficiency of the Otto cycle is greater than that of the Diesel cycle.
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7. An engine with 200 mm cylinder diameter and 300 mm stroke works on theoretical diesel cycle.
The intial pressure and temperature of air used are 1 bar and 27 °C. The cut-off is 8% if the stroke.
Determine:i) pressures and temperature at all salient points, ii) Theoretical air standard efficiency,
iii) Mean effective pressure, iv) power of the engine if the working cycles per minute are 380.
Assume the compression ratio is 15 and working fluid is air.

GIVEN: \ )
p; = 1bar, T; = 27°C + 273 3

\
CUT-OFF RATIO (p)= 2 /
V2 Wo
COMPRESSION RATIO (r)= }* = 15 {, S

-

=Ps
L ES

Pa

-

Win 4 4
V3 =V, =0.08(V; —V3) A2 v, :‘Qm
—p-1 = r_ > —L .
0.08 = — = p =212 v, Vi,V e S

1-2 Process: Adiabatic compression process

y-1 - -
Zo (L) =r"T B T=r’ xT = 15M71 x 300 £T, = 886.25K

Ty Va2
Y
b (Z_:) =r." =P, =1, xP =15 x 1 =P, = 44.31 bar

2-3 Process: Constant pressure heat addition

Qs = ¢, (T3 —T,) E»Qs= 1.005(1878.85 — 886.25) Qs = 997.56 k]/kg

B Lo = Ty =T, X p = 886.25 X 2.12 =) T; = 1878.85 K

V2 T

3-4 Process: Adiabatic Expansion process

Ts _ (E)H: (%)Y_E} T, =Ty X (r—"c)y_1 — 1878.85 x (%)M_E}n = 858.99K

Ty V3
B (z—‘;)yz (%)y = P, = p; X (rﬂ)Y = 44.31 X (%)1'4 =P, = 2.86 bar

4-1 Process: Constant Volume heat rejection
Qr = ¢ (T, —T;) =pQr= 0.714(858.99 — 300) =) Qg = 399.12 k] /kg
Work done
W = Qs — Qg = W = 997.56 — 399.12 = W = 598.44K]/kg
Thermal Efficiency

Work done __ 598.44 =>
Heat Supplied " 997.56

N =59.99%

Mean Effective Pressure

\ Per[Y(p—l)—rc 1_Y(pY—l)] =B, = 1x1514[1.4(2.12-1)-151"14(2.1214-1)] = P, = 7.42 bar
= = m = 7.

m (v-1D(rc-1) (1.4-1)(15-1)
2 2
Vs="Ex L= Vs ="2x03 = Vg=9.42x1073m3,
V=VsxN = V=942x102x> = V=00597m3/s
. _ Pxv . 1x10%x0.0597 .
T RT = = 0.287%300 = m=0.0693kg/s

Power

W=mxw = W=0.0693x59844 = W =41.49KkW
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8. Air standard Diesel cycle has a compression ratio of 8. The pressure at the beginning of the
compression stroke is 1 bar and the temperature is 300K.The heat supplied is 1800 kJ/kg.
Determine: (i) Air Standard efficiency, (ii) Pressure and temperature at salient points, (iii) Mean
effective pressure. Assume, Cp = 1.005 , R = 0.287.

GIVEN:
p; = 1bar, T, =300 K
Qs = 1800k /kg

P:s =

Pa=

COMPRESSION RATIO
— Vi _ V4 _ —
(rc) - ; - Vs =8

Cp=1.005,R =0.287

V. 1’1=V, V 51=52 Hq= bq_"'_‘-

1-2 Process: Adiabatic compression process

_1 _ —
Lo (9) =r T 2 o= X T =841 X300 = T, = 689.21K

T1 Vo
p2 _ (Vv Y_ Y _ Y _ ) _
B - (V—:)—rc = P=r, xP =8"x1 = P, =18.38 bar

2-3 Process: Constant pressure heat addition

Qs = ¢(T; —T,) E£»1800 = 1.005(T; — 689.21) = T; = 2480.25 K
V3 T T3 _ 2480.25

= Ts _ =Is =
vwomn P = P =1, 6son = p=359

3-4 Process: Adiabatic Expansion process

- (:—:)H: (%)Y_Q T, = T; X (rﬂ)y_ = 2480.25 x (22 59) £ T, = 1801.84 K

[o

B ()2 (%) = p=pyx (p) 18.38 x (22 59) =P, = 5.99 bar

P4 V3 p
4-1 Process: Constant Volume heat rejection
Qr = ¢, (T, — T) =» Qg = 0.714(1801.84 — 300) = Qr = 1072.32 KJ/kg
Work done
W= Qs — Qg =pW = 1800 — 1072.32 = W = 727.68K]/kg

Thermal Efficiency

Work done __ 727.68
Heat Supplied " 1800

= 1 =40.42%

‘n:

Mean Effective Pressure

_P1rz[v(p—1)—rc V(Y- 1)]=> _ 1x8'*[1.4(3.59-1)-81"14(3.5914-1)]
= P, =

o y-D(rc-1) (1.4-1)(8-1) => P, =9.56 bar
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9. Air standard Diesel cycle has a compression ratio of 18. The pressure at the beginning of the
compression stroke is 1 bar and the temperature is 30 °C.The heat supplied is 1800
kJ/kg.Determine: (i) Thermal efficiency, (ii) Pressure and temperature at salient points, (iii) Heat
rejected, (iv) Mean effective pressure. Assume, Cp and Cv, R and Yy suitably.

GIVEN:

p1 = 1bar, T; = 30°C + 273
Qs = 1800k//kg
COMPRESSION RATIO

Ps .=
F o

Pe=

() =t=3=18

V2 V3

Cp=1.005,R =0.287 v, vl;vf'v

H i -
51=52 S3=847 =

1-2 Process: Adiabatic compression process

y-1 _
T2 (V_) =1 B T, =1 xT, =18""1x303 =T, = 962.83K

T1 \'%]

p2 _ (v y_ Y _ Y _ ) R4

. (é)—rc = P=r. xP =18%x1 = P, = 57.19 bar
2-3 Process: Constant pressure heat addition

Qs = ¢(T; —T,) E£»1800 = 1.005(T; — 962.83) = T; =2753.87K

vs _ Tz _ _ T3 _ 275387 _

v_T, P = P =T, = 6283 = p=2386

3-4 Process: Adiabatic Expansion process

Lo ()7 (®) S =T x (ﬁ)y_ = 2753.87 x (229) = T, = 1319.41K

Ty V3 p

Ps _ (Va p 2.86\ 14 _

%= (V3) () = P, =p; X () 5719 x (23%)" =P, =4.35bar
4-1 Process: Constant Volume heat rejection

Qr = ¢ (T, — T)) =» Qg = 0.714(1319.41 — 303) = Qr = 725.72 k] /kg
Work done

W =Qg— Qr=p W= 1800 — 725.72 = W =1074.28 k]J/kg
Thermal Efficiency
__ Workdone _ 1074.28 _
n= Heat Supplied 1800 => n =159.68%

Mean Effective Pressure

_ P1rz[v(p—1)—rc Y(pr- 1)] =p _1x18'4[1.4(2.86-1)-181"1*(2.861*
me (=D (re-1) P = (14-1)(18-1)

)l = p_ = 13.02 bar
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DUEL CYCLE:

10. The swept volume of a diesel engine working on a dual cycle is 0.053 m? and clearance volume is
0.0035 m3. The maximum pressure is 65 bar. Fuel injection ends at 5% of the stroke. The
temperature and pressure at the start of compression are 80 °C and 0.9 bar. Determine the air

standard efficiency of the cycle. Take y=1.4 for air.

GIVEN:

p: = 0.9bar

T, = 80°C + 273

p3; = 65bar

COMPRESSION RATIO

() == Vvi = 16.14 .

V, =V, = 0.08 (V, — V) V2 v—s Vi

0.05 = £= = p =1.76
1-2 Process: Adiabatic compression process

y-1 - -
T (V_l) =1, T,=r. xT,=16"1x353 = T,=1070.09K

Tl_ Vo
Y
B (Z—:):rcy = Py=r1. xP =16 x09 = P, =485 bar

2-3 Process: Constant volume heat addition

Qs = ¢(T; — T,) =5 Qsy = 0.714(1434.05 — 1070.09) = Qsy = 259.87 kJ/kg

Ps_ Ts B Ps _ 65 —
il = T;=T,X 132—1070.O9><48_5 = T;= 1434.05K

3-4 Process: Constant pressure heat addition

Qsz2 = ¢p(Ty — T3) E»Qg, = 1.005(2523.93 — 1434.05) = Qs, = 1095.33 kj /kg

B t=p 2 T,=pxTy;=176x1434.05 = T, =2523.93K

V3 T3

4-5 Process: Adiabatic Expansion process

Ty (vs\' " 1_ [rc\Y ! _ p\Y 1 L7e\A1
= (v—i) = (;) = Ty =T, X (r—) = 2523.93 x (?) = Ts = 1043.84 K
pa _ (vs\'_ (rc\Y _ p\Y _ 176\ 14 _
B~ (Z)‘(F) =>P5—p4><(rc) = 65 x (=) = P, = 2.96 bar

5-1 Process: Constant Volume heat rejection
Qr = ¢ (Ts —T;) > Qp = 0.714(1043.84 — 353) = Qg = 493.26 k] /kg

Work done
W = Qg; + Qg1 — QRE=pW = 259.87 + 1095.33 — 493.26 =p W = 861.94 kJ/kg
Thermal Efficiency

Work done 861.94
n= — = = 1 =63.6%
Heat Supplied 259.87+1095.33
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11. Derive the expression for air standard efficiency of duel combustion cycle.
COMPRESSION RATIO (r ) = :—1
2

Vg

CUT-OFF RATIO (p) =2

PRESSURE RATIO (rp) = g—z

EXPANSION RATIO (r.)= :—5 = %
4

1-2 Process: Adiabatic compression process

T vi\Y~1 y-1 y-1
=2 = (_1) = I‘C dTZ = I‘C X T]_

T1 Va

o= (E)y:rcy =P =r' xP

P1 V2
2-3 Process: Constant volume heat addition

Qs = ¢(T; = T3) kilkg

ps _ T3 _ — — v-1
B Be D= xT, DT =rxr’ xT

3-4 Process: Constant pressure heat addition
Qs = cp(T4 — T3) ki/kg

Vg T -1

:—4:p dT4:pXT3 =>T4=p><rp><rcy XTl

V3 T3
4-5 Process: Adiabatic Expansion process
Ts _ (vs)' 7o ()Y _ oy
T (V4) —(p) = Ts =p" X1, X Ty

5-1 Process: Constant Volume heat rejection

— ps _ Ts _
Qr = ¢y (T; — Ts) kJ / kg, p—i— T—i— Ip
Work done
W=0Q;-3+Q3-4—Qs-1 kI/kg
Thermal Efficiency
__ Workdone w 41 TppY—1
" Heat Supplied  Qz—3+Qs_s => n=1 (re)vt [(rp_l)"'er(P—l)

Mean Effective Pressure

_ Per[er(p -1+ (rp - 1) —TIc 1_y(rppy - 1)]
me (y_l)(rc_l)
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12. An air-standard dual cycle has a compression ratio of 10. The pressure and temperature at the
beginning of compression are 1 bar and 27 °C. The maximum pressure reached is 42 bar and
maximum temperature is 1500°C. Determine (i) the temperature at the end of constant volume
heat addition (ii)cut-off ratio (iii) work done per kg of air and (iv) the cycle efficiency. Assume Cp
=1.004 kJ/kg K, Cv = 0.717 kJ/kg K for air.

GIVEN:

p; = 1bar, T; = 27°C+ 273
ps = 42bar,

T, = 1500°C + 273
COMPRESSION RATIO

\'%1 V4 :
= —_—=== A\
(re) b 10 2

Cp=1.005,R =0.287

1-2 Process: Adiabatic compression process
TZ _ \'%%1 Y—l_ Y—l _ Y
T1 - (VZ) - rC Q T2 - rC

Y
Bo (B)zr' 2 R=r xP=10Mx1 = P, =25.12 bar

P1 V2

"X T, =101 x 300 = T, = 753.57 K

2-3 Process: Constant volume heat addition
Qs; = ¢, (T3 —Ty) => Qs; = 0.714(1259.95 — 753.57) :> Qs1 = 361.56 k] /kg
P3 _ E _ E _ 42 _
- - @ T3 —_ T2 X _ 753-57 X _25.12 @ T3 _ 1259.95 K

P; Tz P,

3-4 Process: Constant pressure heat addition

Qsz = (T, —T3) = Qs; = 1.005(1773 — 1259.95) = Qs = 515.62 k] /kg
V4 _ E _ A E _ 1773 _
e = P= Ts  1259.95 = p=141

4-5 Process: Adiabatic Expansion process
1 1.4-1
=1773x (X2) = Ts =809.19K

Ty _ (Vs V=1 r\vTl _ p\Y
=) =() =2 n=1x() 10
e _ (V) (re) _ AL RN -
o (B)=(%) = m=px(E) =42x(5) = Pi=27bar
5-1 Process: Constant Volume heat rejection

Qr = ¢ (Ts —T;) = Qr = 0.714(809.19 — 300) = Qr = 363.56 KJ/kg
Work done

W =0Qg; +Qs; — Qg =P W =361.56+515.62 —363.56 ©=p W =513.62K]/k

Thermal Efficiency

__ Workdone 513.62
M= Hear Supplied ~ 361.56+515.62

= m=5855%
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13. The compression ratio for a single-cylinder engine operating on dual cycle is 9. The maximum
pressure in the cycle limited to 60 bar. The pressure and temperature of the air at the beginning of
the cycle are 1 bar and 30°C. Heat is added during constant pressure process upto 4% of the stroke.
Assuming the cylinder diameter and stroke length as 250 mm and 300 mm respectively, Determine
(i) The air standard efficiency of the cycle (ii) The power developed. If the number of working

cycles is 3 per second.

GIVEN:
p; = 1bar, T; = 30°C + 273, p; = 60bar,
( = V1 _ Vs _

e =—==—==9

\'%] V3
V4 - V3 == 008 (Vl - Vz)
_p-1 _
0.04 = — = p =132
1-2 Process: Adiabatic compression process

Y=1 oy -
Zo (L) =r"T B T=r" xT,=9""1x303 £ T, = 729.69K

T1 \'%]
Y
2o (2)=r” = h=r xP=9Mx1 = P, = 21.67 bar

2-3 Process: Constant volume heat addition
Qg1 = ¢(Tz — T,) = Qg; = 0.714(2020.37 — 729.69) =y Qg; = 921.55 k] /kg
L £ To=T, X 2=729.69X —— = T

P, T, P, 21.67

2020.37K

3-4 Process: Constant pressure heat addition

Qsz = ¢,(Ty — T3) = Qs, = 1.005(2666.89 — 2020.37) = Qs; = 649.75 K] /kg

o ooy = T, = p x T; = 1.32 X 2000 = T, =2666.89K

V3 Ts

4-5 Process: Adiabatic Expansion process

Ta _ (vs\' " 1_ [re\Y"2 _ N Laz\14-1
m= (v—4) = (;) = Ty =T, X (r—) = 2666.89 x (%) = Ts = 1237.48K
Ps _ (E)y: (r—‘:)y = P = p, X (ﬁ)y — 60 x (ﬁ)l'4 = P, = 4.08 bar
ps  \va p 5= Pa re/ 9 4=
5-1 Process: Constant Volume heat rejection
Qr = ¢ (Ts —Ty) = Qg = 0.714(1237.48 — 303) = Qg = 667.22 k] /kg

Work done
W=0Qg; + Qg1 — Qr = W =921.55+ 649.75 — 667.22 =p W = 904.08kJ/k

Thermal Efficiency
Work done 904.08

" Heat Supplied ~ 921.55+649.75

= 1 =57.54%

Power:

2 2
Vs="xLE Vg="25x03 £ Vs=0.0147m?,

V=VgxN = V=00147x3 =  V=0.0441m3/s

. _ Pxv . 1x10%x0.0597 .
h=—— = = ~2eraa00 =  m=0.0507 kg/s

0.

Power: W=mxwE> W=0.0507x904.08 = W = 45.84 kW
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GAS TURBINE PLANT OR BRAYTON CYCLE

14. A gas turbine on works air standard brayton cycle. The intial condition of air is 25 °C and 1 bar the
maximum pressure and temperature are limited to 3bar and 650°C. Determine i) Cycle efficiency

ii)Heat supplied and rejected per kg of air iii) Work output iv) Exhaust temperature.
: F heat
p; = 1bar, T; = 25°C + 273 2

p; = 3bar,T; = 650°C + 273

heat
rejected

1-2 Process: Adiabatic compression process

y-1

T AN
2 2\ Y — —
—= = (—) =rp V¥ => T,=r,

T1 Py

y-1 1.4-1
Y

XT, =314 x298 = T,=407.88K

Compressor Work (W¢) = ¢,(T, — T;) = 1.005(407.88 — 298)=» W, = 110.43 kJ/kg
2-3 Process: Constant pressure heat addition
Qs = (T3 — T,) = 1.005(923 — 407.88) = Qs = 517.7 KJ/kg

3-4 Process: Adiabatic Expansion process

y-1 y-1 v-1

T P\ v P2\ v ~ T 923
%i e (Ei) Y = (Ef) Y rp Y ::;’Th = ;_1 = _T?:T :::P ’Ih = (i?ul.:34‘l(

Turbine Work (W) = ¢,(T; — T,) = 1.005(923 — 674.34) = Wy = 249.9 k] /kg

4-1 Process: Constant pressure Rejection addition
Qr = ¢p(T, — Ty) = 1.005(674.34 — 298) = Qg = 378.22 kJ/kg
Work done
W =Qs— Qg =517.7— 37822 = Wpe = 139.48 k] /kg

Thermal Efficiency

Work done W 139.48
n= - = —net _ :=>']]:= 26.94%
Heat Supplied Qs 517.7
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15. Air enters the compressor of a gas turbine plant operating on brayton cycle at 1 bar, 27 °C. The
pressure ratio in the cycle is 6. If Wt = 2.5 W¢ where Wt and Wc are the turbine and compressor
work respectively, calculate the maximum temperature and the cycle efficiency.

GIVEN: P
p; = 1bar, T; = 27°C+ 273
r, = 6bar,

W; =2.5W,

heat
rejected

1-2 Process: Adiabatic compression process

y-1

T I e =
—2 — 2\ Y - Y —
T, (Pl) Tp T =1

y-1 1.4-1
Y

XT, =614 X300 =T, =500.55K

Wi =25W, £ ¢p(Ts = T,) = 2.5¢,(T, — Ty) = (T3 - %) = 501.38 =>T; = 1249.7K
Compressor Work (We) = ¢, (T, = T;) = 1.005(500.55 — 300) =p W; = 201.55K]/kg
2-3 Process: Constant pressure heat addition

Qs = ¢p(T3 — T;) = 1.005(1249.7 — 500.55) =» Qs = 752.89 k]/kg

3-4 Process: Adiabatic Expansion process

y-1

y-1 y-1
T P3\ v P\ v ~ T 1249.7
o= (P_z)vz(P_j)v =r, 7 DT, = VSY;FT = T, =748.32K

I'p
Turbine Work (Wr) = ¢,(Ts — T,) = 1.005(1249.7 — 748.32) =) Wy = 503.89Kk]J/kg
4-1 Process: Constant pressure Rejection addition
Qr = (T, — Ty) = 1.005(748.32 —300) = Qg = 450.56 kJ/kg
Work done
W = Qs — Qg = 752.89 — 450.56 = Wye = 301.99 kJ/kg

Thermal Efficiency

_ Workdone  Wpee 30199
n= Heat Supplied - Qs ~ 752.89

= n =40.11%
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16. Consider an air standard cycle in which the air enters the compressor at 1.0 bar and 20°C. The
pressure of air leaving the compressor is 3.5 bar and the temperature at turbine inlet is 600°C.
Determine per kg of air, (i)Efficiency of the cycle, (ii) Heat supplied to air, (iii) Work available at
the shaft,(iv) Heat rejected in the cooler and (v) Temperature of air leaving the turbine. For air Yy

= 1.4 and Cp = 1.005 kJ/kg K.

GIVEN: p
p; = 1bar, T, = 20°C + 273 3
pz = 3.5bar,
T; = 600°C+ 273 4
=
1
s
1-2 Process: Adiabatic compression process
-1 _ _
2= (;’—j)YT: T B T=r 7 xT, = 355 x293 5> T, = 419.09K

Compressor Work (W¢) = ¢,(T, — T;) = 1.005(419.09 — 293)=p W. = 126.72 K] /kg
2-3 Process: Constant pressure heat addition
Qs = ¢,(T; — T,) = 1.005(873 — 419.09) = Qs = 456.18 k] /kg

3-4 Process: Adiabatic Expansion process

Y—1

-1 =1y
o= (E)Y:(&)Y =rp ¥ =T, = T£= 817.3_1=> T, = 610.33 K
Y

T4 P, Py 0 35

Turbine Work (W) = ¢,(Ts — T,) = 1.005(873 — 610.33) = Wy = 263.98 k] /kg
4-1 Process: Constant pressure Rejection addition
Qr = (T, — Ty) = 1.005(610.33 — 293) =» Qg = 318.92kJ/kg
Work done
W = Qs — Qg = 456.18 — 318.92 = W, = 137.26 k] /kg

Thermal Efficiency

_ Workdone  Wper  137.26
n= Heat Supplied - Qs " 456.18

= 1 = 30.08%
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17. A closed cycle ideal gas turbine plant operates between temperature limits of 800°C and 30°C and
produces a power of 100 kW. The plant is designed such that there is no need for a regenerator. A
fuel of calorific value 45000 kJ/kg is used. Calculate the mass flow rate of air through the plant and

rate of fuel consumption. Assume Cp =1kJ/kg Kandy =1.4.

GIVEN: p heat
T, =30°C+ 273
T; = 800°C + 273
Assume I, = 6
Power=100kW
CV=45000kJ/kg

heat
Co=1klkgK,y=14 rejected ¥ 2

1-2 Process: Adiabatic compression process

-1 _
Y y-1 Y 1.4-1

-1
T P\ v —V —_
2= (P—j)yzrpv DT, =r1, ¥ XT, =614 x303 E» T, = 505.56 K

Compressor Work (W¢) = ¢, (T, = T;) = 1.005(505.56 — 303) =p W = 203.57 k] /kg
2-3 Process: Constant pressure heat addition
Qs = ¢,(T; — T,) = 1.005(1073 — 505.56) =p Qs = 570.28 kJ/kg

3-4 Process: Adiabatic Expansion process
y-1 y-1

r—- Yy—1 v-1
Ts _ (P3N v _ (P2\ v __. + _ T3 _ 1073 _
T_4 B (P4) B (P1) =Tp Y =>T4- D VT_l - 61.;;1 => T4. = 643.09K

I'p
Turbine Work (W) = ¢,(Ts — T,) = 1.005(1073 — 643.09) =p Wy = 432.06 kJ/kg
4-1 Process: Constant pressure Rejection addition
Qr = (T, — Ty) = 1.005(643.09 — 303) =» Qg = 341.79KkJ/kg
Work done
W = Qs — Qg = 570.28 — 341.79 = W, = 228.49 k] /kg
Thermal Efficiency

Work done w;, 228.49
T]: - = net: ¢ ]']:4006%
Heat Supplied Qs 570.28

mass flow rate

Power 100 .
"~ Workdone 22849 => m = 0.438 kg/s
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SIMPLE RANKINE CYCLE REHEAT RANKINE CYCLE REGENERATION RANKINE CYCLE

REHEATER [

1

lkg

s PUMP1  CONDENSER s

v

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 hy)

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

NOTATIONS IN THE STEAM TABLE:
f — Liquid water
g — Dry or sautated vapour

o B~ wWwN

fg — During the phase change from liquid to vapor

NOTE: (FOR REHEAT AND REGENERATION AT STATE 2)
Turbine inlet entropy = Turbine exit entropy

(s1=s2)
at a given turbine exit pressure find entropy in the saturated pressure table s,

if sy, =s, then the steam is dry saturated steam, sg, < s, then the steam is superheated steam, sg; > s, then the steam is wet steam
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SIMPLE RANKINE CYCLE

REHEAT RANKINE CYCLE

REGENERATION RANKINE CYCLE

Process 1-2: Reversible adiabatic expansion
(51 =s52)
K]
Wr=h; —h; (k_g
h; — Turbine inlet enthalpy

h, — Turbine exit and condenser intet enthalpy

Process 2-3:Constant pressure heat rejection

(IZ 13)
=h, —h —]
QR 2 3 (] )

h; = hg, = hg; Condenser exit and pump inlet enthalpy
Process 3-4: Reversible adiabatic pumping (S3 = S4)

K]
Wp =hy —h; (k_g)
h, — Pump exit & boiler inlet enthalpy
W, =V3(Py — P3) (ll:—;)
K]
Wp = Vy3(Pr = Py) (k_g)
K]
hy =W, +h; (k—g)
Process 4-1: Constant pressure heat supplied( P, =
Py)
K]
Qs =h; —h, (k_g

Efficiency :
Wr —W, _ (hy —hy) — (hy —h3)
Qs hl - h4

1’:

Process 1-2: Reversible adiabatic expansion
(s1=s2)
Wy =h;—h ]
T1 — 1 2 (kg)
h; — Turbinel inlet enthalpy

h, — Turbine exit and reheater intet enthalpy
Process 2-3: Constant pressure reheating( P, =

P3)
)
Qs1 =hz —hy (k_g)
h; — Turbinel inlet enthalpy
Process 3-4: Reversible adiabatic expansion

(s3 =84)
K]
Wiz = hz —hy (k_g)

h, — Turbine exit and condenser intet enthalpy

Process 4-5:Constant pressure heat rejection

(P4 = Ps5)
ch—h
Qr = hy —h; (kg)
hs = hg, = hgs Condenser exit enthalpy

Process 5-6:Reversible adiabatic pumping

(S5 = S¢)
W, =hs—h (H)
hg — Pump exit & boiler inlet enthalpy
4 kj
W, = Vs5(Pg — Ps) (k_g)
k]
hy =W, + hg (k—g)
Process 6-1:Constant pressure heat supplied
(Ps =Pq)
chi—h &
Qsz = hy —hg (kg)
Efficiency :
_ WT1 + WTZ - Wp
Qsl + QSZ
_ (hy —hy) + (hy —h3) — (hg — hs)
(hz —hy) + (hy —hg)

Turbine Work:Reversible adiabatic expansion (s; =

Sy = S3)

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

h, — bypass regeneration enthalpy
Process 3-4: Constant pressure heat rejection( P; = Py)

—hy—hy
Qr =h3 —hy (k_g)
h; — Turbine exit and condenser intet enthalpy

h, = hg; = 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 = ss)

k]
Wp1 = (1 —m)hy — h; (k_g)
Process 6-7: Reversible adiabatic pumping (s¢ = s7)
Kk
Wy = Tieg (hy — ) ()
k]
W, = Vse(P7 — Pg) (k_g)
K]
h7 = Wp + h6 (k—g)
Process 7-1: Constant Pressure Heat Supplied
(P; =Py)
L)
Q51 = 1kg (hy —hy) (k_g)
Efficiency :

ﬂ _ 1kg(hy — hy) + (1 —m)(h; — h)

Qs - 1kg(hy —hy)
Note: Here Pump work is negligible
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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.

ce

v

CONDENSER
S
Process 1-2: Turbine Work : Reversible adiabatic expansion (s; = s3)
Wr=h; —h all
T=h1—hy (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)
=h;-h —]
Qr 2 3 (kg)

h; = hf, = hgz Condenser exit and pump inlet (saturated liquid) enthalpy
Process 3-4: Pump Work: Reversible adiabatic pumping (s3 = s4)
W, =h3; —hy (H)
kg
h, — Pump exit & boiler inlet (subcooled liquid) enthalpy
W, =Vs3(Py—P3) (H)
kg

kJ
h4 = Wp + h3 (k—g)

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

superheated steam (P, = P;)
KJ
Qs=h; —h, (k_g)

Efficiency :
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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 : (i) W, (ii)n
SOLUTION: 5/ 35bar
State 1

From steam tables at 35 bar

3 0.2 bar 2

s; = sg = 6.1228 KJ/kgK, h; = h, = 2802 K] /kg
State 2

From steam tables at 0.2 bar
S, = 0.8321 kJ/kgK, gy, = 7.0773K] /kgK
he, = 251.5k]/kg  heg, = 2358.4 k] /kg
Vi = 0.001017 m¥/kg
Enthalpy of wet steam (after expansion) (s; = s;)
S; =Sy = Spp + XpSpe £6.1228 = 0.8321 + (xp X 7.0773)cp x, = 0.747

h, = hg, + x;he;=ph, = 251.5 + (0.747 x 2358.4) = h, = 2013:—;

State 3
K]
h3 = hfz = hf3 = 251. sk_g
State 4

W, =Vez(P, —P;) = W, =0.001017 (35 —0.2) x 102 =pW,, = 3.54 K] /kg
hy, =W, +hs &h, =3.54+251.55 h, =255.04Kk]/kg
PROCESS 1-2: TURBINE WORK : REVERSIBLE ADIABATIC EXPANSION
Wy = (h; —h, )5 Wy = (2802 —2013) & Wy =789 l‘(‘—;
PROCESS 2-3: CONDENSER HEAT REJECTION: CONSTANT PRESSURE HEAT REJECTION (P, = P;)
Qr = h, —h; = Qg = 2013 — 251.5 = Qg = 1761.5 :T];
PROCESS 3-4: PUMP WORK: REVERSIBLE ADIABATIC PUMPING (s; = s,)
W, = Viz(P, —P3) = 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, = Q, = 2802 — 255.04 =P Q, = 2546.96 k]/kg
NET WORK DONE:

Wyet = Wr — W, 5 Wyer = 789 —3.54 £ Wy, = 785.46 K] /kg
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EFFICIENCY :
_ Wiet __ 785.46 _
=y = M= 52696 = n = 30.84%
CARNOT EFFICIENCY:
4T _ 4 3339 _
n=1 T = n=1 515.5 = n=35%
SPECIFIC STEAM CONSUMPTION:
3600 3600
5SC = — = SSC= . = SSC = 4.58 kg/kWh
WORK RATIO:
_ Wnet __ 78546 _
W=Dt B We=2F B W, =0.995
TURNINE POWER OUTPUT:

P=mn(h,—h,) = P=95(2802-2013) £» 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 T
FIND : (i) W, , (ii)n, (iii) SSC

SOLUTION:

State 1

From Superheated steam tables at 28 bar

s; = sg = 6.2104 kJ/kgK, h; = hy = 2802 kJ/kg
State 2

From steam tables at 0.06 bar
s, = 0.521kJ/kgK, sggp = 7.809 k] /kgK
he, = 151.5k]/kg heyy = 2415.9 k] /kg
Vio = 0.001m%/kg
Enthalpy of wet steam (after expansion) (s; = s,)

S1 = Sz = S, t Xp5gp £96.2104 = 0.521 + (x, X 7.809) =x, = 0.728

h, = hg, + x;he=ph, = 151.5 + (0.728 x 24159) = h, = 1910.27:—;

State 3
K]
h3 = hfz == hf3 = 151. 5k_g
State 4

W, = Viz(P, —P;) = W, =0.001(28-0.06) x 10> =W, = 2.79KJ/kg
hy =W, +h; &h, =279+151.5 £ h, =154.29Kk]/kg
PROCESS 1-2: TURBINE WORK : REVERSIBLE ADIABATIC EXPANSION

Wy = (h, —h,) = Wy = (2802 — 1910.27) = Wy = 891.73 11:_,];
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PROCESS 2-3: CONDENSER HEAT REJECTION: CONSTANT PRESSURE HEAT REJECTION ( P, = P3)
Qr=h, —hs & Qg =191027 — 1515 Ep Qg = 1758.77 ]‘{‘—;

PROCESS 3-4: PUMP WORK: REVERSIBLE ADIABATIC PUMPING (s; = s,)
W, = Viz(P, —P;) = W, =0.001 (28 -0.06) x 10> =p W, = 2.79Kk]/kg
PROCESS 4-1: BOILER HEAT SUPPLIED: CONSTANT PRESSURE HEAT SUPPLIED ( P, = P;)
Qs =h; —h, 5 Q = 2802 — 154.29 =) Qs = 2647.71K]/Kkg
NET WORK DONE:
Wiet = Wr — W, 5 Wyer = 89173 =279 5 Wy, = 888.94 k] /kg
EFFICIENCY :

_ Wyet _ 888.94 _
=% = M= Z6a771 = n =33.57%

SPECIFIC STEAM CONSUMPTION:

3600 3600
SSC =~ = SSC= e = SSC = 4.049 kg/kWh

WORK RATIO:

ne 888.94
W, = WW—Tt = W,=—"—" 5 W,=00997

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: py = 20 bar, Ty = 360°C, p, = 0.08 bar $
FIND : (i) W, (ii)n
SOLUTION:

From Superheated steam tables at 20 bar, 360°C

By interpolation

hr—-hy Tr-Tp hr—-3138.6 360-350 ¢ K]
i s - h, =3159.3 2 = h,
ha—-hyp Ta-Tp 3248.7-3138.6 400—-350 kg
SR=Sb _ TrR-Tp SR—6.960 _ 360—-350 => s. = 6.991 k] =
Sa—Sp Ta—Tp 7.130—-6.960 400-350 r ' kg.k 1

From steam tables at 0.08 bar
sr, = 0.5926 kJ /kgK , sgz, = 7.6361 k] /kgK ,
he, = 173.88kJ/kg heg, = 2403.1Kk]/kg,
Vi = 0.001008 m®/kg
Enthalpy of wet steam (after expansion) (s; = s,)
Sz = Sf2 + XaSfga e 6.991 = 0.5926 + (x2 X 7.6361)=p x, =0.838
h, = hg, + xzhfg2=>h2 =173.88 + (0.838 x 2403.1)=p h, = 2187. 68:—;
PROCESS 1-2: TURBINE WORK : REVERSIBLE ADLABATIC EXPANSION

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

Qr = h, —h; 5 Qg = 2187.62 — 173.88 £ Qg = 2013.74 ]‘(‘—;

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

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

W, = Vi3(P, —P;) £ W, = 0.00108 (20 — 0.08) x 10> = W, = 2.008 k] /kg

h, =W, +h; &h, =2.008+173.88 = h, = 175.89 kJ/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] /Kkg

NET WORK DONE:

Wiet = Wr — W, 5 Wyer = 971.62 — 2.008 = Wy, = 969.61 k] /kg

EFFICIENCY :

_ Wyet 96961 _
n= Qs = M= Z983.1 = 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 Queality/temp. Velocity
1. Inlet to turbine 6 MPa (= 60 bar) 380°C —
2. Exit from turbine 10 kPa (= 0.1 bar) 0.9 200m/s
inflet to condenser
3. Exit from condenser 9 kPa (= 0.09 bar) Saturated —
and inlet to pump ligquid
. Exit from pump and 7MPa (=70 bar) — —
inlet to boiler
5. Exit from botler 6.5 MPa (= 65 bar) 400°C —
Eate of steam flow = 10000 kglh.

SOLUTION: e
(1) 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—hp _ Tr-Tp hg—-30458 _ 380-350
ha—hp  Tg—Tp = 3180.1-3045.8  400-350

Saturatad liquid

0.09 bar

K|
S h, = 3123.5k—;= h,

From steam tables at 0.1 bar
h, = 191.8 k] /kg
hgg, = 2392.8K]/kg , x, = 0.9
Vg2 = 14.67 m*/kg
h, = hg, + X,heg, & hy, = 191.8 + (0.9 x 2392.8)= h, = 2345.3 kJ/kg

10000
3600

Wr =m(h, —h,) 5 Wy = (3123.5 — 2392.8) ) Wy = 2162KW
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HEAT TRANSFER PER HOUR IN THE BOILER AND CONDENSER :
From steam tables at 70 bar
hey = 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,

10000

Q, =m(hy; —hg) EPQ; = ooy (3167.6 — 1267.4) = Q, = 5277.78kW
From steam tables at 70 bar
he; = 183.3 k] /kg
HEAT TRANSFER PER HOUR IN THE CONDENSER,

10000

Q. =m(h, —hg) £ Q =—_~(23453-1833) ) Q, = 6000 kW
MASS OF COOLING WATER CIRCULATED PER HOUR IN THE CONDENSER, m,, :
Heat lost by steam = Heat gained by the cooling water
Q, =my,Cp(t, —t;) E»Q, =m,, x 4.18(30 — 20) => m,, = 3100 kg/s
DIAMETER OF THE PIPE CONNECTING TURBINE WITH CONDENSER, d :

m, = pAC =>ms _ AC =>msxévg2 _ Edz :2.78><0.9><14.7 _ gdz =>d — 483mm

X2 ng 4 200

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, hf hfg lzg s, L s,
0.1 45 84 Q.0010103 14 68 191.9 2382 3 2584 2 0.6488 7.5006 5 1494
50 2851 0.001385 0.0235 1317 1440.5 2757.5 3.2073 25351 5.7424
80 bar, 600°C v 0.486 m3/ kg
Superheat h 3642 J [ kg
table g 7.0206 kJ/ kheK
GIVEN: p; = 80 bar, T; = 600°C, p, =0.1 bar T4
FIND : (1) W, (i) n ;
SOLUTIOR: -
State 1 .
From Superheated steam tables at 80 bar, 600°C 3 YT 7
,=0.
s; = 7.0206 kJ/kgK, h; = 3642 k]/kg, Vgo = 0.486 m3/kg _
State 2

From steam tables at 0.1 bar

s;, = 0.6488 K] /kgK, sg, = 7.5006 K] /kgK,
he, = 191.9kJ/kg  heg, = 2392.3Kk]/kg |

Viz = 0.0010103 m®/kg
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Enthalpy of wet steam (after expansion)

Sz = Sz + XSfga = 7.0206 = 0.6488 + (xz X 7.006) = x, = 0.85

h, = hg, + X;heg=ph, = 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, = 8.072Kk]/kg

Actual pump work = n8'°72 = % =W, = 10.09 kJ/kg
pump :

hy, =W, +h; &h, =10.09+191.9 = h, =201.99 kJ/kg
PROCESS 1-2: TURBINE WORK : REVERSIBLE ADIABATIC EXPANSION
Wy = (hy, —h, )P Wy = (3642 — 222536) = Wy = 1275 :T];
PROCESS 2-3: CONDENSER HEAT REJECTION: CONSTANT PRESSURE HEAT REJECTION ( P, = P;)
Qr=h, —h; & Qg =222536—1919 Ep Qg =2033.76 ]':—;
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 kJ/Kkg
NET WORK DONE:
Wiet = Wp — Wy 5 Wyee = 1275 - 10.09 5 Wye = 1264.91 k] /kg
EFFICIENCY :

n:WQL:t=>n_1264.91:> n = 36.8%

T 3440.01

SPECIFIC STEAM CONSUMPTION:
3600 3600 _
SSC =, — = SSC= o >  SSC = 2.85Kkg/kWh
WORK RATIO:
_ Wnet _1264.91 _
W, = e = W,="r & 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]
W1 =h; —h, (Eg)

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 =hz3 —h; (:{%)

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

Wi, = hs — by ( ad )
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)
=ns (i)
Qr =hy — h; ke
hs = hgy = hgs Condenser exit (saturated liquid) enthalpy
PROCESS 5-6: PUMP WORK: REVERSIBLE ADIABATIC PUMPING (s5 = sg)
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 ( P, = P,)
k]
Qs2 =h; —hg (gg)

EFFICIENCY :
_Wr +Wpp =W, (hy —hy) + (hy —h3) - (hg —hs)
Qs1 + Q2 (hz —hz) + (hy — he)
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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, P4,=0.1 bar

CONDENSER s
SOLUTION:
PROCESS 1-2: ADIABATIC EXPANSION PROCESS
From the superheated steam table at 35 bar and 350 °C
By interpolation
hy=hy _ Pr—Pb hy—3104.2 _35-34 _ H _
ha—hy  DPa—DPa => 3108.7-31042  36-34 => h, =3106.45 kg h,
Sy—Sp __ Pr—Pb Sy—6.647  35-34 A i _
Sa—Sb _ Pa—Pa = 6.679—6.647  36-34 —=p Sr=6.663 kgk o1
From saturated steam table at 8 bar
k]
Sy = 6.660 ——
& kg.K

Where, sy = s = sg, S0 the exit of turbine is saturated steam

From saturated steam table at 8 bar

h —27674k]—h

TURBINE WORK
wr; =h; —h, E=p wp; =3106.45—2767.4 ==p wy; = 339.05k]/kg
PROCESS 2-3: CONSTANT PRESSURE HEAT ADDITION
From superheated steam table at 8 bar and 350 °C

— L - L/
hy =3162.4,  s3=7.411_%
HEAT SUPPLIED TO REHEATER

K]

sz =hz —h, E=p qs, =31624-27674 =) gy = 395k

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

k]
Sg4 = 8151kg_K

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

_ k] _ k] _ K] _ K]
Sfq = 0.649 kg_K ) ng4_ = 7.502 kgT’ hf4 =191.8 k_g ) hfg4 = 2392.8 k_g

54 = Sf4_ + X4ng4 ¢ 7411 - 0649 + (X4 X 7502) ¢ X4 =09
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hy = hgy + x4hg = hy =191.8+ (09 x 23928) £ hy= 2345.32:(‘—;
wrz = h; —h, £  wr, =3162.4 — 2345.32 = wy = 817.08k]/kg
PROCESS 4-5: CONSTANT PRESSURE HEAT REJECTION

h¢s = hgs = hg = 191.8 k] /kg
PROCESS 5-6: ADLABATIC PUMPING
W, =v(Ps—Ps) == W, =0.001010x (35—0.1) x 100 =pW, = 3.53kJ/kg
W, = hs — hs =) 3.53 =hg — 191.8 = hg = 195.33 kj/kg
PROCESS 5-6: CONSTANT PRESSURE HEAT ADDITION

K]
gs1=h; —hs B> qg = 3106.45—195.33 => @ = 291112

RANKINE CYCLE EFFICIENCY
_ Wr+Wrp,-W,,  339.05+817.08—3.53 _ 0
T Qu+Qsz 3954291112 = 7 =34.86%
SPECIFIC STEAM CONSUMPTION
3600 3600
S5C = Wooe => S5C = 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.

GIVENZ REHEATER A
P1=150 bar, T,=550 °C, P3=40 bar,
T3=550 °C, P,=0.1 bar

CONDENSER B
SOLUTION:

PROCESS 1-2: ADIABATIC EXPANSION PROCESS

State 1

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

A L - LN
h1 = 34452kg y $1 = 6. 5125kg.k

State 2
From saturated steam table at 40 bar
kj
Sg = 6069](9—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 _ Sr=Sp r = T, =332°C=T,
Ta—Tp  Sa—Sb => 350—300  6.587—6.364 =>

hy—hy, _ T—Tp h,—2962 _ 332-300 _ K
hy-hp Ta=Tp => 3095.1-2962  350—300 => h, = 3047.18 kg h;

TURBINE WORK
wry =h; —h, =) wrp; =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 - M
h; = 3558.9kg, s3=7.229; %
HEAT SUPPLIED TO REHEATER
K]
sz =hz —h, E=p qs; =35589-3047.18 =) qs = 511.72 %

PROCESS 3-4: ADIABATIC EXPANSION PROCESS IN TURBINE 2: s; = s,

From saturated steam table at 0.1 bar

k]
Sg4 = 8151kg—K

S3 = S4 < Sg4, SO the exit of turbine is wet steam

From saturated steam table at 0.1 bar

kJj kJ
Sfq = 0.649 kg_K v Sfga = 7.502 kg_l(
he, = 191.8 ::_; . hg, = 23928 :_;

So =St tXaSrgs = 7411 = 0.649 + (x4 X 7.502) £ x4 =09
hy = hgy + Xshge = hy = 1918+ (0.9 x 23928) > hy= 2345.32:(‘—;
wrz =h;—h, £  wg, =3558.9 - 2345.32 = wp =1213.58Kk]/kg
PROCESS 4-5: CONSTANT PRESSURE HEAT REJECTION
hgy = hes = hg = 191.8 k] /kg
PROCESS 5-6: ADIABATIC PUMPING
W, = v (Ps— Ps) = W, =0.001010 x (150 — 0.1) x 100 =p W, = 15.14Kk]/kg

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

ds1 =h; —hg =) g =3445.2—-206.94 =) qs1 = 3238.26@
RANKINE CYCLE EFFICIENCY

_ Wr+Wr-W,  398.02+1213.58-15.14 _

T Qe+Qsz  511.72+3238.26 => n=42.57%
SPECIFIC STEAM CONSUMPTION

3600 3600 =

SSC = W =) SSC= 396077121355 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.

~

PUMP2
PUMPL CONDENSER >

PROCESS 1-2 & 1-3 TURBINE WORK
Wr = 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,)

Qr =h3 —hy (ll{{—;)

h; — Turbine exit and condenser intet enthalpy
h, = hgpz = hg, Condenser exit enthalpy
TO FIND BYPASS STEAM MASS: ENERGY BALANCE
m((h; — hg) = (1 —m)(hg — hs)
PROCESS 4-5: PUMP WORK 1: REVERSIBLE ADIABATIC PUMPING (s, = s5)
W, = (1— m)h, — hg (ﬁ)
kg
PROCESS 6-7: PUMP WORK2: REVERSIBLE ADIABATIC PUMPING (s¢ = s;)

Wyz = 1kg (hy — hg) (11{‘—;)

W, = Vi (P7 — Pg) (ll{{—;)

K]
h7 =Wp+h6 (k—g)

PROCESS 7-1: BOILER HEAT SUPPLIED: CONSTANT PRESSURE HEAT SUPPLIED (P, = P,)

Qs1 = 1kg (hy —hy) (ll((—;)

EFFICIENCY

Wr _ 1kg(hy —h;) + (1 —m)(h; — h3)
Qs 1kg(h; —hy)
Note: Here Pump work is negligible

‘rl:
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11.In a single-heater regenerative cycle the steam enters the turbine at 30 bar, 400°C and the exhaust
pressure is 0.10 bar. The feed water heater is a direct contact type which operates at 5 bar. Find :
(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.

@

30 bar, 400°C

1kg

Turbine :& Power output A N

1 (400°C)

[ Boier ) L
/ & (1-m)kg

T Condenser

LD >s
b
LU e/ (b) ©

\_/ < \) Pump
1kg pump  (1-mkg

‘\

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

_ K - L
hy =3232.52 | s1=6.925_

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

Where, sq = s, > s, , s0 the exit of turbine is Superheated steam
From saturated steam table at s, = 6. 925 and 5 bar

By interpolation

Tr—Tp _ Sr—Sp T,—151.8 _ 6.925-6.819
—_— = = T, =173.08°C =T
Ta=Tb  Sa—Spb =) 200-1518 _ 7.059-6.819 = r 2

hy—hy _ T;-Tp h.—2747.5 _ 173.08—-151.8 _ kK _
ha—hp  Ta-Tp =) 55127475 — z00-1508 == N =2795.02 kg h,
State 3
From saturated steam table at 0.1 bar
kj
=8.151——
kg.K

S1 = S3 < Sg3, SO the exit of turbine is wet steam
From saturated steam table at 0.1 bar

_ kJ
Sf3 = 0.649 kg_K y Sfgz = 7.502 — k X

— K] —
his = 19180, hygs = 23928 g
S3 = S3 T X353 ) 6.925 = 0.649 + (x3 X 7.502) = x3=0.837

hs = hgs + Xshggs £ hy = 191.8+ (0.837 x 2392.8)=»  hy = 2194.571‘(‘—;
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State 4 and 6
Since pump work is neglected
hy=h¢y =191.8 kd/kg =hs he = hts = 640.1 kJ/kg (at 5 bar) = hy
ENERGY BALANCE FOR HEATER GIVES
m (hz —he ) = (1 —m) (he—hs)
m (2796 — 640.1) = (1 —m) (640.1 — 191.8) = 448.3 (1 —m)
2155.9m =448.3—-448.3 m

~m=0.172 kg
TURBINE WORK,
W1 = (hy — hy) + (1 —m) (h, — hg) £ Wi = (3230.9 — 2796) + (1 — 0.172) (2796 — 2192.2)
Wi = 434.9 + 499.9 Wq= 934.8 kd/kg
HEAT SUPPLIED,
Qi=h;—hs = Q:=3230.9 - 640.1 Q1 = 2590.8 kJ/Kg.
EFFICIENCY OF CYCLE, Ncycle
Neyele = % = Neyele = oo s Neyete = 0.3608 or 36.08%
STEAM RATE
SSC = % = ssC=— SSC= 3.85 kg/kWh

THE INCREASE IN MEAN TEMPERATURE OF HEAT ADDITION

Ty = 20 gy p = 38091918 p - 484 5K or 211.5°C.

S1— Sy 6.921— 0.649
INCREASE IN T,,,; DUE TO REGENERATION

Increase in T,,; =238.9-2115 Increase in Ty, = 27.4°C
WITHOUT REGENERATION:
TURBINE WORK

Wr=h;—hs 5 Wy=3230.9-2192.2 W+ = 1038.7 kJ/kg
STEAM RATE WITHOUT REGENERATION

ssC =322 = ssc= 222 SSC= 3.46 kg/kWh
Wr 1038.7

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

h;—h
MNeycle = —= Ncycle = 0.3418 or 34.18%
h;—hgy

INCREASE IN CYCLE EFFICIENCY DUE TO REGENERATION
rl(;yde = 3608 - 3418 "cycle = 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 1k
hts = 570.9 ki/kg.
Consider m kg out of 1 kg is taken to the feed heater 809 Fower out
Energy balance for the feed heater is written as : ® ®
(Mxho)+(1-m)hs=1xhe ymi 1 _c;n:;:nserpm
mx 2100+ (1-m)x125=1x570.9 C;::—_
2100 m + 125 - 125 m = 570.9 ® SNC
1975 m = 570.9 — 125 =T A

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 —h3)
= (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 kl’kg K = 53 = 3.
At 5 bar: 5p= 1.8604,
Sg = 6.8192 kl'’kg K.
he=640.1 kTkg

Since s2 > sg, the state 2 must lie in the superheated region. From the table for superheated steam
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t, = 172°C.
hy = 2796 kI'kg.
At 0.1 bar : s¢=0.640,
sgg = 7.501.
hg=191.8.
he, = 2392.8
Now, s1= 53
1.e..6.92]1 =55+ x3 Sf3
X3 =0.836

h; = hg + x3 hess
=2192.2 kl’kg
Since pump work is neglected
hgr = 191.8 kl/kg = hys
hgs = 640.1 kI'kg (at 5 bar) = hy
Energy balance for heater gives
m (hy — hgs ) = (1 — m) (hs— hgs)

~m=0172 kg
= Turbine work, Wt = (hy — hy) + (1 —m) (ha — hs)
=034 8 klkg

— hgs

Heat supplied. Q1 =hy
=2500.8 kikg.

Efficiency of cyele. neyele :
W
Neycle = E

=(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 hy
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 tlow rate find mass flow rate of water
and find h;

Check the condition of water at 2. (find hy)

Find H.T rate Q = m(hy- hy) in kJ/min
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UNIT II - RECIPROCATING AIR COMPRESSORS
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AIR COMPRESSOR
Air compressor is a device which is used to increase the pressure of gas from low pressure to
high pressure.
CLASSIFICATION COMPRESSORS
According to number of stages:
e Single stage compressor
e Multi stage compressor
According to number of cylinders:
e Single cylinder compressor
e Multi cylinder compressor
According to method of cooling:
e Air cooled compressor
e Water cooled compressor
According to working:
e Reciprocating compressor
e Rotary compressor
LIST THE TYPES OF ROTARY AIR COMPRESSOR.
Positive displacement type
e (a) Screw compressor.
e (b) Vane compressor.
Steady flow type
e (a)Centrifugal compressor.
e (b)Axial flow compressor.
POSITIVE DISPLACEMENT COMPRESSORS
Positive displacement compressor is one in which air is compressed adiabatically. The air is
entrapped in between two sets of engaging surfaces. The pressure rise is either by back flow of
air (as in roots blower) or both by variation in the flow and back flow (as in vane blower).
NON-POSITIVE DISPLACEMENT COMPRESSORS
In non-positive displacement compressor, air is not trapped in specific boundaries but it flows
continuously and steadily through the machine (as in centrifugal compressor and axial flow
compressor).
ISOTHERMAL EFFICIENCY
[sothermal efficiency of the compressor is defined as the ratio of isothermal work input to actual

work input during compression.
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ISENTROPIC EFFICIENCY

I[sentropic efficiency of the compressor is defined as the ratio of isentropic work input to the

actual work input.
THEORETICAL & ACTUAL INDICATOR DIAGRAM FOR RECIPROCATING AIR COMPRESSOR

a.Theoretical indicator diagram b. Actual indicator diagram

Recelver Pressure L

compression

Clearance
Volume

expansion

[nlet Pressure

1 11 1 B suction

(b)

& &
N Stwke v Figure 1. Schematic of a reciprocating compressor and its indicator
diagram.

FAD
Free air delivered (FAD) means the actual volume of air delivered by the compressor under
normal temperature and pressure.
INFLUENCE OF PRESSURE RATIO ON THE YOLUMETRIC EFFICIENCY
The volumetric efficiency of the compressor also depends on the compressor ratio. If the
difference between the suction and the discharge pressure is higher, the compressed air will
remain trapped inside the clearance volume for longer time and prevent the opening of the
suction valve. Thus as the compression ratio of the compressor and the discharge pressure is
increases, its volumetric efficiency and the capacity reduces.
(i) To reduce the temperature of compression from each stage.
(ii)  Toincrease compressor efficiency.
(iii) To condensate from air.
SLIP FACTOR
Slip factor is the ratio of whirl velocity of static pressure to tip velocity
PRESSURE COEFFICIENT
Pressure coefficient is the ratio of isentropic work of the compressor to the Euler work
YARIOUS FACTORS AFFECTING THE DELIVERY PRESSURE OF THE RECIPROCATING
COMPRESSOR?
The size of the cylinder will be too large for very high pressure.
Due to compression, there will be a rise in the temperature of the air. So the delivery pressure is
limited, so that rise in temperature of air is not going beyond limit and size of cylinder is not too

large.
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VOLUMETRIC EFFICIENCY OF THE COMPRESSOR AND HOW ITS REDUCES?
Volumetric efficiency of an air compressor is the ratio of free air delivered to the displacement
of the compressor. Volumetric efficiency = Free air delivered / Displacement volume
As the piston moves downwards the high-pressure gas in the clearance volume reduces due to
expansion, and only when the pressure reaches a certain level does the suction-valve open.
Therefore, this gas used in the piston’s suction stroke goes unused and reduces the volumetric

efficiency of the compressor.

INTERCOOLER, PERFECT INTERCOOLING AND ITS PURPOSE
An intercooler is any mechanical device used to cool a fluid, including liquids or gases, between
stages of a multi-stage heating process, typically a heat exchanger that removes waste heat in
a gas compressor.
When temperature of the air leaving the intercooler is equal to the original temperature of

atmospheric air temperature, then the intercooling is known as perfect intercooling.

MERITS OF MULTISTAGE COMPRESSION?
(1) For each stage, pressures during suction and delivery remain constant.
(ii)  The index (n) in polytropic law is same in each stage of compression.
(iii) Intercooling in each stage is done at constant pressure.
(iv)  Low pressure and high pressure cylinder handle same mass of air.

(v) There is no inter-stage pressure drop

WHY CLEARANCE YOLUME IS NECESSARY AND EXPLAIN ITS IMPORTANCE?
In actual compressor, the clearance volume is provided to give cushioning effect otherwise the
piston will strike the other end of the cylinder. It is generally expressed as percentage of piston
displacement.
» To give cushioning effect to the piston.
» To provide space for valve movement.
» The maximum pressure may also be controlled by clearance volume.

» If clearance volume is more, it reduces the volumetric efficiency.

EFFECT OF PRESSURE RATIO ON YOLUMETRIC EFFICIENCY WITH NEAT P-V DIAGRAM.
P&
pal
Pz

Volumetric efficiency increases with
decrease in pressure ratio in compressor.

Py
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INTERCOOLER
An intercooler is any mechanical device used to cool a fluid, including liquids or gases, between stages of
a multi-stage heating process, typically a heat exchanger that removes waste heat in a gas compressor.
PURPOSE OF INTERCOOLING
(i) To reduce the temperature of compression from each stage.

(ii) To increase compressor efficiency.

(iii) To condensate from air.

P-Y & T-S DIAGRAM FOR PERFECT/COMPLETE INTERCOOLING IN MULTISTAGE COMPRESSOR

Ia *
5
§ 8,
g P2 & "
o E =
| Py |
Volume —» Entropy —»
(a) p-v diagram. () T-s diagram.

P-V & T-S DIAGRAM FOR IMPERFECT/INCOMPLETE INTERCOOLING IN MULTISTAGE COMPRESSOR

P

»
:' Uﬂ

»

—— Pressure —»

~——— Temperature —»

Volume —»
(a) p-v diagram. (b) T-s diagram.

CONDITION FOR MINIMUM WORK DONE ON MULTISTAGE COMPRESSOR FOR ‘Z’STAGES.
(i) The pressure ratio of each stage should be the same.
(ii) The pressure ratio of any stage is the square root of overall pressure ratio for a two stage
compressor.
(iii) Air after compression in each stage should be cooled to initial temperature of air intake.

(iv) The work input to each stage is same.

DIFFERENTIATE CENTRIFUGAL AND AXIAL FLOW COMPRESSORS

Centrifugal Compressor Axial flow Compressor
Flow of air is perpendicular to the axis of The flow of air is parallel to the axis of compressor.
compressor.
It has low manufacturing and running cost.  |It has high manufacturing and running cost.
[t requires low starting torque. It requires high starting torque.
It is not suitable for multi staging. It is suitable for multi staging.

FACTORS AFFECTING THE DELIVERY PRESSURE OF THE RECIPROCATING CPMPRESSOR
The size of the cylinder will be too large for very high pressure.
Due to compression, there will be a rise in the temperature of the air. So the delivery pressure is limited,

so that rise in temperature of air is not going beyond limit and size of cylinder is not too large.
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SINGLE STAGE &IR COMPRESSOR :
INDICATED POWER OR POLYTROPHIC WORK:

n-1

G

n-1

W = —mRT,
n-1

—1] kW

W=-_""PV [(I‘Z—Z) no_ 1] kW

Where,

FOR COMPRESSOR WITHOUT CLEARANCE
V=v,

FOR COMPRESSOR WITH CLEARANCE
V=V,-V,

ISOTHERMAL WORK

W = P,V In (E—j) kW

ISOTHERMAL EFFICIENCY:
Isothermal Power

Tliso = Polytropic Work
ISENTROPIC WORK:

y-1

W= tR|(5) T

- 1]

ISENTROPIC EFFICIENCY:
Isentropic Work

Nisen =

Polytropic work

POWER INPUT TO THE COMPRESSOR:
Indicated Power

W, =
¢ ™ Mechanical Efficiency

POWER INPUT TO THE MOTOR:
Power input

Whotor =

Where ,

n = Index of Compression,

P,V = niRT,

P, - Inlet Pressure of the air (kN/m?),

. 3
V' —Volume flow rate of air (;-)

Transmission or motor Efficiency

h — Mass flow rate of air (ﬁ)
Sec
_ J
R — Gas Constant (R = 287 kgK)
T;- Inlet Temperature of the air (K)

SWEPT OR STROKE YOLUME:
2
Vo =" xL,
4

FIND V, Vg AND N: (WITHOUT CLEARANCE VOLUME)
V = Vg x N x Number of Acting

Where,

N — Speed of Compressor (rpm)

FIND V, Vs AND N : (WITH CLEARANCE YOLUME)

Y
V= Act

) Mvol
Vact = Vs X N X Number of Acting

CLEARANCE RATIO:

VOLUMETRIC EFFICIENCY:

-

Volume of air delivered

Nyor =1 =C

ol = Volume of air filled in Swept Volume

\Y%
Vs X N X Number of Acting
YOLUMETRIC EFFICIENCY IF CONSIDER FAD:

Nvol =

B FAD
Thvol = V; X N X Number of Acting

=(v, —vy,) leBa =y b
FAD = (V, - V,) 2. FAD =V 22

Where,

P, - Pressure of the air at FAD(kN/m?),

T, - Temperature of the air at FAD (K)

P, - Inlet or Suction Pressure of the air (kN/m?),
T,- Inlet or Suction Temperature of the air (K)

MULTI-STAGE AIR COMPRESSOR:
POWER REQUIRED TO DRIVE THE COMPRESSOR:

n-1

(B2 — 1] KW

Py

W=2Zx—PV
n—-1

Where,

Z = number of stages

P, - Inlet Pressure of the air (kN/m?)

P, .- Delivery Pressure of the air (kN/m?)
FOR LP COMPRESSOR:

p ot
2 n
B -
FOR LP COMPRESSOR:

n-1
P\ 0
B

INTERMEDIATE PRESSURE:
1

BB P (Pl
b P B Py

W, =— pV
LP_n_11

. n .
Wyp = n—1 PV,

TO FIND PRESSURE OR TEMPERATURE: IF NOT GIVEN

n—1
P, (TZ)T
Pp\Ty

-1

Lo (B =g
T, \V,
COMPRESSION RATIO:
Vi Vs + Ve
Vv, Ve

e
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PART-B

1. With a neat sketch, describe the construction of single stage reciprocating air compressor .
sucnorj\ STROKE COMPRESSION STROKE

N
/ﬁJCTIGN DISCHARGL \ / \

VALYL VALYC

-
~—__

=
o
g z o
° W
& i ot '
] z ] <
=) Ez
t E & 2
5 J:% /IR 8 1 T
%
Tg 7 2 % % / 1 L #
8§/ A 4 7 % % % 7 ”
F347 % B % % 7 % # r /
4 4 4 %
% @ Y 4 7 % %
§ g O‘/ 1 ¢ / / @"/’
] /] v ] A
4 2 %
4 % ? 4 '/ ] ‘/ % %
% 1 O g
% % ’ % %
g % 4 Y 2 % #
¢ 7 4 3 7 2 (4 2 7 7

@2

L

DEAD CENTER PISTON AT BOTTOM
DEAD CENTER

» Insingle stage reciprocating air compressor the entire compression is carried out in a single cylinder.

» If the compression is affected in one end of the piston & cylinder then it is known as single acting & if the
compression is affected in both ends of piston & cylinder then it is known as double acting reciprocating air
compressor.

» The opening & closing of simple check valve (plate or spring valve) is depend upon difference in pressure.

» if mechanically operated valves are used for suction & discharge then their functioning is controlled by
cams.

» The weight of air in the cylinder will be zero when the piston is at top dead center, if we neglect clearance
volume.

» When piston starts moving downwards, the pressure inside the cylinder falls below atmospheric pressure&
suction valve/inlet valve opens. The air is drawn into the cylinder through suction filter element. This
operation is known as suction stroke.

» When piston moves upwards, compresses the air in cylinder & inlet valve closes when pressure reaches to
atmospheric pressure.

» Further compression follows as the piston moves towards the top of its stroke until, when the pressure in the
cylinder exceeds that in the receiver. This is compression stroke of compressor. At the end of this stroke
discharge/delivery valve opens & air is delivered to receiver.

» When it is double acting reciprocating air compressor, suction stroke is in process at one end of piston while
at same time discharge stroke is in process at other end of piston. In simple word we can say that suction &

compression took place on both end of piston & cylinder in double acting reciprocating air compressor.
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2. Derive the work done for single cylinder reciprocating air compressor with and without clearance.

COMPRESSOR WITHOUT CLEARANCE:

p
3 Delivery 2

P2

Compression stroke

Induction stroke
P 4 5 1

Process 1-2 : Compression

Process 2-3 : Deliver (During compression
delivery valve opens)
Process 4-1:  Suction

(Pl =P, P= P3)

WORK DONE FOR SINGLE STAGE AIR COMPRESSOR
WITHOUT CLEARANCE VOLUME:

W = Process ( 1234 + 230a — 140b)
_RV;, PV,
-1
Where, V; =V, =0
PV, =PV
T n-1

+ (PV; = BV3) — (P Vy — PV,)

+ PV, — P, Vy)

1
W= PV, -PV) |—=+1
Y, =PV [— +1]

n
W=

P2V, —P1Vy)

n—1
n o
W= mm R(T, - Ty)
n T,
W:mmRn(T—l— 1)
Where,

-1

n—1
Tz _ <P2) n
T, \P

n-1
W=—mRT (pz)n 1
_n—lm L {\p,

COMPRESSOR WITH CLEARANCE VOLUME:

Process 1-2 : Compression

Process 2-3 : Deliver (During compression

delivery valve opens)

Process 3-4 : Expansion of high pressure air in the

clearance volume

Process 4-1 : Suction

WORK DONE FOR SINGLE STAGE AIR COMPRESSOR

WITH CLEARANCE VOLUME:

W = Process ( 1256 — 3564)

n-1 n-1
w nPV(Z)T 1 nPV(3)T 1
“n—-111\p —1 **|\p

Where,

_ Py P3
ml_m21m3—m4,P1—P4_,P—P—2

p ot

. . 2 n

W= _1131(v1 \'A) (P—1> —‘

. n . . P\ n
W ";;f:_i'Pa(\ll —-Vy) <i§) -1 KW

Note:
P, - Inlet Pressure of the air (kN/m?)

. L \
V = (V; - V,) — Volume flow rate of air (%)
h = (h; — my) — Mass flow rate of air (%)
R - Gas Constant (R = 0.287 —~

kgK

T; - Inlet Temperature of the air (K)
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MEB8493 — Thermal Engineering 1 Mechanical Engineering

3. Derive the expression for volumetric efficiency of air compressor.

The actual volume sucked in the cylinder during the suction P
stroke is always less than the swept volume. It is due to -
P2 <
v' The resistance offered by inlet valve to .
pvié=C
incoming air &
g‘of nc
. . . 7 G’\y&/ pvic=C
v Temperature of incoming air v 5
0‘,},
- . (o)
v Back pressure of residual gas left in the G .
Pq v
T .
clearance volume 1
P - v
In terms of volume ratio: Va=Ve U ehime |7
. - . . Volume =V, -V,
The volumetric efficiency of air compressor is | st caaptacament voKima
Ve=Vy—V;

defined as the volume of gas delivered as measured

at atmospheric pressure and temperature divided by

swept volume of the cylinder

In terms of mass ratio:

The volumetric efficiency of air compressor is defined as the mass of the gas delivered divided by
mass of gas which would fill the swept volume at atmospheric pressure and temperature.

Mass of the gas delivered

Mol = 1 ass of gas which would fill the swept volume at atm cond.

In an indicator diagram for reciprocating air compressor showing effective swept volume and piston
displacement volume.

The volumetric efficiency can be expressed in terms of effective volume and piston displacement

volume.
V1=V, Vg+Vc—V, Vs+Ve-Vy 1 \
Nvol V-V Nvol V+Ve—V Nvol = Vg Nvol = Vs

Multiply and divide by V¢ at last right term, Introducing C = % as clearance ratio and using V. = Vs
S

VC V4 VC VC X V

Mot = 14— TEXGE = Myt = 14— 3Ex = g = 1+C—C()

For expansion of gas in clearance volume

1

P Vv, \! % Ps\n
-3 = (_4) => 2= (—3)n , where P; = P,and P, = P;
P, Vs V3 Py

1

Then,  Nyg =1+C— c() =5 Ny = 1 — c[(1)1—1l

The volumetric efficiency decreases with pressure ratio (P ) increases in the compressor,
1

Page 9




MEB8493 — Thermal Engineering 1 Mechanical Engineering

PROBLEMS ON SINGLE CYLINDER RECIPROCATING AIR COMPRESSOR WITHOUT CLEARANCE VOLUME

1. Asingle stage single acting reciprocating air compressor takes 1 m* per minute of air at 1.013 bar and 15
°C and delivers at 7 bar assume that pv"=C where n=1.35. Calcuate Work done or Indicated Power. In
which clearance is negligible.

GIVEN: P

3 Delivery 2

. 3
Vv, =1 % P, = 1.013 bar, T, = 15°C, P, = 7 bar, n=1.35
. Compression stroke

SOLUTION:

Induction stroke :

Work Done

n-1

W=-"1pV [(Pl)nT_l -1

| o

1.35

1.35—-1
35 % 1.013 x 102 x i[(L) 135 _
1.35-1 60 1.013

|

-4

=W = 4.2145 kW

2. A single acting reciprocating air compressor has cylinder diameter and stroke of 200 mm and 300 mm
respectively. The compressor sucks air at 1 bar and 27 °C and delivers at 8 bar. Speed of the compressor
is 100 rpm. Find (i) Indicated power, (ii) Mass of the air delivered per min and (iii) Temperature of the
air delivered. The compressor follow the law PV*#=C.

GIVEN:

D=200mm, L=300mm, P, = 1 bar, T; = 27°C, P, = 8 bar, N=100rpm, n=1.25

SOLUTION:

Work Done

W=-"rpV (ﬁ)nT_l—1 DW= 225 %1 x 102 x 0.01 X (3)1'12-;1—1 => W=2.58kW
n-1"1"|\p, 1.25-1 : 1. )

Stroke Volume:

2
<L => Vs_nxoz % 0.3

1'tD2

VS=

= Vs=9.42x103m3
Volume of air sucked:

= Va:o'grl:_; = v,=001™

= V,=9.42x 1073 x 100
Sec

V=VgxN

Mass of the air delivered per min:

- . _ PV . 1><102><09
P,V = m;RT; =) m,; = R = m, = 200 =y m, = 1. 05
Temperature of the air delivered:
n_—1 n_—1 1.25-1
T, _ (P2\n _ (P2\ n _ (8Y\ 125 _
= (Pl) DT, = (Pl) xTy = (%) ' x300 B T,=454.7K
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MEB8493 — Thermal Engineering 1 Mechanical Engineering

3. Assingle stage single acting reciprocating air compressor has air entering at 1 bar, 20°C and compression
occurs following polytrophic process with index 1.2 up to the delivery pressure of 12 bar. The
compressor runs at the speed of 240 rpm and has L/D ratio of 1.8. The compressor has mechanical
efficiency of 0.88. Determine the isothermal efficiency and cylinder dimensions. Also find out the rating
of drive required to run the compressor which admits 1 m® of air per minute.

GIVEN:
m3

P, = 1bar, T; = 20°C, n=1.2, P, = 12 bar, N=240rpm, % = 1.8, Nymecn = 0.88, V; = 1

min

SOLUTION:

Isothermal Work:

12

Wiso = P,VIn (l‘j—j) =D Wi =1x102x=In(2) £ Wi = 4.14kW

Work Done

n-1 1.2-1

. n - /P.\"1 . 1.2 1 12\ 12 H
WZEPIV[(P_j) _1] =>wzl_2_1x1x102x5x[(7)“—1] > W =5.13 kW

Isothermal Efficiency:

v.Viso 4.14
Niso = => Niso =t 3 => Niso = 80.7%

Capacity to Drive required to run compressor:

. 5.13 :
£ Waa=:5= 5 Wy =5.83kW

w

Wi =
Act Nmech

Stroke Volume:

V=VgxN = Vs:% E=pVs=— = Vg =0.0042 m?

240
2 2
Vs="xL = 0.042:“2D x1.8D P D=0.143m
L
Z=18 = L=18x0143 = L=0.285m

PROBLEMS ON SINGLE CYLINDER RECIPROCATING AIR COMPRESSOR WITH CLEARANCE VOLUME

1. A single stage single acting air compressor delivers 0.6 kg of air per minute at 6 bar. The temperature
and pressure at the end of suction stroke are 30°C and 1 bar. The bore and stroke of the compressors are
100mm and 150mm respectively. The clearance is 3% of the swept volume. Assuming the index and of
compression and expansion to be 1.3, find: i) power required if the mechanical efficiency is 85%, ii)
volumetric efficiency of the compressor, and iii) the speed of compressor.
GIVEN:

thy = 0.6 ——, P, = 6 bar,P; = 1bar, T, = 30°C, D=100mm, L=150mm, V, = 0.03Vs ,

C= % = 0.03, n=1.3, Nypecn = 0.85,

S

SOLUTION:

Volume of the air delivered per min:

. . . m1RT . 06x0.287x303 . m3
P1V=m1RT1 =>V=% =>ma=v => VZO'SZZE
Work Done
n-1 1.3-1
i 0 o P\ n .13 2, 0522 6\ 13 _ .
W = n_lplv[(Pl) 1] = W=—x1x102 x 22 x [(1) 1] => W = 1.93 kW
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MEB8493 — Thermal Engineering 1 Mechanical Engineering

Capacity to Drive required to run compressor:

. W . 1.93 .
Wae=7— = Waa=(z = Wax=227kW

Volumetric Efficiency of compressor:

1 1
Mol =1 —C [(i—z) - 1l=> Mol = 1 + 0.03 [G)“ - 1] = 1Ny = 91.09%
1
Actual Volume of the air delivered per min:
vact = . => Vact = 0095% =>Vact =0. 573_

Nyol min
Stroke Volume:

_ mD? _ mx0.12 _ 3.3
Vs=T-xL =D Vg=""-x015 =) Vs=1.18 x1073m
Volume of air sucked:

. 0.573
Vace = Vs X N =>N = oo => N = 485.61 rpm

2. Asingle stage single acting air compressor delivers 15 m? of air per minute from 1 bar to 8 bar. The speed
of compressor is 300 rpm. Assuming that compression and expansion follow the law PV**=Constant. The
clearance is 1/16™ of swept volume find the diameter and stroke of the compressor, if L/D=1.5. The
temperature and pressure of air at suction is 20°C and 1bar respectively. Also Determine the mean
effective pressure and the power required to drive the compressor.
GIVEN:

e~

o
T

l'/=v1 v4_15 , Py = 1bar, P, = 8 bar, N=300, V, = — vs,
C=Ye=00625 n=1.3,= =15, T, = 20°C,
VS D

SOLUTION:

Work Done or Indicated Power

n-1 1.3-1

W=ﬁplv[(§—j)7—1: = W=- xz—ix[(ﬁ)?—l] =D W = 66.72 kW

1

Volumetric Efficiency of compressor:
1

T 1
P>\n 8\13
Nvol = 1-C l(P_j) -1 => Nvol = 1-0.0625 I(I)IS - 1] => Nvol = 81.55%
Actual Volume of the air delivered per min:
Vact = s => Vact = % => Vact 18. 39171_3

Nyol min
Stroke Volume:
Vo =Vs XN = Vg = Vact Vs == = Vs = 0.0613 m®
Cylinder Dimentions:
D? xD?
Vs="-xL =) 00613 =""x15D => D=0.373m
L
=15 =) L=15x0373 =p L=0.5595m
Mean Effective Pressure
66.72 kN
Pugp = B Pugp = => Pmep = o ﬂ = Pugp = 217.68 —
(OR)
TX0.3732

IP = PBMEPLAnk => 66.72 = PMEP X 0.5595 x X % X1 => PMEP =218.26 %
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3. The free air delivery of a single cylinder, single stage reciprocating air compressor is 2.5 m*min. The
ambient air is at STP condition. The delivery pressure is at 7 bar. The clearance volume is 5 percent of
law stroke volume. Both compression and expansion are according to the law PV*® = constant. Stroke
length is 20% more than that of the bore. Compressor runs at 150 rpm. Determine the mass of air per

second, indicated power, indicated mean effective pressure, bore and stroke of cylinder.

GIVEN: " s z
V=V, -V, =25 P =1barT, =20, P, = 7barV, = 0.05Vs, C=:°=0.05, \
S 6 1
Ve 4
n=1.25, N=150rpm, L=1.2D. :
SOLUTION:

Work Done or Indicated Power

1.25—-1

=$P1V[(§—j)n7_l—1] = W=—2 xlxlozxgx[(z) v

1.25-1 1

1] = W=09.91kw

Volumetric Efficiency of compressor:

1 1
P2\n 125
Mo =1—C [(P—Z) - 1] = 1y = 1 — 0.05 [(;)“5 - 1] = Mo = 81.25%
Actual Volume of the air delivered per min:

- v - 25 . m3
Vace = — => Vacr = 08125 => Voer =3.08 —

Nyol min

Stroke VVolume:

’ Vac 3.08
Var =Vs XN E=pVs==2% =) Vs=-" =pVs=0.0205m’

Cylinder Dimentions:

2 2
Vs="1XxL = 0.0205=""-x12D =p D = 0.279m

4

ol

=12 = L=1.2x0373 =p L=0.335m

Mean Effective Pressure

9.91 kN
Pugp = B Pugp = => Pvep = ——1% = Pugp = 193.37 Z

0.0205x—

4. A reciprocating compressor of single stage, double acting type delivers 20 m*/min when
measured at free air condition of 1 bar, 27°C. The compressor has compression ratio of 7 and the
conditions at the end of suction are 0.97 bar, 35°C. Compressor runs at 240 rpm with clearance
volume of 5% of swept volume. The L/D ratio is 1.2. Determine the volumetric efficiency and
dimensions of cylinder and isothermal efficiency taking the index of compression and expansion
as 1.25. Also show the cycle on P-V diagram.
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GIVEN:
V=V;—V4 =202, P, =1barT, = 27°C, 1, = 7,N=240rpm,

V. =0.05V, C= V—C = 0.05, L/D=1.2,
S

P, = 0.95 bar, T; = 35°C, n=1.2, NMech = 85% *
SOLUTION:

Deliver pressure:

Pz - (E)n = (@) = P, = ()" xP, = P, = (7)1?5 x 0.95 = P, = 10.81 bar

Py V2

Volumetric Efficiency of compressor:

1 1
P2\n 10.81\1.25
Mvol =1—C [(P_i) - 1] => Nyol = 1 — 0.05 l(T)lzs - 1] => MNvol = 71.42%
Actual Volume of the air delivered per min:

) v )
Vet = n_ => Vact = 07142 => Vact = 28_

vol min

Stroke Volume:

Ve =Vs XN > Vs "act = Vs=2 = Vg=0.117m’

Cylinder Dimensions:

ve="2x = 0117_“XD><12D = D =0.498m

L
B=1.2 => L=1.2x0.477 => L=0.598m
Free Air Deliver:

— (X T_a Py 300  0.95 _ m3
FAD = (V; = V,) x 2x -t :} FAD =20 x-—x——=F FAD=18.5"

Actual Volumetric Efficiency Due to FAD:

FAD 185
Nvol = 5 o< => Nvol = => Nyvor = 65.88%

VgxN 0.117X240

Work Done or Indicated Power

1.25-1
W=-"py [ o ]:}w— 125 xo.95x102xgx[(ﬁ) 125 —1]:}W=95.54kw

1.25-1 1
Isothermal Work:
Wio = P VIn (22 ) £ Wigo =0.95x 102 x 2in (122) =) Wy, = 75.38kW

Isothermal Efficiency:

W; 75.38
Niso = ﬁ => Niso = 95.54 => Niso = 78.89%
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5. Asingle acting air compressor takes in air at 1 bar 27°C and delivers at 1.4 MPa running at 300 rpm and
has cylinder dia of 160 mm and stroke 200 mm. clearance volume is 4% of stroke volume. If the pressure
and temperature at the end of the suction stroke is 100 KPa, 47°C and compression and expansion takes
places by polytropic process (n=1.2), find 1. Mass of air delivered per minute 2. VVolumetric efficiency 3.
Driving power required if mechanical efficiency is 85%.
GIVEN:

P, = 1bar, T, = 27°C, P, = 1.4MPa = 14bar,N=300rpm,

Ve = 0.04Vs, € =< = 0.04, L=200mm, D=160mm, B =
P, = 1bar, T, = 47°C, n=1.2, Npmech = 85%

SOLUTION:

Stroke Volume:

2 2
Vs=T-xL B Vs="""0x02 = Vs=0.004m?

Vact = Vs X N 9 Vg = 0.004 X300 = Vg = 1.21

min

Volumetric Efficiency of compressor:
1 L
P,\n 14\1.
Nyt =1-C [(P—Z) - 1] £ Tyot = 1 —0.04 [(T)” — 1] =) Nyo = 67.93%
1
Volume of the air delivered per min:

Vaer =nL01=>V=Va“ XMy B V= Voer XM, = V=10.822 = (V, - V)

Mass of the air delivered per min:

. . . Py xV . 1x102%0.769 . kg
P, x V= m,RT = m; = = m, =——— =) m, = 0.893 —
1 14 17 Rr1y a ™ 0.287x300 a min

Free Air Deliver:

_ . . . ﬁ ﬂ _ ﬂ _ m_3
FAD = (V, — V) x .y = FAD =082 x — >< FAD = 0.769

Actual Volumetric Efficiency of compressor due to FAD:

FAD 0769
Nvol = 5 o => Nvol = => Nyol = 64.08%

VgxN 0.004%x300

Work Done or Indicated Power

1.2—-1
W=—P1V[ P2 n —1] = W= x%x[(lf) 12 —1] > W =4.53kw

Capacity to Drive required to run compressor:

Vi

Wact =
Nmech

: 4.53 :
= Wi == Wi =7.07kW
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MULTI-STAGE AIR COMPRESSOR:
1. Explain with neat sketch the working principle of multistage reciprocating compressor and discuss the
perfect cooling with inter cooler.
» The compression of air in two or more cylinders in series is called multistage compression.
» The compressor requires minimum work input with isothermal compression but the delivery temperature
increases with pressure ratio and the volumetric efficiency decreases as pressure ratio increases.
» The work input can be reduced to minimum level by compressing the air in more than one cylinders with
intercooler between stages for same compression ratio.
» Air cooling between the stages provides the means to achieving an appreciable reduction in the compressor
work and maintain the air temperature within safe operating limits.

Cooling | Inlet
walar

Intercocler
Cooling water out

Alr being
sucked

Discharge
at high pressure

Advantages of multistage compressor

1. The gas can be compressed to a sufficiently high pressure

2. Cooling of air is more sufficient with intercoolers and cylinder walls surface

3. By cooling the air between the stages of compression can be brought to isothermal and power input to
the compressor can be reduced considerably

4. By multi-staging, the pressure ratio of each stage is lowered. The air leakage past the piston in the
cylinder is also reduced
The low pressure ratio in the cylinder improve volumetric efficiency
Due to low pressure ratio in stages, the compressor speed could be higher for the same isothermal
efficiency,

7. low working temperature in each stage help to sustain better lubrication
The low pressure cylinder is made lighter and high pressure cylinder made smaller for reduced pressure
ratio in each stage

Saving of work Input
¥ \

P2

2 gl 3 P - 35w Adiabatic
| |.a-—" procoss
\ \ \ \ Polylropic
[+  process, pvi= O
Pz 2 Pz = Z Pz 5 z .ﬁ X
4 1 \ o A
3 a o]

W

Isothermal
process

1 7 1 7 1
v — \ — W o—
{a) Effect of Increase {b) Multistage compression
in pressure ralion without intercoosling

Apart from the cooling during compression the temperature of air at inlet to compressor can be
reduced so as to reduce compression work. In multistage compression the partly compressed air
leaving first stage is cooled up to ambient air temperature in intercooler and then sent to subsequent
cylinder (stage) for compression Intercoolers when put between the stages reduce the compression
work and compression is called intercooled compression. Intercooling is called perfect when
temperature at inlet to subsequent stages of compression is reduced to ambient temperature.
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2. In atwo stage compressor in which inter-cooling is perfect, prove that the work done in the compressor is
minimum when the pressure in the inter-cooler is geometric mean between the initial and final pressure.
Draw the P-V & T-S Diagram for two stage compression.

The value chosen for the intermediate pressure p, influences the work to be F s 3

done on the gas and its distribution between the stages. The condition for the ¥ 5
work done to be a minimum will be proved for two-stage compression but

can be extended to any number of stages. U 1

Total work= LP stage work + HP stage work
n-1 n-1
n . Pz n n . P3 n
Total power = mT)’RTl (P_1> —1|+ m?’rRTl (P—2> -1

It is assumed that intercooling is perfect and therefore the temperature at the start of each stage is Ty = T;
n-—1 n-—1

n . P\ n P\ n
Total power = mTrRTl (P_1> -1+ (P_2> -1
If P, T, and P, are fixed, then the optimum value of P;which makes the power a minimum can be obtained by
equating d(power)/dp; to zero, that is optimum value of p; when

n—1 n—1

d (PZ)T 1+ <P3)T 1 &

dp; [[\Ps P,
n—1 n—1

d (1 TP"_—1+P"_—1(1 n ) 0
_ J— n n —_ — —
dp; Pl) z 3 Pz)
Therefore

pl‘(nT_l) 2= 1p2(nT_1‘1) + p3nT_1 (_n _ 1) pz‘(nT_l‘l) =0
n n

pl‘(nT_l) x n; 1p2(n_711_n) + pgn%l x (_n _ 1) pz(%l_n) -0

n
n—l) n—1 -1 n-1 n-—1
X

Pl_( n PZT = P3T X

p,(52)

Therefore

2(n—-1)

n-—1
P, = =(P1P3)T

P22=P1P3
P, P3
P, P,

The pressure ratio is same for each stage
Total minimum power = 2 X (power required for one stage)

n—-1

_ n . P\ n 2 _ _ _ |P
=2 X T 1iRT, [(P—j) - 1] where, P,2=P,P; => P, =./PP; = /P—j
n-1
_ n . P3 W
This can be shown to extend to Z stages giving in general

n-—1
Total minimum power = Z X —1RT 4 [(ﬁ) - 1]
n—-1 Py

|~

Also the pressure ratio for each stage =(%)Z
1

Hence the condition for minimum work is that the pressure ratio in each stage is the same and the
intercooling is complete.
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3. A single acting two stage compressor with complete inter cooling delivers 6 kg/min of air at 16 bar (1.6
MPa). Assuming an intake at 1 bar (100 kPa) and 15°C and compression and expansion with the law pv*?
= C. Calculate : (i) Power required to run the compressor (ii) Isothermal efficiency (iii) Free air delivered
per sec. (iv) If clearance ratios for LP and HP cylinder are 0.04 and 0.06, Calculate volumetric efficiency
and swept volume for each cylinder. Assume R =0.287 kJ/kg °K, C, = 0.71 kJ/kg °K.

GIVEN: fas_3

=06~ P =1bar,T, =15°, P, = 16bar, C;p = 0.04, Cyp = 0.06, B ,
pVi3=C 0

R = 0.287 ki/kg °K 3 )
Cv=0.71 ki/kg °K v
SOLUTION:

Volume of the air delivered per min:

. - 14RTq . 6X0.287x288 - m3
P1V—m1RT1 =>V—P—1 @V—W =>V_496m1n

Power required to drive the compressor:

W = Zx—Plvl(? ZX“—1]=>W
1

1.3-1

e 10y 1] = W = 27kwW

Isothermal Work:

Wiso = PyVIn (2 ) = Wigo = 1x 10> x 2285 In (1) =) Wy, = 22.9kW

Isothermal Efficiency:

Wiso 2.29
Niso = — => Niso = 57 => Niso = 84.89%
For perfect Intercooler:

p,=PP; E=p P,=VIix16 [=p P,=4bar

For LP Cylinder:

Nyp =1 —C [(i—i)l - 1] Dy = 1—0.04 [G)% - 1] =) nyp = 92.38%

Volume of LP cylinder:

NvLp = VSLﬁ =>VSLP = n;LAD = Vsip = —0 = Vsip = 0.0179m3

pXN 0.9238%300

For HP Cylinder:
1 L
v = 1—C [(%)" - 1]=>nvm: =1-0.06 [(14—6)” - 1] = nyup = 88.57%

VOLUME FLOWRATE FOR HP CYLINDER:

Volume of the air delivered per min:

. . 1myRTy 6x0.287x288 o m3
P1V—m1RT1 => V—P—1 => VHP—T => VHP_1-24E

VVolume of HP cylinder:

Nvep = VsanN =) Vsup =

=>VSHP = i => VSHP = 0004’67m3

Mynp X 0.8857x%300
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4. In asingle acting two stage reciprocating air compressor 4.5 kg of air per min are compressed from 1.013
bar and 15°C through a pressure ratio of 9 to 1. Both stages have the same pressure ratio and the law of
compression of both compression and expansion follows the law PV *= C calculate i) Indicated power ii)
the cylinder swept volume required. Assume that the clearance volume of both the cylinder are 5% of

their respective swept volume and that the compressors runs at 300 rpm.

GIVEN: 3 5
=45~ P = 1013 bar, T, = 15°C, * = 9 bar, V¢ = 0.05Vs, P )
o
pvi3 = c, R = 0.287 ki/kg °K
7 1

SOLUTION:

Volume of the air delivered per min:

7 = 1 o — M RTy - __ 4.5X0.287x288 - m3
P,v=mRT, =) V= P, =p V= T otaiel =pV=3.672_

Power required to drive the compressor:

W=2x-2pV l(P3 mn_ 1] = W= x 222 I(;)% - 1]

Py

= W =15.47kW
For perfect Intercooler:
- _ P2 _
P,= /PP, =P P,= P xPx9 = 2= 3 bar
For LP Cylinder:
nw=1-C [— ]=> nv—1—005[ —1]=> Ny = 93.4%
For LP Cylinder:
Volume of LP cylinder:
% \ _ 3.672
Nvol = 7 = Ve = = Vsip = = Vgip = 0.0131m?

VsipXN NvolXN 0.934x300

For HP Cylinder:

Volume of the air delivered per min:
mlRTl __ 4.5X0.287x288
P1V = mlRTl => VHp => HP — W => VHP =1. 224mm
Volume of HP cylinder:

= Vsup =

5. A two stage Compressor delivers 2 m® of free air per minute. He temperature and pressure of air at

1.224
0.934><300

Mvol = VsHPXN =>VSHP = 0. 0043711‘13

suction is 27°C and 1bar. The pressure at the delivery is 50bar. The clearance is 5% of the respective
stroke in L.P cylinder as well as H.P cylinder. Assuming perfect inter cooling between the two stages find
the minimum power required to run the compressor at 200 rpm. also find the diameter and stroke of the

compressor and assuming both are equal for two cylinders. Assume L/D=1.5
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GIVER: 4 3
V—2 —~ Py = 1bar, Ty = 27°C, P, = 50bar, V; = 0.05V; P.s 2
N:ZOO rpm, L/D=15 N

1V

SOLUTION:
Power required to drive the compressor:

1.3-1
2

x = (5°)2X” - 1l=>w = 16.47kW

_n_ zxn 1.3 2
W=127x- Plvl l=>w_2><—1_3_1><1><10 =1(3

For perfect Intercooler:

P,=\PP; =) P,=VIx50 E=pP,=7.07bar

Volumetric Efficiency:

1 1
Nyp =1-C [(i_i)n - 1] => Nyrp = 1 —0.05 [(?)13 - 1] => NMvee = 82.5%

Volume of LP cylinder:

2z
0 825%x200

NMVLP = o oxN SLP =

= Vgp = 0.0121m3

Stroke Volume:

ve="2x = 00121_“XD><15D = D=0.217m

E=1'5 = L=15x0217=p L=0.326

6. A two stage double acting reciprocating air compressor running at 200 rpm has air entering at 1
bar, 25°C. The low pressure stage discharges air at optimum intercooling pressure into
intercooler after which it enters at 2.9 bar, 25°C into high pressure stage. Compressed air leaves
HP stage at 9 bar. The LP cylinder and HP cylinder have same stroke lengths and equal
clearance volumes of 5% of respective cylinder swept volumes. Bore of LP cylinder is 30 cm and
stroke is 40 cm. Index of compression for both stages may be taken as 1.2. Determine, (i) the heat
rejected in intercooler, (ii) the bore of HP cylinder, (iii) the hp required to drive the HP cylinder.

GIVER: P 5

N=200rpm, P; = 1 bar, T; = 25°C, P, = 2.9 bar, T, = 25°C,P; = 9 bar, Ve = ¥ -sa

0.05V5, D=30cm, L=40cm,pV>? = C, S )
A

SOLUTION:

Stroke VVolume:

71'D

Ve="2x = VS_“X03 x 04 P Vg=0.0283 m3

. . . 3
Vaer = Vs X N X 2 EDV,., = 0.0283 X (200 X 2) =)V, = 11.32 =

min

Volumetric Efficiency:
n=1-C [(?)_— 1] £ 1, =1-005 [(21—9)E - 1]=> N, = 92.85%
Volume of the air delivered per min:

Vot =n3 EDV = Vgee X0, V =11.32 % 0.9285 = V = V; — V, = 10.51
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Mass of the air delivered per min:

. . . PyxV . 1x10%x10.51 . k
P, x V.= m,RT, =>m1=R1T>< =D, = ———— > m, = 12.29—
1

0.287x298 min

Heat rejected to the intercooler:

n-1 1.2-1
T1 = (& ) =>T2 = (ﬁ) "xT, = T,=(2) " x298 =) T,=355.86K
Qr = M,Cp(T, — Ty) Qr = 12.29 x 1.005(355.86 — 298) Qr = 714.65-

For HP Cylinder:

Volume of the air delivered per min:

_ mlRT 12.29%0.287x298 - m3
FPV ——]Tllf{j‘ :::}\G{p = [:::’VHP = ———TZE;;E;———— [::>> ‘G{P =3.62 min

Volume of HP cylinder:
=>VSHP - => SHp = =302 =>VSHP = 0009751’113

0.9285x200x%2

Nvol = vV HPXN

Bore of HP Cylinder:

mxD?

VSHP:—XL = 000975 =">-x04 > D=0.176m

Power required to drive the HP compressor:
lz:l
Wyp = szl o l = Wyp = 2 x 2.9 x 102 X %I(Zig) 1z 1]
= Wyp = 22 kW
7. A two stage air compressor having 3 cylinders having same bore and stroke. The delivery pressure is 7
bar and free air delivered is 4.3 m*min. Air is drawn at 1 bar and 15°C and intercool the air at 38°C. The
index for compression is 1.3 for all the cylinders. Neglecting clearance find 1. Intermediate pressure, 2.

Power required to drive compressor, 3. Isothermal efficiency.
GIVEN:

. 3
Z=2,V =43 = P, = 1bar, Ty = 15°C, P; = 7 bar, T, = 38°C, pv** = C,
min 3

SOLUTION:
Intermediate Pressure:

1 1

EZ(PZH)E = &:(5)5 = PZ:G)%xl => P, =2.65bar

Py Py Py Py

Power required to drive the compressor:
n-1

V=7 x o pv|(Fzr)e _ V= 13 2
W_an_lplvl( ) 1] = W=2x—2x1x10%X

Py

=» W=15.64kW

Isothermal Work:
Wiso = PyVIn (22 ) = Wigo = 1x 10 x 2210 () = Wigo = 13.95kW

Isothermal Efficiency:

Wiso 13.95
Niso = => Niso = T5 ez => Niso = 89.17%
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8. A three stage air compressor with perfect intercooling takes 15 m® of air per minute at 95 KPa and 27°C
and delivers at 3.5 MPa and compression takes place by polytropic process (n= 1.3), find 1. Power
required if mechanical efficiency is 90% 2. Heat rejected in intercoolers per minute 3. Isothermal
efficiency.

GIVEN:

. 3
=3, V.= 15 ——, P; = 95KPa, T; = 27°C, P74y = 3.5 MPa, pV** = C, Npach = 90%

SOLUTION:

Power required to drive the compressor:

f n PZ zxn
W—ZXEHV[ “ - ]:}W
=» W=98.72kW
Capacity to Drive required to run compressor:

; W ; 98.72
Wact = 7 => Wyt = 590 => WACt = 109.69 kW
mech

Intermediate Pressure:

1 1

2=y o I () = P =(2) x095 =) P,=3.16bar

= (Pﬁ—f)% = 2=F) = p= (%f x316 = P;=10.51bar

Heat rejected to the intercooler:

|~

1.3-1
T, _ AR 3.16 _
Tl = (& ) => T, = (% ) le = T,=(32) " x300 = T,=39589K
Mass of the air delivered per min:
o . PyxV . 0.95x10%x15 . kg
Py XV =mRTy => my = RT; => Ma = = 287x300 => m, = 16.55 min

Q12 = m,Cp(T, — T;) E=Q;, = 16.55 x 1.005(395.89 — 300) = Q12 = 1594-96%

Heat rejected to the intercooler:

n-1 n-1 1.3-1
T P\ n P. 10.51 .
T_j=(é)n = T3_(P_z)n XT; = Ty = (316)13 x 300 = Ts =395.88K
Mass of the air delivered per min:

PixV 3.16X10%2x15

7 _ DT . _ P . . kg
RxV=mRT, = m= RT; = Ma = e300 = m, = 55.05

Qi =,Cp(T, —T;) E Qi3 = 55.05x% 1.005(395.88 —300) = Qi3 = 5304.8%

9. A reciprocating air compressor has four stage compression with 2 m*min of air being delivered
at 150 bar when initial pressure and temperature are 1 bar, 27°C. Compression occur
polytropically following polytropic index of 1.25 in four stages with perfect intercooling between
stages. For the optimum intercooling conditions determine the intermediate pressures and the
work required for driving compressor.

GIVEN:

— 7 — m3 _ _ ° _ 1.25 _
Z—4, V —_ 2 ﬁ, Pl - 1 baI‘, T1 - 27 C, PZ+1 - 150 baI‘, pV - C,
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SOLUTION:

Intermediate Pressure:

1 1

ﬁz(@f@ ﬁz(ﬁ)z = Pzz(ﬂ)le = P, =3.5bar

[N

Py Py Py Py 1
1 1 1
P; _ (Pz Z P; _ (P5\z __ [150\4 _
. (P_ﬂ) = B (P_S) = P =(=)'x35=) Py=12.25bar

Power required to drive the compressor:
n-1

AT L J PZ+1 m_ AT 1.3 2 i
W—an_lplvl( Pl) 1] = W=4x—2x1x107x2

1.25-1

(7 1]

=» W=19.018 kW

10. Difference between Reciprocating and Rotary Compressor.

S. No Reciprocating Compressor Rotary Compressor
The maximum delivery pressure may be as . . .
1. high as 1000 bar yp y The maximum delivery pressure is 10 bar only
5 The maximum free air discharge is about | The maximum free air discharge is as high as
' 300 m*/min 3000 m3/min
3 They are suitable for low discharge of air E\]/Sy are suitable for large discharge of air at
at very high pressure pressure
4. The speed of air compressor is low The speed of air compressor is high
5. The air supply is intermittent The air supply is continuous.
6 The size of air compressor is large for the | The size of air compressor is small for the
' given discharge same discharge.
7. The balancing is a major problem There is no balancing problem.
8. The lubricating system is complicated The lubricating system is simple.
9 The air delivered is less clean, as it comes | The air delivered is more clean, as it does not
' in contact with the lubricating oil come in contact with the lubricating oil.
10 Isothermal efficiency is used for all sorts of | |sentropic efficiency is used for all sorts of
' calculations calculations.

11.Explain the construction and working principle of Rotary air compressor.

1. Roots blower compressor;

2. Vane blower compressor;

3. Centrifugal blower compressor

4. Axial flow compressor.
The first two compressors are popularly known as positive displacement compressors, whereas the last
two as non-positive displacement. We shall discuss all the above mentioned rotary compressors one by
one.
Note: The positive displacement compressors (i.e. roots blower and vane blower) are not very popular
from the practical point of view. However, they have some academic importance. The only important
rotary compressor is the centrifugal blower compressor.
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Roots Blower Compressor:

A roots blower compressor, in its simplest form, consists of two rotors with lobes rotating in an air
tight casing which has inlet and outlet ports. Its action resembles with that of a gear pump. There are
many designs of wheels, but they generally have two or three lobes (and sometimes even more). In all
cases, their action remains the same as shown in Fig. The lobes are so designed that they provide an air
tight joint at the point of their contact.

The mechanical energy is provided to one of the rotors from some external source, while the other is gear
driven from the first. As the rotors rotate, the air, at atmospheric pressure, is trapped in the pockets
formed between the lobes and casing. The rotary motion of the lobes delivers the entrapped air into the
receiver. Thus more and more flow of air into the receiver increases its pressure. Finally, the air at a
higher pressure is delivered from the receiver. It will be interesting to know that when the rotating lobe
uncovers the exit port, some air (under high pressure) flows back into the pocket from the receiver. It is
known as backflow process. The air, which flows from the receiver to the pocket, gets mixed up with the
entrapped air. The backflow of air continues, till the pressure in the pocket and receiver is equalised. Thus
the pressure of air entrapped in the pocket is increased at constant volume entirely by the back flow of air.
The backflow process is shown in Fig. Now the air is delivered to the receiver by the rotation of the lobes.
Finally, the air at a higher pressure is delivered from the receiver.

Vane Blower Compressor

A vane blower, in its simplest form, consists of a disc rotating eccentrically in an air tight casing with
inlet and outlet ports. The disc has a number of slots (generally 4 to 8) containing vanes: When the rotor
rotates the disc, the vanes are pressed against the casing, due to centrifugal force, and form air tight
pockets. The mechanical energy is provided to the disc from some external source. As the disc rotates, the
air is trapped in the pockets formed between the vanes and casing.

First of all, the rotary motion of the vanes compresses the air. When the rotating vane uncovers the exit
port, some air (under high pressure) flows back into the pocket in the same way as discussed in the ease
of roots blower compressor. Thus the pressure of air, entrapped in the pocket, is increased first by
decreasing the volume and then by the backflow of air as shown in Fig. Now the air is delivered to the
receiver by the rotation of the vanes. Finally, the air at a high pressure is delivered from the receiver.
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12.Explain the construction and working principle of centrifugal compressor and axial flow compressor with
neat sketches.

CENTRIFUGAL COMPRESSOR:

A centrifugal compressor is a radial flow rotodynamic fluid machine that uses mostly air as the
working fluid and utilizes the mechanical energy imparted to the machine from outside to increase the
total internal energy of the fluid mainly in the form of increased static pressure head.

During the second world war most of the gas turbine units used centrifugal compressors. Attention was
focused on the simple turbojet units where low power-plant weight was of great importance. Since the
war, however, the axial compressors have been developed to the point where it has an appreciably
higher isentropic efficiency. Though centrifugal compressors are not that popular today, there is
renewed interest in the centrifugal stage, used in conjunction with one or more axial stages, for small
turbofan and turboprop aircraft engines.
A centrifugal compressor essentially consists of three components.

1. A stationary casing

2. A rotating impeller as shown in Fig. which imparts a high velocity to the air. The impeller may

be single or double sided as show in Fig. but the fundamental theory is same for both.
3. A diffuser consisting of a number of fixed diverging passages in which the air is decelerated with

a consequent rise in static pressure.

A Impeller eye

_Impeller blades
-

Vaneless space

Wolute
Casin ——_casing
(—I lK.a—-=.\.-l-""' —————— _‘-\-\:""':-..\__ -_— :___:_
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" | | Diffuser vane > —vari
- \ —
-H"\. ) _,n"/l ’_,r:{r - ~.
WY e ——— —— — — — — — —_— L™
~ ] / ‘O ATS J
‘ = = _Ir B _"}ﬁ/ | TAN N \
— = [ .||_..-/ R |
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Principle of operation: Air is sucked into the impeller eye and whirled outwards at high speed by the
impeller disk. At any point in the flow of air through the impeller the centripetal acceleration is obtained
by a pressure head so that the static pressure of the air increases from the eye to the tip of the impeller.
The remainder of the static pressure rise is obtained in the diffuser, where the very high velocity of air
leaving the impeller tip is reduced to almost the velocity with which the air enters the impeller eye.
Usually, about half of the total pressure rise occurs in the impeller and the other half in the diffuser.
Owing to the action of the vanes in carrying the air around with the impeller, there is a slightly higher
static pressure on the forward side of the vane than on the trailing face. The air will thus tend to flow
around the edge of the vanes in the clearing space between the impeller and the casing. These results in a
loss of efficiency and the clearance must be kept as small as possible. Sometimes, a shroud attached to the
blades as shown in Figure. May eliminate such a loss, but it is avoided because of increased disc friction
loss and of manufacturing difficulties.
The straight and radial blades are usually employed to avoid any undesirable bending stress to be set up in
the blades. The choice of radial blades also determines that the total pressure rise is divided equally
between impeller and diffuser.
Before further discussions following points are worth mentioning for a centrifugal compressor.
(i) The pressure rise per stage is high and the volume flow rate tends to be low. The pressure rise per
stage is generally limited to 4:1 for smooth operations.
(i1) Blade geometry is relatively simple and small foreign material does not affect much on operational
characteristics.
(iii) Centrifugal impellers have lower efficiency compared to axial impellers and when used in aircraft
engine it increases frontal area and thus drag. Multistaging is also difficult to achieve in case of
centrifugal machines.

ADVANTAGES OF CENTRIFUGAL COMPRESSOR
Wide Operating ranges
Very high reliability
Low maintenance costs

Low initial cost

A A o

Medium Capacity storage
6. High efficiency

DISADVANTAGES OF CENTRIFUGAL COMPRESSOR
1. Very unstable when the flow is reduced.
2. Sensitive to changes in gas compositions
3. Limited compression ratios
4. Limited turn downs

5. Periodic replacement is necessary for proper functioning
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AXIAL FLOW COMPRESSORS:
An axial flow compressor, in its simplest form, consists of a number of rotating blade rows fixed to a
rotating drum. The drum rotates inside an air tight casing to which are fixed stator blade rows, as shown
in Fig. The blades are made of aerofoil section to reduce the loss caused by turbulence and boundary

separation.

Fixed biades

Rotating
blades
-1

The mechanical energy is provided to the rotating shaft, which rotates the drum. The air enters from the
left side of the compressor. As the drum rotates the airflows through the alternately arranged stator and
rotor. As the air flows from one set of stator and rotor to another, it gets compressed. Thus successive
compression of the air, in all the sets of stator and rotor, the air is delivered at a high pressure at the outlet

point.
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ENGINE
» Energy Conversion Device (One Form to the Other)

HEAT ENGINE

Convert Thermal Energy in fuel into Mechanical Energy for Motion
CLASSIFYING ENGINES
Classification is based on:

» The location of the combustion

» The type of combustion

» The type of internal motion

THE LOCATION OF THE COMBUSTION
IC Engine
' f" |

i

EC Engine

High temperature

THE TYPE OF COMBUSTION

Intermittent
Combustion

THE TYPE OF INTERNAL MOTION

Reciprocating
Engines Rotary Engines
- |

INTAKE
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IC ENGINE

The combustion of fuel takes place inside the cylinder is known as Internal Combustion Engines

Chemical Energy

Heat Energy

Mechanical Energy

CLASSIFY IC ENGINE
According to working cycle: a) Four stroke cycle engine b) Two stroke cycle engine
According to the type of fuel used: a) Petrol Engine b) Diesel Engine c) Gas Engine
According to the method of ignition: a) Spark Ignition (SI) b) Compression Ignition (CI)
According to the cooling system: a) Air cooled Engine b) Water cooled Engine
SWEPT VOLUME IN IC ENGINE
The volume swept by the piston during one stroke is called the swept volume (or) piston displacement.
In other words, swept volume is the volume covered by the piston while moving from TDC to BDC.
SCAVENGING IN IC ENGINE
The process of pushing out of exhaust gases from the cylinder by admitting the fresh charge into the
cylinder is known as scavenging.
SHORT CIRCUITING OF TWO STROKE ENGINE
In two stroke engine at certain speed the air fuel mixture is directly come out from the cylinder without
undergoing combustion process is called short circuiting of two stroke engine.
OVERLAP PERIOD
The time duration during which both inlet and exhaust valves remain open is called as overlap period
FUNCTIONS OF & FLYWHEEL
A flywheel is an inertial energy-storage device. It absorb mechanical energy and serves as a reservoir,
storing energy during the period when the supply of energy is more than the requirement and releases it
during the period when the requirement of energy is more than the supply.
IGNITION DELAY
The period between the start of fuel injection into the combustion chamber and the start of combustion

is termed as ignition delay period.
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THREE STAGE OF COMBUSTION:

According to Ricardo, There are three stages of combustion in SI Engine

1. Ignition lag stage
2. Flame propagation stage

3. After burning stage

THE FACTORS WHICH AFFECT THE FLAME PROPAGATIONS ARE

1. Air fuel ratio

2. Compression ratio

3. Load on engine

4. Turbulence and engine speed

5. Other factors

EFFECTS OF PRE-IGNITION

It increase the tendency of denotation in the engine

It increases heat transfer to cylinder walls because high temperature gas remains in contact with for
a longer time

Pre-ignition in a single cylinder will reduce the speed and power output

Pre-ignition may cause seizer in the multi-cylinder engines, only if only cylinders have pre-ignition

STAGES OF COMBUSTION IN CI ENGINE

The combustion in CI engine is considered to be taking place in four phases:

e Ignition Delay period /Pre-flame combustion
e Uncontrolled combustion
e Controlled combustion

e After burning

EFFECT OF VARIOUS FACTORS ON DELAY PERIOD IN CI ENGINE

e Many design and operating factors affect the delay period. The important ones are:
e compression ratio

e engine speed

e output

e injection timing

e quality of the fuel

e intake temperature

e intake pressure
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KNOCKING
If the delay period of C.I engines is long, more fuel is injected and accumulated in the chamber. When
ignition begins, pulsating pressure rise can be noticed and creates heavy noise. This is known as
knocking.

THE YARIOUS ENGINE VARIABLES AFFECTING KNOCKING CAN BE CLASSIFIED AS:
» Temperature factors
* Density factors
* Time factors

* Composition factors

PHENOMENON OF “KNOCKING” IN SPARK IGNITED ENGINES.

Auto-ignition of end charge is responsible for knocking in spark ignited engines.

EFFECTS OF KNOCKING
(i) The engine parts gets overheated which may cause damage to the piston.
(i) It creates heavy vibration of engine and hence louder noise and roughness.
(i)  Decrease in power output and efficiency.
(iv)  More heat is lost to the coolant as the dissipation rate is rapid.
EFFECTS OF CO IN GLOBAL WARMING
(@) Rise in global temperature
(b) Rise in sea level
(c) Food shortages and hunger
(d) Climate change
METHODS TO REDUCE NO- FROM A DIESEL ENGINE
(@) Low self ignition temperature
(b) Reduction of excess air
(c) Use of catalytic converter.
METHODS TO REDUCE HC FROM A DIESEL ENGINE
(@) Complete combustion
(b) Avoiding rapid deceleration

(c) Normal speed running.
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PART - B (CTHEORY)

1. Discuss the Claasification of IC engines.

A heat engine is a machine, which converts heat energy into mechanical energy.
¢+ The combustion of fuel such as coal, petrol, diesel generates heat.
¢+ This heat is supplied to a working substance at high temperature. By the expansion of this
substance in suitable machines, heat energy is converted into useful work.
¢+ Heat engines can be further divided into two types:
(i) External combustion and
(ii) Internal combustion.
+« In a steam engine the combustion of fuel takes place outside the engine and the steam thus
formed is used to run the engine. Thus, it is known as external combustion engine.
+« In the case of internal combustion engine, the combustion of fuel takes place inside the engine

cylinder itself.

The IC engine can be further classified as:

()
(i)
(iii)

stationary or mobile,
horizontal or vertical and

low, medium or high speed.

The two distinct types of IC engines used for either mobile or stationary operations are:

(i) diesel and (ii) carburettor.

According To :

(i)

(i)
(iii)
(iv)
v)
(vi)

The Type of Fuel Used

The Method of Ignition

The Type of Working Cycle Used
The Number of Stroke per Cycle
The Number of Cylinders Used
The Arrangement of Cylinders

(vii)  The Valve Location

(viii) The Method of Fuel Injection

(ix)
(x)
(xi)

The Type of Cooling System
The Speed of The Engine
The Method of Governing

(xii)  The field of application
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Heat Engine

External Combustion

Internal Combustion

Steam Engine

Reciprocating

CIl Engine

Wankel Rotary

SI Engine

Gas Turbine

Two Stroke Four Stroke Two Stroke

Spark Ignition (Carburettor Type) IC Engine

Four Stroke

In this engine liquid fuel is atomised, vaporized and mixed with air in correct proportion before being taken

to the engine cylinder through the intake manifolds. The ignition of the,mixture is caused by an electric

spark and is known as spark ignition.

Compression Ignition (Diesel Type) IC Engine

In this only the liquid fuel is injected in the cylinder under high pressure.

2. Discuss the components of IC engines.

Cylinder:

Its major function is to provide space in which the piston can
operate to draw in the fuel mixture or air (depending upon
spark ignition or compression ignition), compress it, allow it
to expand and thus generate power. The cylinder is usually
made of high-grade cast iron. In some cases, to give greater
strength and wear resistance with less weight, chromium,
nickel and molybdenum are added to the cast iron.

Piston:

Piston is the main part of the engine. The main function of the
piston is to compress the charge and to transmit the gas force
to the connecting rod during the power stroke.

The piston is closed at one end and open on the other end to
permit direct attachment of the connecting rod and its free
action.

The materials used for pistons are grey cast iron, cast steel
and aluminium alloy. However, the modern trend is to use
only aluminium alloy pistons in the tractor engine.

Valve Rocker

Valve Spring

Valve

Sparking Plug

Piston

Water Jacket
Gudgeon Pin
Cylinder

Connecting Rod

Balance
Weight

Cranshaft

T /Push Road

=l
\.ri.___
O ) Tappet
"~ Cam
: @ Camshaft
Chain Driven
from Crankshaft
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Piston Rings:

%+ The primary function of the piston rings is to retain compression and at the same time reduce the
cylinder wall and piston wall contact area to a minimum, thus reducing friction losses and excessive
wear.

% The other important functions of piston rings are the control of the lubricating oil, cylinder
lubrication, and transmission of heat away from the piston and from the cylinder walls.

There are two types of piston rings
¢+ Compression rings
¢+ Oil scraper rings
The upper rings are the compression rings. They help in sealing and preventing the gas from leaking past

the piston into the casing.

s+ The lower rings are the oil scraper rings. They are provided to remove the oil film from the
cylinder walls. It is made of case hardened alloy steel with precision finish. There are three different
methods to connect the piston to the connecting rod.
% These are made of cast iron on account of their ability to retain bearing qualities and elasticity
indefinitely.
Piston Pin:
The connecting rod is connected to the piston through the piston pin.
Piston rings are circumferential rings that are provided in the piston grooves.
Connecting Rod:
This is the connection between the piston and crankshaft. The end connecting the piston is known as small
end and the other end is known as big end. The big end has two halves of a bearing bolted together. The
connecting rod is made of drop forged steel and the section is of the I1-beam type.
Crankshaft:

This is connected to the piston through the connecting rod and converts the linear motion of the piston into
the rotational motion of the flywheel. The journals of the crankshaft are supported on main bearings,
housed in the crankcase. Counter-weights and the flywheel bolted to the crankshaft help in the smooth

running of the engine.
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Engine Bearings:

The crankshaft and camshaft are supported on anti-friction bearings. These bearings must be capable of
with standing high speed, heavy load and high temperatures. Normally, cadmium, silver or copper lead is
coated on a steel back to give the above characteristics. For single cylinder vertical/horizontal engines, the
present trend is to use ball bearings in place of main bearings of the thin shell type.

Valves:

To allow the air to enter into the cylinder or the exhaust, gases to escape from the cylinder, valves are
provided, known as inlet and exhaust valves respectively. The valves are mounted either on the cylinder

head or on the cylinder block.

m,.n%;ﬁ

Cormecting rod

Crark pin

Camshaft:

The valves are operated by the action of the camshaft, which has separate cams for the inlet, and exhaust
valves. The cam lifts the valve against the pressure of the spring and as soon as it changes position the
spring closes the valve. The cam gets drive through either the gear or sprocket and chain system from the
crankshaft. It rotates at half the speed of the camshaft.

Flywheel

This is usually made of cast iron and its primary function is to maintain uniform engine speed by carrying
the crankshaft through the intervals when it is not receiving power from a piston. The size of the flywheel
varies with the number of cylinders and the type and size of the engine. It also helps in balancing rotating

Masses.
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3. Discuss the construction, working of a 4 stroke SI engine with sketch and Theroritical and Actual
P-v diagrams.

In petrol engines, gas engines, light oil engines in which the mixture of air and fuel are drawn in the engine

cylnder. Since ignition in these engines is due to a spark, therefore they are also called spark ignition

engines. The various strokes of a four stroke (otto) cycle engine are itetailed below.

Alr fued 5.F B B EF

EML

Suslian Eﬂ-rhpmnm:n
edroka stk

L. = Inlat vales, E.V. = Exhoustveive, E.C. = E e, TR, = Conn
C=Crank, S.F = Spark plug. raine cyincer. CR. eing rod

Suction stroke:

During this stroke (also known as induction stroke) the piston mores from top dead centre (T.D.C.) to
trottom dead centre (B.D.C.); the inlet valve opens and proportionate fuel air mixture is sucked in the
engine cylinder. This operation is represented by the line 5-1 (Fig). The exhaust valve remains closed

throughout the stroke.

Fresgure ———

e

Exhaist Se—
iﬁmm —

Walume e »
Fig Theoretical p-V dingram of a foar strokn Otto cy<le engine.

Compression stroke:

In this stroke, the piston moves (1_2) towards (T.D.C.) and compresses the enclosed fuel air mixture drawn
in the engine cylinder during suction.

The pressure of the mixture rises in the cylinder to a value of about 8 bar. Just before the end of this stroke
the operating-plug initiates a spark which ignites the mixture and combustion takes place at constant

volume (line 2--3) (Fig.). Both the inlet and exhaust valve remains closed during the stroke.
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Expranslon or working stroke:
+« when the mirture is ignited by the spark plug the hot geses are produced which drive or throw the
piston from T.D.C. to B.D.C. and thus the work is obtained in this stroke.
¢+ During this stroke when we get work from the engine; the other three strokes names suction,
compression and exhaust being idle.
¢+ The flywheel mounted, on the engine shaft stores energy during this stroke and supplies it during
the idle strokes. The expansion of the gases is shown by 3-4. (Fig). Both the valves remain closed
during the start of this stroke but when the piston just reaches the B.D.C. the exhaust valve opens.
Exhaust stroke:
% This is the last stroke of the cycle. Here the gases from which the work has been collected become
useless after the completion of the expansion stroke and are made to escape through exhaust valve
to the atrnosphere.
% T'his removal of gas is accomplished during this stroke. The piston moves from B.D.C. to T.D.C.

and the exhaust gases are driven out of the engine cylinder, this is also called scavenging.

¢+ This operation is represented by the line (1-5) (Fig).

Fig. shows the actual indicator diagram of four
stroke Otto cycle engine.

s It may be noted that line 5-1 is below the

Presaurne

atmospheric pressure line. This is due to the fact

that owing to restricted area of the inlet passages

pea o Amaspheric
the entering fuel air mixture cannot cope with Suction v
. Volume ——— .
the SpEEd Of the p|St0n Fig.! . Actual -V disgram of o four stroke Otto sycbe engine.

X/

¢+ The exhaust line 4-5 is slightly above the atmospheric pressure line. This is due to restricted exhaust
passeges which do not allow the exhaust gases to leave the engine-cylinder quickly.
%+ The loop which has area 4-5-1 is called negative loop ; it gives the pumping loss due to admission of

fuel air mixture and removal of exhaust gases.

The area 1-2-3-4 is the total or gross work obtained from the piston and network can be obtained by

subtracting area 451 from the area t-2-3-4.
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4. Discuss the construction and working of a 4 stroke CI engine with sketch.

LEE. LFL FL

MEANER LT

I T

Fl = Foel injacane, W= Indaf vaive, EWVl= Exfgusd vaive
Fig.. : . Fouratrche Diessl cycdeenpine.

Suction stroke:

During this stroke (also known as induction stroke) the piston mores from top dead centre (T.D.C.) to

trottom dead centre (B.D.C.); the inlet valve opens and proportionate fuel air mixture is sucked in the

engine cylinder. This operation is represented by the line 5-1 (Fig). The exhaust valve remains closed

throughout the stroke.

Compression stroke:

+¢+ Piston starts moving from BDC to TDC during this stroke.

+ Both inlet valve and the exhaust valve are in closed condition.

<+ The air is drawn at atmospheric pressure during the suction stroke is compressed to high pressure and
temperature.

% Air is compressed to 12 to 18 times inside the engine cylinder till the piston reaches TDC.

¢+ This operation is represented by the line 1-2.

Progaurg ——F

Exbauat 4——- i
Suchion ——=—
e

Volume —=——--=

| S

Fig. * ., Theoraticalp-V dingram of & far stroke Dieael cycle.
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Expansion or Working stroke:

%+ As the piston starts moving from T.D.C a matered quantity of fuel is injected into the hot compressed
air in fine sprays by the fuel injector and fuel starts burning at constant pressure shown by the line 2-3.

% At the point 3 fuel supply is cut off. The fuel is injected at the end of compression stroke but in actual
practice the iginition of the fuel starts before the end of the compression stroke.

% The hot gases of the cylinder expands adiabatically to point 4, thus doing work on the piston. The
expansion is shown by 3-4.

Exhaust Stroke:

The piston moves from the B.D.C to T.D.C and the exhaust gases escape to the atmosphere through the

exhaust valve. When the piston reaches the T.D.C. the exhaust valve closes and the cycle is completed.

This stroke is represented by the line 1-5.

In fig. shows the actual indicator diagram for a four stroke diesel cycle engine.

¢+ It may be noted that line 5-1 is below the atmospheric pressure line.

¢+ This is due to the fact that owing to the restricted area of the intel passages the entering air cant cope

with the speed of the piston.

g
]
3
L
Exhaust 4 Aimosphar
5- S
| ling
Sucilan
Volume —»
Fiv. . ¢ Actualp-¥ diagrem of four stroke Diesel cyca,

X/

%+ The exhust line 4-5 is slightly above the atmospheric line. This is because of the restricted exhaust
passages which do not allow the exhaust gases to leave the engine cylinder quickly.

s+ The loop of area 4-5-1 is called negative loop, it gives the pumping loss due to admission of air and

removal of exhaust gases. The area 1-2-3-4 is the total or gross work obtained from the piston the net

work can be obtained by subtracting area 4-5-1 from area 1-2-3-4.
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5. Draw and explain the valve timing diagram of a 4 stroke Sl engine
Otto engine. Fig. shows a theoretical valve timing diagram fot four stroke "Otto cycle engines which is self

explanatory.

In actual, it is difficult to open and close the valve instantaneously. So as to get better performance of the
engine the valve timings are modified.

Below fig. shown Theoretical and Actual valve timing diagram.

EMC.

Exhaug,
mpras
co Slo,

gexhavs,
Yojguedr3

Yojpans

qomPressig
UDJSU'ed‘.‘?I

Fig.. (. Theoretical valve timing diagram (four stroke Otts eycle enginel. Actual valve timing diagram (four Stroke Otto cycle engines).

% The inlet valve is opened 10 to 30 in advance of the TDC position to enable the fresh charge to
enter the cylinder and to help the burnt gases at the same time, to escape to the atmosphere.

¢+ The suction of the mixture continues up to 30 to 40 or even 60 after BDC position.

¢ The inlet valve closes and the compression of the entrapped mixture starts.

% The spark plug produces a spark 30 to 40 before the TDC position,thus fuel gets more time to burn.

¢+ The pressure becomes maximum nearly 10 past the TDC position.

+» The exhaust valve opens 30 to 60 before the BDC position and the gases are driven out of the
cylinder by piston during its upward movement.

¢+ The exhaust valve closes when piston is nearly 10 past TDC position.
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6. Draw and explain the valve timing diagram of a 4 stroke CI engine

Diesel engine. Fig. shows a theoretical valve timing diagram fot four stroke "Diesel cycle engines which is

self explanatory.

In actual, it is difficult to open and close the valve instantaneously. So as to get better performance of the

engine the valve timings are modified.

__l =L
,-f"f.r .
-'l___.- -._'_,,.H"""-F e ~ _H-‘H""--H
T, "y
7 I H\_\ ™
| L
4 II' _E.'.I- | L I".| .-:
2l g | £ 12
2l & s |E
TR 3N | 5
L i
Yoo : /o AFIC
\H S e
T e
-_— -
|':':'|_-'
Liv
Theeoremeal

Below fig. shown theoretical and actual valve timing diagram:

Exhauvsy
GomPressig
Vorsuedx?

% The inlet valve is opened 10 to 25 in advance of the TDC position to enable the air to enter the

cylinder and to help the burnt gases at the same time, to escape to the atmosphere.

+¢+ The suction of the air continues up to 25 to 50 or even 60 after BDC position.

¢+ The fuel injection takes place 5 to 10 before TDC position and continues up to 15 to 25 near TDC

position.

%+ The pressure becomes maximum nearly 10 past the TDC position.

%+ The exhaust valve opens 30 to 50 before the BDC position and the gases are driven out of the

cylinder by piston during its upward movement.

¢ The exhaust valve closes when piston is nearly 5 to 10 after TDC position.
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7.

Discuss the construction and working of a 2 stroke engine with sketch.

British engineer introduced a cycle which could be completed in two stroke of piston rather than four

strokes as is the case with the four stroke cycle engines. The engines using this cycle were called two

stroke cycle engines.

X/
L X4
X/
L X4

X/
L X4

X/
o

0

In this engine suction and exhaust strokes are eliminated.

Here instead of valves, ports are used.

The exhaust gases are driven out from engine cylinder by the fresh charge of fuel entering the cylinder
nearly at the end of the working stroke Fig. shows

Fig. . Twostroke cycle engine,

Fig. shows a two stroke petrol engine (used in scooters, motor cycles etc.). Ttre cylinder L is connected
to a closed crank chamber (C.C).

During the upward stroke of the piston M, the gases in cylinder are compressed and at the same tirne
fresh air and fuel (petrol) mixture enters the crank chamber through the inlet port V.

When the piston rnoves downwards, inlet port closes and the mixture in the crank chamber is
compressed.

Refer Fig. (i), the piston is moving upwards and is compressing an explosive change which has
previously been supplied to cylinder.

Ignition takes place at the end of the stroke.

The piston then travels downwards due to expansion of the gases (Fig. (ii)) and near the end of this
stroke the piston uncovers the exhaust port (E.p.) and the burnt exhaust gases escape through this port.
The transfer port (T.p.) then is uncovered inmediately, and the compressed charge from the crank
chamber flows into the cylinder and is deflected upwards by the hump provided on the head of the
piston.

It may be noted that the incoming air petrol mixture helps the removal of gases from the engine-

cylinder.
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¢ If in case these exhaust gases do not leave the cylinder, the fresh charge gets diluted and efficiency of
the engine will decrease.
¢+ The piston then starts moving from BDC TO TDC and the charge gets compressed when exhaust port

and transfer port are covered by the piston, thus the cycle is repeated.

/Expansim

FRelease

Pressure

Compression

Volume ————%

Fig. . .’ p-V diagram for'a two strole cycle engine.

Advantages of 2-Stroke Engines
« Two stroke engines do not have valves which are easy to construct and lowers their weight
« Two stroke engines fire once every revolution. Power is produced once during 2 strokes of the
piston .This gives a significant power boost.
o This two stroke engines lower output in horse power
o These Engines often provide high power-to-weight ratio, usually in a narrow range of rotational
speeds called the “power band”.
Disadvantages of 2-Stroke Engines
> Two stroke engines do not last as long as four stroke engines; there is no lubrication system in a
two stroke engine so parts wear out a lot faster.
> Two stroke oil is expensive; you would burn a gallon every 1000 miles if it were in a car
Two stroke engines are Less Efficient.
> Two stroke engines produce a lot of pollution, and the way the engine is designed that part of the
air/fuel leaks out of the chamber through the exhaust port.
> The exhaust gases often get trapped inside the combustion chamber. This makes the fresh charge
impure. Therefore maximum power doesn’t get delivered because of improper incomplete
combustion.
8. Draw and explain the Port timing diagram of a 2 stroke petrol engine.
% The experimental setup consists of a two stroke petrol engine which has a piston, piston rings,
connecting rod, crank shaft, crank case, spark plug and flywheel.
% The piston’s extreme bottom position of the cylinder is called “Inner Dead Centre” [IDC] and at the
extreme top position of the cylinder is called “Outer Dead Centre” [ODC].
%+ The piston travel between ODC and IDC is called stroke.

Page 17




ME8493-Thermal Engineering 1

Mechanical Engineering

Compression (120°) [

X/

Diesel engine

Fuel Supply
FVO | ¥ FVC

Expansion (120°)

Scavenchin

EPC
a5 T_4s”
TPC

EPO
-

0 . 3 0
0060/ TPO

Exhaust

exhaust ports with respect to crank angle.

diagram.

After IDC.

Petrol Engine

TDC

Scavenging

Exhaust

BDC

¢ In a two stroke petrol engine Compression stroke and Power stroke are performed sequentially.

% The port timing diagram (indicator diagram) shows the opening and closing of both transfer, inlet and

It also indicates the spark ignition timings. we can also find the Scavenging time from the port timing

+ In practice the inlet port is opened when the piston at just after IDC and closes at just after ODC.
+« Similarly the exhaust and transfer ports are opened when the piston at just before IDC and closes at just

¢+ Spark ignition starts when the piston reaches just before ODC.

9. Discuss difference between petrol engine and Diesel engine
S.NO Petrol engine ‘ Diesel engine
N Fuel (petrol) and air is admitted into the Air alone is admitted into the cylinder during
cylinder during suction stroke. suction stroke.
2. Fuel admission is through carburetor. Fuel admission is through fuel injector.
... i . Compression ignition system is used for
3. Spark ignition system is used for ignition. _
combustion.
4. Compression ration varies from 6 to 10. Compression ratio varies from 14 to 22.
5 Due to light weight, they run at high speeds | Due to heavy weight, they run at low speeds (400
(2000 to 5000 rpm or above). rpm) and medium speeds (400-1200 rpm).
5 Efficiency is less due to low compression Efficiency is more due to higher compression
ratio. ratio.
Difficult to start the engine since more cranking
7. Easy to start. . .
effort is required.
8. Lighter in weight. Heavier in weight due to high pressure.
9. More fuel consumption. Less fuel consumption.
10. Fuel cost is more. Fuel cost is less.
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10. Discuss difference between 4 stroke engine and 2 stroke engine

Four stroke cycle engine Two stroke cycle engine

For every two revolutions one power stroke is | For every one revolution one power stroke is
produced. produced.

Power produced for same size engine is more.
(Theoretically twice, actually 1.75 times).

2 Power produced for same size engine is small.

3 For the same power more space is required. For the same power small space is required.
4 Valves are required. Ports are made in the cylinder walls.

Heavier flywheel is required because of non- i i
5 ) Lighter flywheel because of uniform torque.
uniform torque on the crank shaft.
Fuel cannot escape with exhaust gases, since Some of the fuel may escape with exhaust gases.

6 scavenging is better. Hence, fuel consumption | Since, scavenging is poor. Hence, fuel

is less. consumption is more.

7 Not possible to make the engine reversible. Possible to make the engine reversible.
Lesser cooling and lubrication requirements. Greater cooling and lubrication requirements.
Lesser rate of wear and tear. Greater rate of wear and tear.

10 | Starting of the engine is fairly difficult. Starting of the engine is easy.

1 It gives less noise, since exhaust gases are It gives more noise due to sudden release of
released in a separate stroke. exhaust gases.

12 | Thermal efficiency is more. Thermal efficiency is less.

13 Used in heavy vehicles like buses, lorries, Used in light vehicles like motor cycles,
trucks, cars, etc. scooters, mopeds, etc.

11. Discuss comparison between Sl engine and CI engine.

S. No. ‘ PARAMETERS ‘ SI ENGINES CI ENGINES
1. Fuel Petrol (gasoline) Diesel oil
2. Basic cycle Otto cycle Diesel cycle
3 . Fuel (petrol) and air is admitted into | Air alone is admitted into the
: ntake
the cylinder during suction stroke cylinder during suction stroke
D . Through fuel
4. Fuel admission Through carburettor o
injector
5. Ignition system Spark ignition system Compression ignition system
6. Compression ratio 610 10 14 to0 22
range

] ] ) Due to heavy weight, they run at
) Due to light weight, they run at high )
7. Engine speed low speeds (400 rpm) and medium

speeds (2000 to 5000 rpm or above)
speeds (400 to 1200 rpm)

Efficiency is less due to low Efficiency is more due to higher

8. Efficiency

compression ratio compression ratio
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Difficult to start the engine since

9. Starting Easy to start ] ) )
more cranking effort is required.

10. Weight Lighter Heavier due to high pressures
11. Fuel consumption | More Less
12. Fuel cost More Less
13. Engine cost Less costly More costly

o ) More, due to high operation
14. Vibration and noise | Very less

pressures.

15. Engine life

Less than 60,000 km

More than 1,50,000 km.

16. Space

For the same power output, it

occupies lesser space.

For the same power output, it

occupies more space.

12. Detailed explanation of properties and quality of fuels.

TYPES OF FUELS AND THEIR CHARACTERISTICS

Fuel is a substance which, when burnt, i.e. on coming in contact and reacting with oxygen or air, produces

heat. Thus, the substances classified as fuel must necessarily contain one or several of the combustible

elements: carbon, hydrogen, sulphur, etc.

In the process of combustion, the chemical energy of fuel is converted into heat energy. To utilize the

energy of fuel in most usable form, it is required to transform the fuel from its one state to another, i.e.

from solid to liquid or gaseous state, liquid to gaseous state, or from its chemical energy to some other

form of energy via single or many stages. In this way, the energy of fuels can be utilized more effectively

and efficiently for various purposes.

PRINCIPLES OF CLASSIFICATION OF FUELS

Fuels may broadly be classified in two ways, i.e.

(a) according to the physical state in which they exist in nature — solid, liquid and gaseous, and

(b) according to the mode of their procurement — natural and manufactured.

SOLID FUELS AND THEIR CHARACTERISTICS

Solid fuels are mainly classified into two categories, i.e. natural fuels, such as wood, coal, etc. and

manufactured fuels, such as charcoal, coke, briquettes, etc.

The various advantages and disadvantages of solid fuels are given below :

Advantages

1. They are easy to transport.

2. They are convenient to store without any risk of spontaneous explosion.

3. Their cost of production is low.
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4. They possess moderate ignition temperature.
Disadvantages

1. Their ash content is high.

2. Their large proportion of heat is wasted.
3. They burn with clinker formation.
4

. Their combustion operation cannot be controlled easily.

LIQUID FUELS AND THEIR CHARACTERISTICS
The liquid fuels can be classified as follows:
(a) Natural or crude oil, and
(b) Artificial or manufactured oils.
The advantages and disadvantages of liquid fuels can be summarized as follows:
Advantages
(@) They possess higher calorific value per unit mass than solid fuels.
(b) They burn without dust, ash, clinkers, etc.
(c) Their firing is easier and also fire can be extinguished easily by stopping liquid fuel supply.
(d) They are easy to transport through pipes.
Disadvantages
(@) The cost of liquid fuel is relatively much higher as compared to solid fuel.
(b) Costly special storage tanks are required for storing liquid fuels.
(c) There is a greater risk of five hazards, particularly, in case of highly inflammable and volatile
liquid fuels.
(d) They give bad odour.
GASEOUS FUELS
Gaseous fuels occur in nature, besides being manufactured from solid and liquid fuels. The advantages
and disadvantages of gaseous fuels are given below:
Advantages
Gaseous fuels due to erase and flexibility of their applications, possess the following advantages over
solid or liquid fuels:
(@) They can be lighted at ease.
(b) They have high heat contents and hence help us in having higher temperatures.
(c) They are clean in use.
(d) They do not require any special burner.
(e) They burn without any shoot, or smoke and ashes.
Disadvantages
(@) Very large storage tanks are needed.
(b) They are highly inflammable, so chances of fire hazards in their use is high.
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Fuel properties

1. Viscosity of Fuel

Viscosity is the resistance offered by the fuel to its own flow. Viscosity decreases when the temperature of
fuel increases and vice versa. Good fuel should have proper viscosity.

2. Pour Point of Fuel

The pour point (freezing point) of fuel must be less than the lowest climate temperature of atmosphere. In
cold climate days, the fuel should be in liquid state. So its pour point should be less sufficiently.

3. Sulphur Content in the Fuel

Sulphur present in the fuel is dangerous to engine. During combustion, the sulphur in the fuel become
sulfuric acid. This acid causes corrosion of engine parts. So the sulphur content in the fuel should be
removed (or) sulphur content should be kept as minimum as possible.

4. Volatility

The ability to evaporate is called volatility. If the fuel evaporates in low temperature, then it has high
volatility. The petrol and diesel should have adequate volatility.

5. Flash Point and Fire Point

Flash point is the minimum temperature of fuel when the fuel gives a momentary flame (or) flash. Fire
point is the minimum temperature of fuel when the fuel starts continuously burning. The flash point and
fire point of fuels should be adequate so that it is used in IC engine without any problem.

6. Calorific Value of Fuels:

The amount of heat liberated by burning 1 kg (or 1 m3 ) of fuel is known as Calorific value of fuel (or
Heating value of fuel). For solid fuel, the unit for calorific value is expressed in kJ/kg. For liquid and
gaseous fuel, the unit is kJ/m3 measured in S.T.P. condition (i.e., Standard Temperature and Pressure = 15°
C and 760 mm of mercury). Higher Calorific Value: The amount of heat obtained by the complete
combustion of 1 kg of fuel, when the products of combustion are cooled down to the temperature of the
surroundings is known as Higher Calorific Value (HCV) of the fuel. Here the water vapour formed by
combustion is condensed and the entire heat of steam is recovered from the products of combustion.

Dulong’s formula is used to determine HCV of a fuel.

0, kI
HCV = 33800 C + 144000 Hl—? +E]'1']"Ifil51'c—ur

Lower Calorific Value (LCV)
The amount of heat obtained by the combustion of 1 kg of fuel, when the product of combustion is not
sufficiently cooled down to condense the steam formed during combustion is known as Lower Calorific
Value (LCV) of the fuel.
So, LCV of the fuel =H.C.V — Enthalpy of evaporation of steam formed

=H.C.V. — (2466 x steam for med ) kJ/kg

=H.C.V. — (2466 x 9H2)
where, 2466 kJ/Kg is the specific enthalpy of evaporation of steam at 15°C.
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Important characteristics of SI Engine fuel

Every engine is designed for a particular fuel according to its desired qualities. For good performance of Sl

engine, the fuel used must have the proper characteristics like,

It should readily mix with air to make an uniform mixture at inlet.

It must be knock resistant.

It should not pre-ignite easily.

It should not tend to decrease the volumetric efficiency of the engine.
Its sulphur content should be low.

It must have adequate calorific value.

It must have proper viscosity.

Important Qualities of engine fuel:

Gasoline which is mostly used in the present day Sl engines is usually a blend of several low boiling

paraffins, naphthenes and aromatics in varying proportions.

Some of the important qualities of gasoline are discussed below.

>

Volatility : Volatility is one of the main characteristic properties of gasoline which determines its
suitability for use in an Sl engine. Since gasoline is a mixture of different hydrocarbons, volatility

depends on fractional composition of the fuel.

240
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" Typical Distillation Curves ofGasoJine‘
Vapour lock characteristics: High rate of vapourization of gasoline can upset the carburetor
metering or even stop the fuel flow to the engine by setting up a vapour lock in the fuel passages.
This characteristic, demands the presence of relatively high boiling temperature hydrocarbons
throughtout the distillation range.
Antiknock Quality: Abnormal burning or detonation is an SI engine combustion chamber cause a
very high rate of energy release, excessive temperature and pressure inside the cylinder adversely
affects its thermal efficiency. The characteristics of the fuel used should be such that it resists the
tendency to produce detonation and this property is called its antiknock property.
Gum deposits: Reactive hydrocarbons and impurities in the fuel have a tendency to oxidize upon
storage and form liquid and solid gummy substances.
Sulphur content: Hydrocarbon fuels may contain free sulphur, hydrogen sulphide and other sulphur

compounds which are objectionable for several reasons. The sulphur is a corrosive element of the
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fuel that can corrode fuel lines, carburetors and injection pumps and it will unite with oxygen to
form sulphur dioxide that in the presence of water at low temperatures, may form sulphurous acid.
Crankcase Dilution: Liquid fuel in the cylinder causes loss of lubricating oil which deteriorates the
quality of lubrication and tends to cause damage to the engine through increased friction. The liquid
gasoline may also dilute the lubricating oil and weaken the oil film between rubbing surfaces.
Starting and Warm up: A certain part of the gasoline should vapourize at the room temperature for
easy starting of the engine. Hence the portion of the distillation curve between about 0 to 10%
boiled off have relatively low boiling temperatures.

Operating range performance: In order to obtain good vapourisation of the gasoline, low distillation
temperature are preferable in the engine operating range.

CI Engine Fuel:

>

Knock Characteristics: Knock in the CI engine occurs because of an ignition lag in the combustion
of the fuel between the time of injection and the time of actual burning.

Volatility: The fuel should be sufficiently volatile in the operating range of temperature to produce

good mixing and combustion.
400

Temperaturf ( C}

0 20 40 60 30 100
Volume evaporated (%)

Typical Distillation Curve for Diesel
Starting Characteristics: The fuel should help in starting the engine easily. This requirement
demands high enough volatility to form a combustible mixture readily and a high cetane rating in
order that the self-ignition temperature is low.
Smoking and Odour : The fuel should not promote either smoke or odour in the engine exhaust.
Generally, good volatility is the first prerequisite to ensure good mixing and therefore complete
combustion.
Viscosity: Ci engine fuels should be able to flow through the fuel system and the strainers under the
lowest operating temperature to which the engine is subjected to.
Corrosion and Wear : The fuel should not cause corrosion and wear of the engine components
before or after combustion. These requirements are directly related to the presence of sulphur, Ash
and residue in the fuel.
Handling Ease: The fuel shoul be a liquid that will readily flow under all conditions that are
encountered in actual use. This requirement is measured by the pour point and the viscosity of the

fuel. The fuel should also have a high flash point and a high fire point.
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13. Air-Fuel ratio calculation.

A simple carburetor with the tip of the fuel nozzle h meters above the fuel level in the float chamber. It
may be noted that the density of air is not the same at the inlet to the carburetor (section A-A, Point 1)
and the venture throat (Section B-B, point 2). The calculation of exact air mass flow involves taking
this change in density or compressibility of air into account.

lAiII
Ty
Al 1 A )
| Idiing air bleed
choke valve =] | / Idling air restriction
Fuel discharge ~ / Vent to atmosphere
nozzle A li J Strainer
l z zw ':'E':: T
= b \ Fuelin
B T 2 - \\F\uel supply valve
Venturi =57 A4 INGT =22y mnn ] Float pivot
Float chamber
Fuel metering orifice
Throttle valve 1dling adjustment

Air-fue]l mixture

Applying the steady flow energy equation to section A-A and section B-B and assuming unit mass flow
of air.

1 2 2
q_W=(h2_h1)+E(C2_C1)

Here g, w are the heat and work transfer from entrance to throat and C stand for enthalpy and velocity
respectively.

Assuming an adiabatic flow, we get g=0, w=0 and intial velocity is negligible (C1=0)

Cy =+ 2(h; —hy)

Assuming air to behave like ideal gas, we get h = ¢, T, Hence the above equation can be written as

C, = ’Zcp(T1 - T,)

As the flow process from inlet to the venturi throat can be considered to be isentropic, we have

R o NS
== () =" (3)
From above equation:
p\(5)
T,— T, =T1—T1(P—1)

Substituting the above equation:

= it = = faon[i-@)7)

Now mass flow of air,

m, = p;A;C; = p2A,C,

Where A; and A; are the cross-sectional area at the air inlet (point 1) and venture throat (point 2).
To calculate the mass flow rate of air at venture throat, we have
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1

2 y+1
A;p, <&>Y B (E)(T)
2 R\/T_l pl Py
Air fuel ratio:
= ratlo = Magactual) => 4_0.1562 %% P10
Mf(actual) Cfa Ar \[2T1ps(P1—P2—92PF)

Air — Fuel ratio neglecting compressibility of air:
When air is considered as incompressible, Bemoulli’s theorem is applicable to air flow

P1 P2
__|_ +Z —__|_ _|_ 7
p 2 18 p 2 842

Where, Z; = Zz, C; = 0, then

o => Cz 9 [p1 pz] => C, = /2[ ] => C, = [m;apz]

Now mass flow of air,

. ‘ pi—p .
m, = p,A,C, => m, = paA; 2 [%] => m, = CdaAZ\/z pa(pl - pZ)

Air fuel ratio:

A f'n A CaaA -
= ratio = =2 =>— — 2daf2z \/ Pa(P1—P2)
F g F

Cra AF \| Pr(P1—P2—92pPF)
If Z=0,

ri‘la Cda AZ pa

1"nf Cfa AF Pf
1. Iltis clear from expression for my that if (p; - p2) is less than gzps there is no fuel flow and this can
happen at very low air flow.
2. The air flow increases, (p;1 - p2) increases and when (p1 - p2) > gzps , the fuel flow begins and increases
with increase in the differential pressure.
3. At high air flow where (p; - p2) is large compared to gzps the fraction gzps/(p; — p,) become
negligible and the air-fuel ratio approaches

Caadz |Pa
Cfa AF Py
4. A decrease in the density of air reduces the value of air-fuel ratio (i.e., mixture become richer). It

happens at (a) high air flow rates where (p; - p2) becomes large and p, decreases. (b) high altitudes
where the density of air is low.
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14. Combustion of SI engines.
COMBUSTION IN SI ENGINES
Combustion may be defined as a relatively rapid chemical combination of hydrogen and carbon in fuel
with oxygen in air resulting in liberation of energy in the form of heat.
1. The presence of combustible mixture
2. Some means to initiate mixture
3. Stabilization and propagation of flame in Combustion Chamber
In S | Engines, carburetor supplies a combustible mixture of petrol and air and spark plug initiates
combustion.
Ignition Limits :
+ Ignition of charge is only possible within certain limits of fuel-air ratio.
+ Ignition limits correspond approximately to those mixture ratios, at lean and rich ends of scale, where

heat released by spark is no longer sufficient to initiate combustion in neighboring unburnt mixture.

Practical limit
Fnr carburetted engine

7

~Too rich-«

0 7 % 1§ 21 30 AT Tuel ratio

_ L‘ \gnition limit for hydrocacbons

<+ The ignition limits are wider at increased temperatures because of higher rates of reaction and higher
thermal diffusivity coefficients of the mixture.

¢+ The lower and upper limits of ignition of the mixture depend upon the temperature and mixture ratio.

¢+ For hydrocarbons fuel the stoichiometric fuel air ratio is 1:15 and hence the fuel air ratio must be about

1:30 and 1:7.

Combustion in SI engine may roughly is divided into two general types:
Normal and Abnormal (knock free or knocking).

Theoretical diagram of pressure crank angle diagram is shown in figure below.
(a2 —> b) is compression process,

(b —> c) is combustion process

(c —> d) is an expansion process.
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In an ideal cycle it can be seen from the diagram, the entire pressure rise during combustion takes place at

constant volume i.e., at TDC. However, in actual cycle this does not happen.

!

Pressure

b & o
Com‘?m%m“ d

a TDC

| | |

0 180 360
Crank angle (deg)

The actual combustion process of Sl engines can be divided into three broad regions:
(1) Ignition and flame development,
(2) Flame propagation

(3) Flame termination.

Pressure (bar)

Compression
e -

- e me Crank angle

1. Ignition lag stage:

RS

% There is a certain time interval between instant of spark and instant where there is a noticeable rise in
pressure due to combustion. This time lag is called IGNITION LAG.

/7
°

Ignition lag is the time interval in the process of chemical reaction during which molecules get heated

up to self ignition temperature , get ignited and produce a self propagating nucleus of flame.

+« The ignition lag is generally expressed in terms of crank angle 6,. The period of ignition lag is shown
by path (a-b).

2. Flame propagation stage:

% Once the flame is formed at “b”, it should be self sustained and must be able to propagate through the
mixture.

% This is possible when the rate of heat generation by burning is greater than heat lost by flame to
surrounding.
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X/
o

X/

L X4

0

After the point “b”, the flame propagation is abnormally low at the beginning as heat lost is more than
heat generated.

Therefore pressure rise is also slow as mass of mixture burned is small. Therefore, it is necessary to
provide angle of advance (30-35) degrees, if the peak pressure to be attained (5-10) degrees after TDC.
The time required for crank to rotate through an angle 6, is known as combustion period during which

propagation of flame takes place.

3. After burning:

Combustion will not stop at point “c” but continue after attaining peak pressure and this combustion is

known as after burning. This generally happens when the rich mixture is supplied to engine.

The factors that affect the flame propagations are:

1. Air fuel ratio

2. Compression ratio

3. Load on engine

4. Turbulence and engine speed
5. Other factors

Types of combustion:

1. Normal Combustion.

2. Abnormal Combustion.

Normal Combustion:

Normal combustion rarely occurs in a real engine without some trace of autoignition appearing. After

ignition, the flame front travels across the combustionchamber.

X/
°

X/
°

- L

] :
Ipration
Py
BDC e
Threa

{al (b)
Nomal Combnation

The gas a heat of the flame front called the"end gas .

The end gas receives heat due to compression by expanding gases and by radiation from the advancing
flame front, therefore, its temperature and density increases.

If the temperature exceeds the self — ignition temperature and the un-burnt gas remains at or above this
temperature for a period of time equal to/or greater the delay period, spontaneous ignition(or auto
ignition) will occurs at variouslocations. Shortly after words an audible sound called knock appears.

If the end gas does not reach its self-ignition temperature, the combustion will be normal.
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Abnormal Combustion:

In Internal combustion engines, abnormal combustion is a significant phenomenon associated with the

combustion processes on which the life and performance of the engine depends.

The two important abnormal combustion phenomenons are

1. KNOCK
2.SURFACE IGNITION.

These abnormal combustion phenomenons are of concern because

(1) when severe, they can cause major engine damage; and

(2) even if not severe, they are regarded as an objectionable source of noise by the engine.

15. Phenomena of knocking in Sl

PHENOMENON OF KNOCKING IN SI ENGINE

*
°e

X/
L X4

Knocking is due to auto ignition of end portion of unburned charge in combustion chamber.

As the normal flame proceeds across the chamber, pressure and temperature of unburned charge
increase due to compression by burned portion of charge.

This unburned compressed charge may auto ignite under certain temperature condition and release the

energy at a very rapid rate compared to normal combustion process in cylinder.

Nomaf Carlestion Combuation With Detonation
This rapid release of energy during auto ignition causes a high pressure differential in combustion
chamber and a high pressure wave is released from auto ignition region.
The motion of high pressure compression waves inside the cylinder causes vibration of engine parts
and pinging noise and it is known as knocking or detonation.

This pressure frequency or vibration frequency in Sl engine can be up to 5000 Cycles per second.

1l !
2 2 =
E P 2

a 4
F % -
g ¥ 3

. s
3 iy I &

L. L —
Time ———» Tima se——— Time ——
i)} Meorminl combuzcion [#1) Combustion with (1{f) Combustion with
with nm finagh slight Baock heavy knock
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AUTO IGINITION:

+« A mixture of fuel and air can react spontaneously and produce heat by chemical reaction in the absence
of flame to initiate the combustion or self-ignition.

¢+ This type of self-ignition in the absence of flame is known as Auto-Ignition.

¢ The temperature at which the self-ignition takes place is known as self-igniting temperature.

% The pressure and temperature abruptly increase due to auto-ignition because of sudden release of
chemical energy.

¢+ This auto-ignition leads to abnormal combustion known as detonation.

« In addition to this knocking puts a limit on the compression ratio at which an engine can be operated
which directly affects the engine efficiency and output.

¢+ Auto-ignition of the mixture does not occur instantaneously
as soon as its temperature rises above the self-ignition Combustion
temperature.

L ) Salf-lonitian

¢ Auto-ignition occurs only when the mixture stays at a
temperature equal to or higher than the self-ignition
temperature for a “finite time”.

¢+ This time is known as delay period or reaction time for

auto-ignition.

% This delay time as a function of compression ratio is shown

Temperahire ————»
———

in adjacent figure. As the compression ratio increases, the ' T

delay period decreases and this is because of increase in k

initial (before combustion) pressure and temperature of the E"‘:‘Pm“i"*
saling

charge.

< The self-ignition temperature is a characteristic of fuel air Time —+

mixture and it varies from fuel to fuel and mixture strength .
S.LT. = Self-ignition temperature

to mixture - strength of the same fuel. L1, = Ignition delay

PRE —-IGINITION:

% Pre-ignition is the ignition of the homogeneous mixture of charge as it comes in contact with hot
surfaces, in the absence of spark .

+« Auto ignition may overheat the spark plug and exhaust valve and it remains so hot that its
temperature is sufficient to ignite the charge in next cycle during the compression stroke before
spark occurs and this causes the pre-ignition of the charge.

¢ pre-ignition is also caused by persistent detonating pressure shockwaves scoring away the stagnant
gases which normally protect the combustion chamber walls.

« The resulting increased heat flow through the walls, raises the surface temperature of any
protruding poorly cooled part of the chamber, and this there fore provides a focal point for
preignition.
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Effects of Pre-ignition

>
>

>
>

It increase the tendency of denotation in the engine

It increases heat transfer to cylinder walls because high temperature gas remains in contact with for
a longer time

Pre-ignition in a single cylinder will reduce the speed and power output

Pre-ignition may cause seizer in the multi-cylinder engines, only if only cylinders have pre-ignition

FACTORS INFLUENCE THE KNOCKING

Temperature Factor
Increasing the temperature of the unburned mixture increase the possibility of knock in the SI
engine.
++ Raising the compression ratio
%+ Supercharging
¢+ Coolant temperature
Temperature of the cylinder and combustion chamber walls
Density Factor
» Compression ratio (CR)
» Mass of inducted charge
» Inlet temperature of mixture
» Retarding spark timing
Time Factor
Time factor is the increasing the flame speed or the ignition lag will tend to reduce the tendency to
knock.
» Turbulence
» Engine size
» Engine speed
» Spark plug locations
Composition Factors
» Fuel-air ratio
» Octane value
» Molecular Structure
o Paraffins
o Olefins
o Napthenes and Aromatics

Page 32




ME8493-Thermal Engineering 1 Mechanical Engineering

16. Combustion of CI engines.
COMBUSTION IN CI ENGINES
+ In Cl engine A: F mixture is not homogeneous and fuel remains in liquid particles, therefore
quantity of air supplied is 50% to 70% more than stiochiometric mixture.
¢+ The combustion in Cl engine, the combustion takes place at number of points simultaneously and
number of flames generated are also many.
¢+ To burn the liquid fuel is more difficult as it is to be evaporated,; it is to be elevated to ignition

temperature and then burn.

Stages of combustion in CI engine
The combustion in CI engine is considered to be taking place in four phases:
1. Ignition Delay period /Pre-flame combustion
2. Uncontrolled combustion
3. Controlled combustion
4

. After burning

r=acp]?l a- start of injection
&0 AR A i ! Ih-—-j],’ | b-start of combustion
— : b ) ¢ _ignition delay
L~ — id Ll’e, I’ d . mixing period
‘ . L]
60l Compression . U™ __ 4 e interaction period
- cg;:rb:']::mn " pressure E'J(panded \-"lew
4 pcom Motoring of area A TDC
‘E"m __ Start of (non firing) | o e !
5 injection - Werhe P Maximum ‘pressure
E —— OIml s R | 3 ) Ib ] . .
& g o Iy ombustion pressure
— n_. Iy .
3l Compression pressure
= —y Area — \J (motoring curve)

0
100 80 &0 40 20 TDC20 40 60 BO 100
Time {degree of crankshaft rotatien)

1. Ignition Delay period /Pre-flame combustion

¢ The fuel does not ignite immediately upon injection into the combustion chamber.

¢+ There is a definite period of inactivity between the time of injection and the actual burning this
period is known as the ignition delay period.

« In Figure, the delay period is shown on pressure crank angle (or time) diagram between points a and
b. Point “a” represents the time of injection and point “b” represents the time of combustion.

¢ The ignition delay period can be divided into two parts, the physical delay and the chemical delay.

s The delay period in the CI engine exerts a very great influence on both engine design and

performance.
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2. Period of Rapid Combustion / uncontrolled combustion

¢+ The period of rapid combustion also called the uncontrolled combustion, is that phase in which the
pressure rise is rapid.

¢+ During the delay period, a considerable amount of fuel is accumulated in combustion chamber,
these accumulated fuel droplets burns very rapidly causing a steep rise in pressure.

%+ The period of rapid combustion is counted from end of delay period or the beginning of the
combustion to the point of maximum pressure on the indicator diagram.

s The rate of heat-release is maximum during this period. This is also known as uncontrolled
combustion phase, because it is difficult to control the amount of burning / injection during the

process of burning.

3. Period of Controlled Combustion

¢+ The rapid combustion period is followed by the third stage, the controlled combustion.

¢+ The temperature and pressure in the second stage are so high that fuel droplets injected burn almost
as they enter and find the necessary oxygen and any further pressure rise can be controlled by
injection rate.

¢+ The period of controlled combustion is assumed to end at maximum cycle temperature.

4. Period of After-Burning
¢+ Combustion does not stop with the completion of the injection process.
¢+ The unburnt and partially burnt fuel particles left in the combustion chamber start burning as soon
as they come into contact with the oxygen.

¢+ This process continues for a certain duration called the after-burning period.

¢+ This burning may continue in expansion stroke up to 70 to 80% of crank travel from TDC.

Ignition Delay or Ignition Lag
¢+ The delay period is the time between the start of injection and start of combustion. The delay period
extends for about 13 deg movement of crank.
¢ This delay time decreases with increase in speed. If there is no delay, the fuel would burn at injector
and there would be oxygen deficiency around the injector, which results in incomplete combustion.
+» If the delay period is too long, amount of fuel availability for simultaneous explosion , is too great ,
which results in rapid pressure rise.
¢+ The delay period should be as short as possible since long delay period gives more rapid rise in

pressure and thus causes knocking.
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17. Phenomena of knocking in CI Engines.

PHENOMENON OF KNOCKING IN CI ENGINE
¢+ Knock in compression ignition engine is related to delay period.
« When the delay period is longer, accumulation of fuel droplets causes rapid pressure rise due to
ignition.
It results jamming of forces against the piston that leads to rough engine operation.
+«+ Knocking in CI engine occurs near the beginning of combustion.

Start of combustion

| TDC
!

Pressure
Start of injection

Fressurs ——

o o e

Time i i H
CI Engine Crark angls ——»

% In C.I. engines the injection process takes place over a definite interval of time. Consequently, as
the first few droplets injected are passing through the ignition lag period, additional droplets are
being injected into the chamber.

¢ If the ignition delay is longer, the actual burning of the first few droplets is delayed and a greater
quantity of fuel droplets gets accumulated in the chamber.

¢+ When the actual burning commences, the additional fuel can cause too rapid a rate of pressure rise,

as shown on pressure crank angle diagram above, resulting in Jamming of forces against the piston

(as if struck by a hammer) and rough engine operation.

*

If the ignition delay is quite long, so much fuel can accumulate that the rate of pressure rise is

L)

almost instantaneous.

X4

Such, a situation produces extreme pressure differentials and violent gas vibration known as

>,

knocking (diesel knock), and is evidenced by audible knock.

o

The phenomenon is similar to that in the SI engine. However, in SI Engine knocking occurs near
the end of combustion whereas in CI engine, knocking the occurs near the beginning of
combustion.

++ Delay period is directly related to Knocking in CI engine.

An extensive delay period can be due to following factors:
++ A low compression ratio permitting only a marginal self ignition temperature to be reached.
++ A low combustion pressure due to worn out piston, rings and bad valves
% Low cetane number of fuel
+» Poorly atomized fuel spray preventing early combustion
+»+ Coarse droplet formation due to malfunctioning of injector parts like spring
¢ Low intake temperature and pressure of air
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EFFECT OF VARIOUS FACTORS ON DELAY PERIOD IN CI ENGINE
Many design and operating factors affect the delay period. The important ones are:

>

YV V V V

>

Compression ratio
Engine speed
Output

Injection timing
Quality of the fuel
Intake temperature
Intake pressur

METHODS OF CONTROLING DIESEL KNOCK
Using a better fuel. Higher CN fuel has lower delay period and reduces knocking tendency.

>

YV V V V V

Controlling the Rate of Fuel Supply
Knock reducing fuel injector

By using Ignition accelerators : C N number can be increased by adding chemical called dopes.
The two chemical dopes are used are ethyl-nitrate and amyle —nitrate.

Increasing Swirl :

18. Combustion phenomenon in CI engine V/s combustion in Sl engine.

SL
G COMUSTION IN SI ENGINE COMBUSTION IN CI ENGINE
Homogeneous mixture of petrol vapour and . ) )
o Air alone is compressed through large Compression
air is compressed ( CR 6:1 to 11:1) at the ) T ]
1. . N ratio (12:1 to 22:1) and fuel is injected at high
end of compression stroke and is ignited at ] o
pressure of 110 to 200 bar using fuel injector pump.
one place by spark plug.
) o Fuel is not injected at once, but spread over a period
Single definite flame front progresses ) o )
] ) ) ) of time. Initial droplets meet air whose temperature
2. through air fuel mixture and entire mixture ] o o
) ) i is above self ignition temperature and ignite after
will be in combustible range o
ignition delay.
In SI engine physical delay is almost zero ) ) )
3. . . In CI engine physical delay controls combustion.
and chemical delay controls combustion
7 ) In the CI engine, the ignition occurs at many points
In SI Engine ignition occurs at one point | | ] ) ) )
4, \ o simultaneously with consequent rapid rise in
with a slow rise in pressure ) o
pressure. There is no definite flame front.
In CI engine , irrespective of load, at any speed, an
In SI engine , A/F ratio remains close to | approximately constant supply of air enters the
5. stoichiometric value from no load to full | cylinder. With change in load, quantity of fuel is
load changed to vary A/F ratio. The overall A/F can
Range from 18:1 to 80:1.
6 Delay period must be as long as possible. | Delay period must be as short as possible. High

High octane fuel(low cetane) is required.

cetane (low octane) fuel is required
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19. COMPARISON OF KNOCK IN SI AND CI ENGINES

< It may be interesting to note that knocking in spark-ignition engines and compression ignition
engines is fundamentally due to the auto ignition of the fuel-air mixture.

+ In both the cases, the knocking depends on the auto ignition lag of the fuel-air mixture. But careful
examination of knocking phenomenon in Sl and CI engines reveals the following differences:

spark ignition engines

compression engines

Auto ignition of end gas away from the spark plug,
most likely near the end of combustion causes
knocking

The auto ignition of charge causing knocking is at
the start of combustion

In order to avoid knocking, it is necessary to prevent
auto ignition of the end gas to take place at all.

the earliest auto —ignition is necessary to avoid
knocking

The knocking takes place in homogeneous mixture,
therefore , the rate of pressure rise and maximum
pressure is considerably high.

the mixture is not homogenous and hence the rate of
pressure is lower than in Sl engine.

Pre-ignition occurs

Only air is compressed, therefore there is no
question of Pre-ignition in CI engines

It is lot more easy to distinguish between knocking
and non-knocking condition in SI engines

no definite distinction between normal and knocking
combustion

Sl fuels should have long delay period to avoid
knocking

ClI fuels should have short delay period to avoid
knocking.

The following table gives a comparative statement of various characteristics that reduce knocking in Sl and

Cl engines
S. No Factors affecting knock Sl engine Cl engine
1 Self ignition temperature High Low
2 Delay period of fuel Long Short
3 Compression ratio Low High
4 Inlet temperature Low High
5 Inlet pressure Low High
6 Speed High Low
7 Cylinder size Small Large
8 Combustion chamber wall temperature Low High
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20. Engine emission, control and norms.
The emission exhausted into the surrounding pollute the atmosphere and cause the following problems.
i. Global warming
ii. Acid rain
iii. Smog
iv. Odours
v. Respiratory and other health hazards
Engine Emissions:
Engine emissions can be classified into two categories:
I. Exhaust emissions
ii. Non-exhaust emissions
Exhaust emissions
The emissions of concern are
I.  Unburnt hydrocarbons (HC)
ii. Oxides of carbon (COx)
iii. Oxides of nitrogen (NOx)
iv. Oxides of sulphur (SOx)
v. Solid carbon particulates
vi. Soot and somke
1. Carbon monoxide (CO):
¢ It Is a colourless gas of about the same density as alr.
It is a poisonous gas which, when inhaled, replaces the oxygen in the blood stream so that the body's
metabolism can not function correcfly.
<+ Small amounts of co concentrations, when breathed in, srow down physical and mental activity and produces
headaches, while large concentration will kill.
Mechanism of formation of CO:
CO is generally formed when the mixture is rich in fuel. The amount of CO formed increases as the
mixture becomes more and more rich in fuel. A small amount of CO will come out of the exhaust even
when the mixture is slightly lean in fuel. This is due to the fact that equilibrium is not established when the
products pass to the exhaust. At the high tempearature developed during the combustion, the products
formed are unstable, and the following reaction take place before the equilibrium is established.
2H,0 + 0, - 2(1 — y)H,0 + 2yH, + yO0,
Where, y is the fraction of H,0 dissociated.

X
C+0,-C0, - (1—x)C0,+ xCO, +§02

As the products cool down to exhaust tempearature, major part of CO reacts with oxygen to form CO,,
However a relatively small amount of CO will remain in exhaust, its concentration increasing with rich

mixtures.
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2. Hydrocarbons (HC) :
Hydrocarbons, derived from unburnt fuel emitted by exhausts, engine crankcase fumes and vapour
escaping from the carburettor are also harmful to health,
Mechanism of fortnation of HC
++ Due to existence of local very rich mixture pockets at much lower tgmperatures than the
combustion chambers, unburnt hydrocarbons may appear in the exhaust.
% The hydrocarbons also appear due to flame quenching near the metallic walls.

3. Oxides of nitrogen (NOX):
Oxides of nitrogen and other obnoxious substances are produced in very small quantities and, in certain
environments, can cause pollution, while prolonged exposure is dangerous to health.
Mechonism of formation of nitric oxide (NO)
At high combustion temperatures, the following chemical reactions take place behind the flame :
N, + 0, —» 2NO
N, + 2H,0 - 2NO + 2H,

Chemical equilibriurn calculations show that a signifrcant amount of NO will be formed at the end of
combustion. The majority of NO forrned will however decompose at the low temperatures of exhaust. But
due to very low reaction rate at the exhaust temperature a part of NO formed remains in exhaust. It is far in
excess of the equilibrium composition at that ternperature as the formation of NO freezes at low exhaust
temperatures.
Smoke or particulate:
Solid particles are usually formed by dehydrogenation, polymerisation and, agglonterotion
In the combustion process of different hydrocarbons, acetylene (C,H,) is forrnerl as an intermediate
product. These acetylene molccules after simultaneous polymerisation and dehydration produce carbon
particles, which are the main constituent of the particulate.
Non-exhaust emissions
Apart from exhaust emissions there are three other sources in an automobile which emit emissions.

i. Fuel tank: The fuel tank emits fuel vapours into the atmosphere.

ii. Carburetor : The carburetor also gives out fuel vapours.

iii. Crankcase : It emits blow-by gases and fuel vapours into the atmosphere.
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Emission Control:
The main methods, among various methods for SI engine emission control are :
1. Modification in the engine design aid operating parameters
2. Treatment of exhaust products of combustion
3. Modification of the fuels
Modification in the Engine Design and Operatlng Paraneters:
1. Combustion chamber configuration
+ Modification of combustion chamber involves avoiding flame quenching zones where combustion
might otherwise be incomplete and resulting in high HC emission This includes
¢+ Reduced surface to volume (S/V) ratio
+“* Reduced squish area
+“* Reduced space around Piston ring
+ Reduced distance of the top piston ring from the top of the piston,
2. Lower compression ratio
A lower compression ratio reduces the quenching effect by reducing the quenching area thus
reducing HC

®,

% Lower compression ratio also reduces NO remissions due to lower maximum temperature
¢+ Lower compression, however reduces thermal efficiency and increases fuel consumption
3. Modified induction system:
¢ In a multi-cylinder engine it is always difficult to supply designed A/F ratio under all conditions of
load and power.
¢+ This can be achieved by proper design of induction system or using high velocity or multi-choke
carburetors.
4. Ignition timing:
¢+ The ignition timing control is so adjusted as to provide normal required spark advance during
cruising and retard the same for idle running.
+» NOy emissions are reduced due to lowering of maximum combustion temperatures.

¢ Also HC emissions gets reduced due to high exhaust temperatures.
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5. Reduced valve overlap
¢ Increased overlap allows some fresh charge to escape directly and increase emission level. This can
be controlled by reducing valve overlap.
A new variable valve timing(VVT) allows for controlled scheduling of valve timing events,
improves engine performance.
Treatment of exhaust products of combustion
After burner:
< An after burner is a burner where air is supplied to the exhaust gases and mixture is burnt with the
help of ignition system.
% The HC and CO which are formed in the engine combustion because of inadequate O, and
inadequate time to burn are further burnt by providing air in a separate box known as after burner.
¢+ The after-burner is located very near to the exhaust manifold with an intension that there is no fall

in the exhaust temperature.

By pass vaiya
T ——
Secnndar:.r air —
—
': | C' -——___—"_____ “—* | —* Exhaust
Zngine e _1"} oui
—
haust —_ 3 lanition
- .:) EOUFCE
- =
Fig.

. Direct fame after-burmer,

Exhaust manifold reactor:
%+ The design is changed so as to minimize the heat loss and to provide sufficient time for mixing of

Airin ——p{ F'!::“d

exhaust and secondary air.

f— Air pump

Air distributor
te aach

axhaust port

Exhaust
valve

Fiston exhaust
stroke after combustion

———p Filterad air
Unburnt

hydrocarbons
--—-F Treated axhaust

++ Here a positive displacement vane pump which driven by the engine.
+¢ Inducts air from the air cleaner or from separate air filter.
¢+ The air passes into an internal or external distributing manifold with tubes feeding a metered

amount into the exhaust port of each cylinder and close to the exhaust valve.
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¢+ Since the exhaust gases are at high temperature, the injected air reacts with HC, CO and aldehydes
to reduce greatly the concentration of such emission.
¢+ The injected air is closely metered otherwise it can decrease the temperature of the exhaust gas
« In earlier type of reactor developed by Du Pont the entry of exhaust gases was radial and the air
flow peripheral.
Catalytic converter :
% A catalytic converter is a device which is placed in the vehicle exhaust system to reduce HC and
CO by oxidising catalyst ond NO by reducing catalyst.
+«+ The basic requirernents of a catalytic converter are
(i) High surface arca of the catalyst for better reactions.
(i)  Good chemical stability to prevent any deterioration in performance.
(ili)  Low volume heat capacity to reach the operating temperatures.
(iv)  Physical durability with attrition resistence.
(v) Minimum pressure drop during the flow oferhaust gases through the catalyst bed this

will not increase back pressure of the engine.

Fig. shows a catalytic converter, developed by the Ford company. It consists of two separate elements, one
for NOy and the other for HC/CO emissions. The secondary air is injected ahead of the first element. The

flow in the converter is axial.

Exhaust
gas in

Reducing element for NO,

Oxidatian catalytic reaction:
CO, HC and O, from air are catalytically converted to CO,, and H,O and number of catalysts are known to
be effective noble metals like platinum and plutonium, copper, vanadium, iron, cobalt, nickel, chromium
ets.
Reduction catalytic reaction:
The primary concept is to offer the NO molecule an activation site, say nickel or copper grids in the
presence of CO but not O,, which will cause oxidation, to from N, and CO,. The NO may react with a
metal molecule to form an oxide which then in turn, may react with CO to restore the metal molecule.
Rhodium is best catalyst to control NOy but A/F ratio must be within a narrow range of 14.6 : 1 to 14.7 : 1.
Major drawbacks of catalytic converter are as under :

%+ Owing to the exothermic reactions in the catalyst bed the exhaust systems are hotter than normal.

¢+ Cars equipped with such converter should not use leaded fuel as lead, destroys complete catalytic

activity.
«» If the fuel contains surphur (as dieser oil) emission of SOs is increased.
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Progress of emission standards for 2-and 3-wheelers: Indian Emission Standards (2 and 3 wheelers)

Standard Reference Date
Bharat Stage Il | Euro 2 1 April 2005
Bharat Stage Ill | Euro 3 1 April 2010
Bharat Stage IV | Euro 4 1 April 2017

Bharat Stage VI | Euro 6

April 2020 with mandate (proposed)

In order to comply with the BSIV norms, 2- and 3-wheeler manufacturers will have to fit an evaporative

emission control unit, which should lower the amount of fuel that is evaporated when the motorcycle is

parked
Indian Emission Standards (4-Wheel Vehicles)
Standard Reference YEAR Region
India 2000 Euro 1 2000 Nationwide
2001 NCR*, Mumbai, Kolkata, Chennai
Bharat Stage |1 Euro 2 2003 NCR*, 13 Cities
2005 Nationwide
2005 NCR¥*, 13 Cities
Bharat Stage |11 Euro 3
2010 Nationwide
2010 NCR*, 13 Cities
Bharat Stage IV Euro 4 _
2017 Nationwide
Bharat Stage V Euro 5 (to be skipped)
2018 Delhi NCR
Bharat Stage VI Euro 6 _
2020 Nationwide

* National Capital Region (Delhi)

T Mumbai, Kolkata, Chennai, Bengaluru, Hyderabad, Ahmedabad, Pune, Surat, Kanpur, Lucknow,

Sholapur, Jamshedpur and Agra

The above standards apply to all new 4-wheel vehicles sold and registered in the respective regions. In

addition, the National Auto Fuel Policy introduces certain emission requirements for interstate buses with

routes originating or terminating in Delhi or the other 10 cities.

Overview of the emission norms in India

«+ 1991 Idle CO Limits for Petrol VVehicles and Free Acceleration Smoke for Diesel VVehicles, Mass

Emission Norms for Petrol Vehicles.

«» 1992 Mass Emission Norms for Diesel VVehicles.

+ 1996 Revision of Mass Emission Norms for Petrol and Diesel Vehicles, mandatory fitment of

Catalytic Converter for Cars in Metros on Unleaded Petrol.

«» 1998 Cold Start Norms Introduced.
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R/
A X4

2000 India 2000 (Equivalent to Euro I) Norms, Modified IDC (Indian Driving Cycle), Bharat Stage
I1 Norms for Delhi.

2001 Bharat Stage Il (Equivalent to Euro I1) Norms for All Metros, Emission Norms for CNG &
LPG Vehicles.

2003 Bharat Stage Il (Equivalent to Euro I1) Norms for 13 major cities.

2005 From 1 April Bharat Stage 111 (Equivalent to Euro I11) Norms for 13 major cities.

2010 Bharat Stage 11 Emission Norms for 2-wheelers, 3-wheelers and 4-wheelers for entire country
whereas Bharat Stage — IV (Equivalent to Euro 1V) for 13 major cities for only 4-wheelers. Bharat
Stage IV also has norms on OBD (similar to Euro 11 but diluted)

2017 Bharat Stage IV Norms for all vehicles.

2018 BS-VI fuel norms from April 1, 2018 in Delhi instead of 2020

2020 Proposed date for country to adopt Bharat Stage VI norms for cars, skipping Bharat Stage V
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BRAKE POWER
Brake power is the power output of the drive shaft of the engine without the power loss caused by gears,

transmission, friction etc. it is also called as useful power or true power.

SPECIFIC FUEL CONSUMPTION
The mass flow rate of fuel required to produce a unit of brake power. SFC is expressed in Sl units as
kilograms per hour per kilowatt (kg/kW-hr). It allows engines of all different sizes to be compared to see
which is the most fuel efficient.

BRAKE THERMAL EFFICIENCY
Brake Thermal Efficiency is the ratio of brake power output to power input. It is used to evaluate how

efficient an engine converts the heat from a fuel to mechanical energy. It is expressed in percentage.

INDICATED THERMAL EFFICIENCY

The ratio between the indicated power output of an engine and the rate of supply of energy from fuel.

FRICTIONAL POWER
An engine has many moving parts that produce friction. Some of these frictional forces remain constant
(as long as applied load is constant); some of these frictional losses increase as engine speed increases,
such as piston side forces and connecting bearing forces (due to increased inertia forces from the
oscillating piston). A few frictional forces decrease at higher speed, such as the frictional force on the
cam's lobes which is used to operate inlet and outlet valves (the valves' inertia at high speed tends to pull

the cam follower away from the cam lobe).

TYPES OF LOADING IN THE ENGINE.
Load is when the engine is doing work. Whatever work the engine is doing places a "load" on the engine
which resists the engine's turning motion and slows the engine speed down and so it requires more
throttle to maintain speed. "Partial load/Part load" is when the engine is doing work that would stall the
engine at idle, but does not require full throttle, just partial throttle. A good example would be a car

travelling at highway speed or up a slight grade.

MOTORING TEST

It is a method of engine testing used measure the power output of the engine. The temperature of he engine’s
pistons and cylinder walls, together with other working parts and also the engine oil, falls bellow that of
normal working temperature during the motoring tests, and with the lack of exhaust gases, etc, the frictional

and pumping losses are somewhat modified.
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USE OF RETARDATION TEST

It is used to find the reduction in speed with respect to time in an | C engine.

USE OF MORSE TEST
Morse test is adopted to find the indicated power of each cylinder of a high speed | C engine without
using an indicator diagram.
METHODS TO IMPROVE EFFICIENCY OF A DIESEL ENGINE
(@) By increasing the injection pressure
(b) Increasing compression ratio
(c) Increasing cut-off ratio.
USE OF HEAT BALANCE TEST
Heat balance test is used to identify useful proportion of power output and various losses and thereby
taking measures to minimize the losses for improving efficiency.
UNACCOUNTED LOSS
(a) Radiation loss
(b) Convection loss.
REDUCE HEAT LOSSES
(a) Optimize the cooling rate using appropriate coolant
(b) Use of exhaust gas recirculation to recover heat loss.
PURPOSES OF COOLING WATER BEING USED IN AN ENGINE
(a) To avoid engine getting overheated
(b) To prevent engine seizing.
HEAT LOSS AFFECT THE ENGINE PERFORMANCE
() Reduction in net power available
(b) Decrease in efficiency.
EFFECTS OF CO IN GLOBAL WARMING
(@) Rise in global temperature
(b) Rise in sea level
(c) Food shortages and hunger

(d) Climate change

Page 3




ME8493-Thermal Engineering 1 Mechanical Engineering

METHODS TO REDUCE NOx FROM A DIESEL ENGINE
(@) Low self ignition temperature
(b) Reduction of excess air
(c) Use of catalytic converter.

METHODS TO REDUCE HC FROM A DIESEL ENGINE
(@) Complete combustion
(b) Avoiding rapid deceleration

(c) Normal speed running.

CARBURATION
The process of vapourizing the fuel ( petrol) and mixing it with air outside the cylinder in the SI Engine
Is known as carburation.
REQUIREMENT OF THE FUEL INJECTOR
(i) To inject the fuel into the engine cylinder by atomizing the fuel to the required degree.
(i)  Todistribute the fuel such that there is a rapid and complete mixing of fuel and air.
NECESSITY OF COOLING IN IC ENGINE
(i) To avoid un even expansion of the piston in the cylinder.
(i)  To reduce the temperature of piston and cylinder.
(ili)  To avoid the overheating of the cylinder.
(iv)  To avoid the physical and chemical changes in the lubricating oil which may cause sticking of
piston rings..
PURPOSE OF THERMOSTAT IN AN ENGINE COOLING SYSTEM
It is located in the cooling circuit,between the engine and the radiator. It opens and allows the flow of
water, assisted by water pump. It is a self regulating device and it is designed at a particular temperature
usually about 950C. The main purpose of thermostat is to avoid cold starting problem.
IGNITION DELAY
The period between the start of fuel injection into the combustion chamber and the start of combustion is
termed as ignition delay period.
UNIT INJECTION SYSTEM

In this system each cylinder has its own individual high pressure pump and a metering unit.

OCTANE NUMBER IN I.C. ENGINES
Octane rating is a measure of a fuel's ability to resist 'knock'. The octanerequirement of an engine varies
with compression ratio, geometrical and mechanical considerations and operating conditions. The higher

the octane number the greater the fuel's resistance to knocking or pinging during combustion.
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INDICATED POWER
IP = PjygpLAnk kW
Where
N=rpm

Pmer=Indicated Mean Effective Pressure(kN/m?)
L=length of Stroke (m)

A=Area of piston or cylinder(m?)

n = Number of Power strokes(N/2 for four stroke)
k= Number of cylinders

BREAK POWER
BP = PgyppLAnk KW
Where
N=rpm
Pemvep= Break Mean Effective Pressure(kN/mZ)
L=length of Stroke (m)
A=Area of piston or cylinder(m?)
n = Number of Power strokes(N/2 for four stroke)
k= Number of cylinders

FRICTION POWER
FP=IP-BP kW
INDICATED THERMAL EFFICIENCY
Indicated Power

Thir = Heat Supplied
IP
T = x v
BREAK THERMAL EFFICIENCY
Break Power
flsT = Heat Supplied

_ BP
BT = T x CV

MECHANICAL EFFICIENCY
Indicated Power

TMech = Break Power

OR
(OR) BRAKE SPECIFIC FUEL CONSUMPTION
2nNT o/l
= m r
60 BSFC = _f — ( g/ )
Where BP kW
N=rpm
T=W x R (Load(kN) x Radius of drum(m))
INDICATED SPECIFIC FUEL CONSUMPTION
NUMBER OF POWER STROKES 1spc < ™ _ (kg/hr)
~IP kW
n= 60 (For two stroke Engine)
n= (For Four stroke Engine) VOLUMETRIC EFFICIENCY
2 X 60
HEAT SUPPLIED o = Volume of charge (suction) _ V.,
\ kJ v Swept volume Vsnk
Qs = mg X CV (?)
Where
m¢ = Mass of fuel (%)
k
CV = Calorific Value of fuel (E]%)
HEAT BALANCE SHEET:

K

HEAT SUPPLIED BY THE FUEL (Qs) = m¢ X CV (hr

HEAT SUPPLEED BY THE FUEL (Qgp) = 2nINT (g

HEAT LOSS DUE TO THE COOLING WATER

K]
Qw =my X CW X (TWZ - Twl) (ﬁ

HEAT CARRIED AWAY BY EXHAUST GAS

)
Qg =mg X Cg X (TgZ —Ta) (E)
UNACCOUNTED HEAT LOSS

KJ

(Qua) = Qs — Qpp + Quw+Qg (E)

L K. in (K
[Units is (h—i) if mg, mg, my, are in (h_f)]

Page 5




ME8493-Thermal Engineering 1 Mechanical Engineering

1. Calculate the diameter and length of the stroke of a diesel engine working on four stroke constant
pressure cycle from the following data. 1P=18.75 kW rotation per minute=220 CR=14 fuel cut-off
ratio=1/20™ of stroke, index of expansion=1.3, index of compression=1.35, L/D=1.5. Assume the
pressure and temperature of the air at inlet are 1 bar and 40°C respectively.

GIVEN
IP=18.75kW, N=220rpm, CR=14,L/D=1.5,P; = 1bar, T; = 40°C
SOLUTION:
CUTOFF RATIO:
Vs =V, =005V, —V;) 005 =2= =) p=165
MEAN EFFECTIVE PRESSURE:
Par[v(p-1)-rc ¥ (pY-1)] 1x1413[13(165-1)-14 1 (16513-1))

Fm = (y-1D(re-1) = Pn= (1.3-1)(14-1) = Py = 3.4bar

INDICATED POWER:

IP = PygpLAnk = 18.75 = 3.4 x 102 x 1.5D x

LENGTH OF STROKE:

L

-=15 = L=15x029% = L=0.589m

2. A four-cylinder, four-stroke oil engine 10 cm in diameter and 15 cm in stroke develops a torque of
185 Nm at 2000 rpm. The oil consumption is 14.5 lit/hr. The specific gravity of the oil is 0.82 and
calorific value of oil is 42000 kJ/kg. If the imep taken from the indicated diagram is 6.7 bar find, (i)
mechanical efficiency (ii) brake thermal efficiency (iii) Brake mean effective pressure (iv) Specific
fuel consumption in litres on brake power basis.

mxD? 220 1 = D=0.294m

4 2X60

GIVEN:
D=10cm, L=15cm, T=185Nm, N=2000rpm, th; = 14.5 % w = 0.82, CV=42000 k/kg,
Pimean = 6bar
SOLUTION:
INDICATED POWER:
IP = PpppLAnk = IP = 6.7 x 10% x 0.15 X “Xz'lz X % X 4 =) P = 52.62kW
BRAKE POWER:
BP = 2’::T = BP = W = BP =38746.31 W = BP = 38.75 kW
MECHANICAL EFFICIENCY:
MMech = oo B Myecn = o £ Tech = 73.64%
HEAT INPUT:

Qs =1 xCV = Qs = (145 x 0.82) x 42000 = Qg = 499380 % = 138.72%
BRAKE THERMAL EFFICIENCY:

_BP _113.09 _ 0
BT = 4 =) Npr = 13872 =) Ngr = 81.53%
BRAKE MEAN EFFECTIVE PRESSURE
BP = PBMEPLAnk => 3875 = PBMEP X 015 X
BRAKE SPECIFIC FUEL CONSUMPTION

_ g __14.5x0.82 _ k_g
BSFC = P => BSFC = Py => BSFC = 0.307 Wh

mx0.12 2000
4 2X60

X 4 => PBMEP =493.38 %
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3. A four stroke, four cylinder gasoline engine has a bore of 60 mm and a stroke of 100 mm. On test
it develops a torque of 66.5 N m, when running at 3000 rpm. If the clearance volume in each
cylinder is 60 cc, the relative efficiency with respect to brake thermal efficiency is 0.5 and the
calorific value of the fuel is 42 MJ/kg, determine the fuel consumption in kg/h and the brake mean
effective pressure.

GIVEN:

D=60cm, L=100cm, T=66.5Nm, N=3000rpm, CV=42000 kJ/kg, V¢ = 60CC, ngpt = 0.5
SOLUTION:

BRAKE POWER:

BP = 21::T = BP = —2"““2(‘)’0"66'5 = BP =20891.59 W= BP = 20.89 kW

BRAKE MEAN EFFECTIVE PRESSURE
2
BP == PBMEPLAnk => 20.89 - PBMEP X 0.1 X T[X(L:O6 X 3000 X 4 => PBMEP = 73883 %

2X60
FUEL CONSUMPTION:
_ BP ) . 20.89%3600 = m, = kg
BT = X CV M = 5 25x42000 m; =7.16 hr
BRAKE THERMAL EFFICIENCY: IDEAL EFFICIENCY:
— _Mbt _ _ 1 9 1
NRbt = —— £ Nbt = NRbt X Nideal Nideal = 1 — Tg/_—1=>n1dea1 =1- PEyTIvE
=D 1pe = 0.5x 0.5 = 140 = 0.5
= Npe = 0.25 Where,
_ Vi _ VstVc => _ 2.83x1073+60x10°°
fe =y, = v e = 60x10-6
=) r; = 5.742
2 2
Vs=T-xL =V ="22x01
=D Vg =2.83 x 10-3m3

4. A four cylinder, four stroke diesel engine has brake mean effective pressure of 6 bar at full load
speed of 600 rpm and specific fuel consumption of 0.25 kg/kWh. The cylinder has bore of 20 cm
and stroke length of 30 cm. The air fuel ratio is measured as 26 from the exhaust gas analysis. The
ambient conditions are 1 bar, 27°C. Assuming the calorific value of fuel as 43 MJ/kg determine the
brake thermal efficiency and the volumetric efficiency. Also find out brake power.

GIVEN:

Ppmean = 6bar, N=600rpm, SFC=0.25 kg/kWh, D=20cm, L=30cm, 2—? = 26, P, = 1bar, Ty = 27°C

CV=43Ml/kg
SOLUTION:

BRAKE POWER:

BP = PyvepLAnk = BP = 6 x 10% x 0.3 x “0% x 2% 54 =) BP =113.00 Kw
FUEL CONSUMPTION:

BSFC =2 =) iy = BSFC x BP =p 1y = 0.25 x 113.09 = it = 28.27 kg/hr
BRAKE THERMAL EFFICIENCY:

NeT = mfx”cv =  Mer=s—22 = T = 0.34 0r 34.28%
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VOLUMETRIC EFFICIENCY:
0.176

:>T]v = 500

9.42x10™ X————X4

v =

stnxk

=1, = 93.37%

mxd?

Vv, =

P,V, = m,RT, =V, =

X LEV, =

Ny . 28.27
mm—f=26 = 1, = 26 X — > m, = 0.204 kg/s

3600

m,yRT, => V. = 0.204%0.287%300
P, a 1x102
m3
=> Va =0. 1767
Tx0.22

X 0.3 V, = 9.42 x 1073m3

5. A two stroke two cylinder engine runs with speed of 3000 rpm and fuel consumption of 5 litres/hr.

The fuel has specific gravity of 0.7 and air-fuel ratio is 19. The piston speed is 500 m/min and

indicated mean effective pressure is 6 bar. The ambient conditions are 1.013 bar, 15°C. The

volumetric efficiency is 0.7 and mechanical efficiency is 0.8. Determine brake power output

considering R for gas = 0.287 kJ/kgK. (Take piston speed, m/min = 2 LN where L is stroke (m)

and N is rpm)
GIVEN:

N=3000rpm, m¢ = 5 =, w = 0.7,

myg

T, = 15°C, Ny = 0.7, Mmecy = 0.8, R = 0.287 kJ/kgK,
SOLUTION:

LENGTH OF STROKZE:

= 19, Piston Speed=500 m/min, Ppgp = 6 bar, P, = 1.013bar,

Piston Speed = 2LN = 500 =2 x L x 3000 = L = 0.0833m

MASS FLOWRATE OF AIR:
e=5 1 & mr=5x07 = m;=3.5%=

Ma_ 19 =P m, =19 x0.00972 = m, = 0.0183 kg/s

0.00972Kg/s

3
= V,= 0.0151"‘T

mg
YOLUME FLOWRATE OF AIR:
— _ MaRT, => _0.0183x0.287x288
Pava - maRTa =>Va = —Pa Va = 1o
STROKE VOLUME:
—_Va = _0.0151 B s
nV—vstxk Vs = 0.7% m 2 => Vo, =2.153 x107"m

DIAMETER OR BORE OF THE CYLINDER:

V=L o = 2153 x 107* = =2 % 0.0833 => D = 0.0574m
INDICATED POWER:
2
[P = PyppLAnk = IP = 6 x 102 x 0.0833 x =287 & 3220 X2 £ IP=12.92kW

MECHANICAL EFFICIENCY:

Brake Power

Brake Power
= 08=————

NMech = 18.47

Indicated Power

= Brake Power = 10.33kW
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6. During trial of four stroke single cylinder engine the load on dynamometer is found 20 kg at radius
of 50 cm. The speed of rotation is 3000 rpm. The bore and stroke are 20 cm and 30 respectively.
Fuel is supplied at the rate of 0.15 kg/min. The calorific value of fuel may be taken as 43 MJ/Kkg.
After some time the fuel supply is cut and the engine is rotated with motor which required 5 kW to
maintain the same speed of rotation of engine. Determine the brake power, indicated power,
mechanical efficiency, brake thermal efficiency, indicated thermal efficiency, brake mean effective
pressure, indicated mean effective pressure.

GIVEN:
W = 20kg, R=50cm, N=3000rpm, D=20cm, L=30cm, m¢ = 0.15 %, CV=43MJ/kg, FP=5kW

SOLUTION:
TORQUE:

T
W= —— = T=WxRX981 => T=20x05X981=p T=981Nm
BRAKE POWER:
BP =21 =) Bp = w = BP = 30819.02W = BP = 30.82 kW
INDICATED POWER:

Indicated Power = Brake Power + Friction Power =>IP:30.82+5=> IP = 35.82 kW
MECHANICAL EFFICIENCY:

Brake P 30.82
NMech = R => NMech = => Nmech = 86.04%

Indicated Power 35.82

BRAKE SPECIFIC FUEL CONSUMPTION

BSFC = 2 £ BSFC = 22°%%° =5 BSFC = 0.292 —2
BP 30.82 kW hr
BRAKE THERMAL EFFICIENCY:
BP 30.82X60
er =y = Mpr=co = Ngr = 0.2867 or 28.67%
INDICATED THERMAL EFFICIENCY:
e = —— B> qp = X0 = Mgr = 0.3332 or 33.32%

mexCV 0.15%43000

INDICATED MEAN EFFECTIVE PRESSURE

©x0.22 3000
4 2X60

kN

BRAKE MEAN EFFECTIVE PRESSURE

2
XX 1 = Pgygp = 130.8

4 2X60

7. A four stroke four cylinder diesel engine running at 300 rpm produces 120 kW of brake power.
The cylinder dimensions are 30 cm bore and 25 cm stroke. Fuel consumption rate is 1 kg/min while
air fuel ratio is 10. The average indicated mean effective pressure is 0.8 MPa. Determine indicated
power, mechanical efficiency, brake thermal efficiency and volumetric efficiency of engine. The
calorific value of fuel is 43 MJ/kg. The ambient conditions are 1.013 bar, 27°C.
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GIVEN:

kg ma

N=300rpm, BP=120kW, D=30cm, L=25cm, m;= 1 =10, Ppygp = 0.8Mpa, CV=43MJ/Kg,

min' mg
P, = 1.013bar, T, = 27°C,
INDICATED POWER:

Tx0.32 300

— — 2
IP = PpygpLAnk = IP = 8 x 10? x 0.25 X , —

X4 =p IP=141.37kW

MECHANICAL EFFICIENCY:

Brake P 120
NMech = M = NMMech = = Nmech = 84.88%

Indicated Power 141.37
BRAKE THERMAL EFFICIENCY:

BP 120%x60

—_— = e 0)
BT = 5oy =  Mer=,_.. = mnpr=_0.16740r16.74%
YOLUMETRIC EFFICIENCY:
0.142 m, . 1 .

Ny = stnxk DNy = PV LI v 10 = m, =10X— =y m, =0.167 kg/s

2X60

=>1, = 80.68%

maRT _0.167x0.287X300
P,V, = m,RT, =>V =23 ) V, =
. P, 1.013x102

=V, = 0.142™
a " s

2 2

8. The following observations were taken during a test on a single cylinder 4 stroke cycle engine
having a bore of 300 mm and a stroke of 450 mm.

Ambient air temperature =22°C Engine speed =300 rpm
Fuel consumption =11 kg/h CV of fuel = 42000 kJ/kg.
Mean effective pressure =6 bar Rope diameter =2cm
Net brake load =1.0 kN Brake drum diameter =2m
Quantity of Jacket cooling water = 590 kg/hr Temperature entering cooling water = 22°C
Temperature of leaving cooling water =70°C Quantity of air as measured =225 kg/h
Specific heat of exhaust of gases =1.005 kJ/kgK  Exhaust gas temperature = 405°C
Determine indicated power, brake power mechanical efficiency and draw a heat balance sheet on
hour basis.
SOLUTION:
INDICATED POWER:
IP = PygpLAnk = IP = 6 x 102 x 0.45 x =23 “=x1 = IP=47.71kW
BRAKE POWER:
BP = 212\)1T => BP = 2><T[><36000><1.01 T=WXR => T = W x &P d+D => T =1 x 0.02+2
= BP = 31.73 kW :}T=1-01kNm
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MECHANICAL EFFICIENCY:
Brake Power : 31.73 :
= - = —-—— o O
NMech Indicated Power TMech 47.71 Nuech = 66.5%
HEAT INPUT:

Qs=1rxCV E  Qg=11x42000 £ Qs=462000

HEAT LOSS DUE TO THE COOLING WATER

Qw =my X Cy X (Tywz — Tw1) = Qw = 590 X 4.187 X (70 — 22) = Q,, = 118575 %
HEAT CARRIED AWAY BY EXHAUST GAS

Qg=mg xCy X (Tyz —Ty) E£=p Qg =225x1.005 x (405 — 22) =) Q, = 86605.87 %
HEAT LOSS DUE TO BRAKE POWER:

P= 21::T = BP= 31.73? x 3600 = BP= 114228-373

UNACCOUNTED LOSS:
Qua = Qs —Quw+Qg + Qpp = Qua = 462000 — 118575 + 86605.87 + 114228.37
K]
Qua = 142590H
PERCENTAGE OF HEAT LOSS:
o _ Qw 0 __ 118575 0 _
HQu = = %Qw =~ = %Q, =256
Qg 86605.87
0, = == 0 - 0, —
WQg =5r = Q=0 = %Qy=18.74
Q 114228.37
%QBP = QLSP => %QBP = 462000 => %QBP = 24‘7
Qun 142590
%Qun =0 = %Qun =550 =7 %Qun =30.86

9. During the trial of a single acting oil engine, cylinder diameter is 20 cm, stroke 28 cm, working on
two stroke cycle and firing every cycle, the following observations were made:

Duration of trial =1 hour Total fuel used = 4.22 kg
Calorific value = 44670 kJ/kg Proportion of hydrogen in fuel = 15%
Total number of revolutions = 21000 Mean effective pressure = 2.74 bar
Net brake load applied to a drum =600 N Drum Diameter =100 cm
Total mass of cooling water circulated = 495 kg Cooling water enters =13°C
Cooling water leaves =38°C Air used =135kg
Temperature of air in test room =20°C Temperature of exhaust gases = 370°C
Cpgases =1.005 kJ/kgK  CP steam at atm =2.093 kd/kg K
Calculate thermal efficiency and draw up the heat balance.
SOLUTION:

INDICATED POWER:

IP = PygpLAnk = IP = 2.74 x 102 x 0.28 X "XZ'ZZ X 2316"000" x1 = IP=14.06 kW
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BRAKE POWER:
BP = = = pp = X000l T=WxR 5 T=WxZ2E T =600 x =
= BP = 10.99 kW => T = 0.3 kNm
MECHANICAL EFFICIENCY:

Brake P 10.99
NMech = O => NMech = => Nmech = 78.17%

Indicated Power 14.06
INDICATED THERMAL EFFICIENCY:

IP 14.06X3600
T’IIT = X CV => T’IIT = m => rIBT - O 2685 or 2685%
HEAT INPUT:

Qs =myxCV 5  Qg=422x44670 =) Qg = 188507.4 %
HEAT LOSS DUE TO THE COOLING WATER
Qw =my X Cy X (Tyz — Tw1) = Qy = 495 X 4.187 x (38 —13)=»Q,, = 51814.13 %

HEAT CARRIED AWAY BY EXHAUST GAS:
MASS OF THE EXHAUST GAS:

mg=m, +m; £ my=135+422 = my=139.22:2
Heat carried away by exhaust gas = Heat carried away by steam in exhaust gas +
Heat carried away by dry gas in exhaust gas

Mass of steam in exhaust gas = 9 x [0.15 x 4.22] = mg, = 5. 697’;—“:
Mass of Dry Gas in exhaust gas = mg — msg=> mge = 139.22 — 5.697 = mg, = 133.523 %

HEAT CARRIED AWAY BY STEAM IN EXHAUST GAS:

Qsg = mgg X {Sensible heat of water + Latent heat of water + Sensible heat of steam}

Qsg = 5.697 x {[4.187 x (100 — 20)] + 2257 + [2.093 X (370 — 100)]} =p Qg = 17985.83%
HEAT CARRIED AWAY BY DRY GAS IN EXHAUST GAS:

Qqg = Mgg X Cgg X (Tgz — Ta) = Qgg = 133.523 x 1.005 X (370 — 20)=pQq, = 46966. 72%
Qg = Qsg + Qug = Qg = 17985.83 + 46966.72 =p Qg = 64952. 55%

HEAT LOSS DUE TO BRAKE POWER:

P=2"0 = BP=10997x3600 = BP =39564."

60
UNACCOUNTED LOSS:

Qua = Qs — Quw+Qg + Qgp = Qua = 188507.4 — 51814.13 + 64952.55 + 39564
_ 0]
= Qua =32176.72 "

PERCENTAGE OF HEAT LOSS:

Ko =2 = 0, =S = g, = 27,40
%y =of =P %Q =ty =P %Qg = 34.46
%Qpp = QQ—BS" = %Qpp = —— = %Qgp = 20.99
%Qun =02 = %Qun = g = %Qun = 17.07
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10. During an experiment on four stroke single cylinder engine the indicator diagram obtained has
average height of 1 cm while indicator constant is 25 kN/m? per mm. The engine run at 300 rpm
and the swept volume is 1.5 x 10* cm®. The effective brake load upon dynamometer is 60 kg while
the effective brake drum radius is 50 cm. The fuel consumption is 0.12 kg/min and the calorific
value of fuel oil is 42 MJ/kg. The engine is cooled by circulating water around it at the rate of 6
kg/min. The cooling water enters at 35° C and leaves at 70°C. Exhaust gases leaving have energy of
30 kJ/s with them. Take specific heat of water as 4.18 kJ/kg K. Determine indicated power output,
brake power output and mechanical efficiency. Also draw the overall energy balance in kJ/s.

GIVEN:

Indicator Diagram Height =1cm, Indicator Constant = 25 kN/m? per mm, N=300rpm, Vs = 1.5 x
10* cm®, Wep, = 60kg, Rep = 50cm, me=0.12-% CV = 42 Mlkg, m, =6-2, T, = 35%,
Twz = 70°C, Qg = 302, C, = 4.18%

SOLUTION:

BRAKE MEAN EFFECTIVE PRESSURE:
kN
mmxm?2

Pimgp = Ind. diagram height x Indicator Constant == Pyygp = 10mm X 25 =) Pimgp = 250:%’
INDICATED POWER:

IP = PygpVsnk = IP = 250 x 1.5 X 10* x 1076 x % x 1= 1P = 9.375 KW

BRAKE POWER:

BP = I = pp = XM [T 981 x WX R F T=9.81xWx ==

60
= BP = 4.62 kW £ T =9.81 x 60 x 222
=) T =0.1472 kNm
MECHANICAL EFFICIENCY:
__ Brake Power 462 _ 0
NMech = Indicated Power => MMech = 9.375 => Nuech = 49.33%
HEAT INPUT:

Qs=1m;xCV E»  Qg=012x42000 = Qs =5040 -

HEAT LOSS DUE TO THE COOLING WATER

Quw =My X Cy X (Twz — Twi) = Q,, = 6 x 418 X (70 —35) ©=>Q, = 877.8 %
HEAT CARRIED AWAY BY EXHAUST GAS

Qg =302x60 = Q,=1800-L

HEAT LOSS DUE TO BRAKE POWER:

P=2"" =) BP=462Ux60 = BP =277.2—2
%0 s min
UNACCOUNTED LOSS:

K
Qua = Qs — Quw+Qg +Qep = Qua = 5040 — 877.8 + 1800 + 277.2E) Qya = 2085 -
PERCENTAGE OF HEAT LOSS:

%Qw = = %Qy = o =D%Q, = 17.42
Qs 5040
Q
Qg = = %Qg=inc =P %Qg=35.71
%Qgp = QQ_T = %Qgp = % =>%QBP =5.5

%Quy = 0 =P 04Q,, = == =P %Q,, = 41.37

Qs 5040
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11. During 15 minutes trial of an internal combustion engine of 2-stroke single cylinder type the total
4 kg fuel is consumed while the engine is run at 1500 rpm. Engine is cooled employing water being
circulated at 15 kg/min with its inlet and exit temperatures as 27°C and 50°C. The total air
consumed is 150 kg and the exhaust temperature is 400°C. The atmospheric temperature is 27°C.
The mean specific heat of exhaust gases may be taken as 1.25 kJ/kg K. The mechanical efficiency is
0.9. Determine the brake power, brake specific fuel consumption and indicated thermal efficiency.
Also draw energy balance on per minute basis. Brake torque is 300 Nm and the fuel calorific value
is 42 MJ/Kg.

GIVEN:
Trail=15min, m = 4kg = —-Z N= 1500rpm m, = 15-2, T,y = 27°C, Ty, = 50°C, mg = 150kg,

Ty, = 27°C, Ty, = 400°C, C, = 1. 25 —, Tmecn = 0.9, T=300NM

SOLUTION:
BRAKE POWER:

2mNT 2XTX1500X300
BP = = BP = B Te—

BRAKE SPECIFIC FUEL CONSUMPTION
_mg _4%60
BSFC = BP = BSFC = 15%47.124
MECHANICAL EFFICIENCY:
Maee, = —akePower s g = 471'11324 => IP = 52.36 kW

Indicated Power
INDICATED THERMAL EFFICIENCY:

= BP =47123.89 W =) BP = 47.124 kKW

kg
=> BSFC=0.339 T

IP 52.36X60X%x15
‘r‘lIT = m => T'IIT = m => T]BT — 0 2805 Ol‘ 28 05%
HEAT INPUT:

Qs=1fxCV E»  Qg=--x42000 5 Qg=11200-+
HEAT LOSS DUE TO THE COOLING WATER

Quw =y X Cy X (Tyz = Tys) = Qu = 15 X 418 X (50 —27) = Q, = 1444.5 -L
HEAT CARRIED AWAY BY EXHAUST GAS

Qg = (m, + mg) X Cg X (Tyz — T)E= Qg =
HEAT LOSS DUE TO BRAKE POWER:

=™ = BP=471248%x60 => BP=2827.44-L
60 s mn

UNACCOUNTED LOSS:
Qua = Qs — Qu+Qg + Qgp =9 Qua = 11200 — 1444.5 + 4786.83 + 2827.44

_ X
= Qua=2141.23—

150+4-

B2 X125 x (400 — 27) £ Q, = 4786.83 -

PERCENTAGE OF HEAT LOSS:
Qw 1444.5

%Qw = = %Qyw = = %Q, =12.89
Q 4786.83

W =5 = WQ=T50 = %Qg=42.74

%Qpp = QQ_? = %Qgp = 2181227:04 = %Qgp = 25.24
Qun 2141.23

%Qun = o = %Qun == = %Qun = 19.14
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12. During trial of a four cylinder four stroke petrol engine running at full load it has speed of 1500
rpm and brake load of 250 N when all cylinders are working. After some time each cylinder is cut
one by one and then again brought back to same speed of engine. The brake readings are
measured as 175 N, 180 N, 182 N and 170 N. The brake drum radius is 50 cm. The fuel
consumption rate is 0.189 kg/min with the fuel whose calorific value is 43 MJ/kg and A/F ratio of
12. Exhaust gas temperature is found to be 600°C. The cooling water flows at 18 kg/min and
enters at 27°C and leaves at 50°C. The atmospheric air temperature is 27°C. Take specific heat of
exhaust gas as 1.02 kJ/kg K. Determine the brake power output of engine, its indicated power and
mechanical efficiency. Also draw a heat balance on per minute basis.

GIVEN:
N=1500rpm, W;,; = 250N, 175 N, 180 N, 182 N and 170 N, R=50cm, m; = 0.189 %, CV=43MJ/Kkg,

™ =12, Ty, = 600°C, my, = 18-L T,y = 27°C, Ty = 50°C, , Ty; = 27°C, , Cg = 1.02 k’;—’K
SOLUTION:

BRAKE POWER WHEN ALL CYLINDERS ARE WORKING:

TORQUE:

Wy=2 9 T=WyxR = T,;=250x05 = Tz =125Nm

BRAKE POWER:

P = T o < BSOS o g 103k

BRAKE POWER WHEN CYLINDER ONE CUT:
TORQUE 1 :

WBl = % Q TBl = WBI X R Q TBl = 175 X 0-5 QTBl = 87. 5Nm
BRAKE POWER1:

_ 2mNTpy _ 2XTX1500%87.5 _
BP, = Soxt000 = BP, = 60X1000 = BP = 13.74 kW

INDICATED POWER1:

Indicated Powerl = BP —BP, £=p IP, = 19.63 — 13.74 = IP; = 5.89kW
BRAKE POWER WHEN CYLINDER TWO CUT:

TORQUE2:

TORQUE2:

Wpy = 2 £ Tgy = Wgz XR =9 Tp, =180 X 0.5 = Ty, = 90Nm

BRAKE POWER2:
BP, = 262 = gp, = 2XMXIS00X90 o pp 1414 KW

601000 60x1000
INDICATED POWER2:

Indicated Power2 = BP —BP, = IP, = 19.63 — 14.14 = IP, = 5.49 kW
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BRAKE POWER WHEN CYLINDER THREE CUT:

TORQUE 3 :

W33 = % Q T33 = WB3 X R Q TB3 = 182 X 0.5 QTBS = 91Nm

BRAKE POWERS:

_ 2mNTg; _ 2Xmx1500x91 B
BF: = Soxto00 = BP; = 60x1000 = BP; =14.29 kW

INDICATED POWERS:

Indicated Power3 = BP — BP; = [P, = 19.63 — 1429 = IP; = 5.34KkW
BRAKE POWER WHEN CYLINDER FOUR CUT:

TORQUE 4 :

Wps = 24 £ Tpy = Wy XR = Tpy =170 X 0.5 =pTg, = 85Nm

BRAKE POWER4:

BP, = % =) BP, = 2% =) BP, = 13.35 kW

INDICATED POWERA:

Indicated Power4 = BP — BP, = IP, = 19.63 — 13.35 = IP, = 6.28 kKW
TOTAL INDICATED POWER:

IP=1P, +1P, + IP; + IP, = IP =5.89 +5.49 + 5.34 4+ 6.28 = IP = 23 kW
MECHANICAL EFFICIENCY:

Brake P 19.63
NMech = — 2 O = NMech = 2 =  TNMech = 85.35%

Indicated Power 3

HEAT INPUT:

Qs=1rxCV 5  Qs=0189x43000 [ Qs=8127-F

HEAT LOSS DUE TO THE COOLING WATER

Qw =my X Cyy X (Tyz — Tyy) = Q,, = 18 X 4.18 x (50 —27) =p Q, = 1730.52 %
HEAT CARRIED AWAY BY EXHAUST GAS

Qg = (my +mp) X Cy X (Tgz — Ta = Qg = (0.189 + 2.27) x 1.02 X (600 — 27)

_ kj
=> Qg =1437.19 —
HEAT LOSS DUE TO BRAKE POWER:

2iNT = Bp= 19.63? X 60 = BP= 1177.8%

60
UNACCOUNTED LOSS:

Qua = Qs —Qw+Qg +Qpp =p Qua = 8127 —1730.52 + 1437.19 + 1177.8

P =

_ Ll
= Qua=3781.49—
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PERCENTAGE OF HEAT LOSS:

%Q,, =?1—“SV = %Quw == = %Q, =21.29
Wy =& = WQy = =P %Q =17.68
%Qpp = QQ—T’ = %Qsp == = %Qgp = 14.49
%Qun = QQ—“S“ = %Qun = = %Qun = 46.53

13. During Morse Test experiment on a six cylinder petrol engine the brake power output was found
50 kW when all cylinders run at full load. When one by one each cylinder is cut and load is reduced
to bring engine back to original speed, the measured brake power outputs are as under. Determine

the indicated power of engine and mechanical efficiency of engine.

No. of cylinders 1 2 3 4 5 6
Brake power (kW) 40.1 1395 | 39.1(39.6|39.8 |40

INDICATED POWER WHEN CYLINDER ONE CUT:

Indicated Power1l = BP — BP; = [P, =50 —40.1 =>IP1 = 9.9kw
INDICATED POWER WHEN CYLINDER TWO CUT:

Indicated Power2 = BP — BP, = I[P, =50 —39.5 = IP, = 10.5 kW
INDICATED POWER WHEN CYLINDER THREE CUT:

Indicated Power3 = BP — BP; = [P; =50 —39.1 = IP; = 10.9 kW
INDICATED POWER WHEN CYLINDER FOUR CUT:

Indicated Power4 = BP —BP, = IP, =50 —39.6 = IP, = 10.4 kW
INDICATED POWER WHEN CYLINDER FIVE CUT:

Indicated Power5 = BP — BP; = [P; =50 —39.8 = IP; = 10.2 kKW
INDICATED POWER WHEN CYLINDER SIX CUT:

Indicated Power6 = BP — BP, = IP, = 50 — 40 = IP; = 10 kW
TOTAL INDICATED POWER:

IP=1IP, + IP, + IP; + IP, + IP; + IP,E)IP = 9.9 + 10.5 4+ 10.9 + 10.4 + 10.2 + 10 =) IP = 61.9kW
MECHANICAL EFFICIENCY:

Brake P 50
NMech = R => NMech = 774 => Nmech = 80.78%

Indicated Power 61.9

Page 17




ME8493-Thermal Engineering 1 Mechanical Engineering

PART - B (THEORY)

1. Working of simple carburettor with neat sketch
A device for atomizing, vapourising the fuel (petrol) and mixing it with  air in correct proportion.
e Air fuel mixture obtained is called the combustible mixture.
e Process of mixing the petrol with air is called carburetion.

Functions of carburettor

» To atomize , vapourise the fuel and mix it homogeneously with air.
» To supply the require quantity of air- fuel mixture at correct proportion according to the load and
speed of engine
» To maintain a small reserve of petrol at constant head
» To provide easy starting of the engine in cold conditions.
Components of carburettor
1. Float, Float Chamber And Needle Valve Assembly

e A float is placed inside the float chamber.

e Petrol level in the float chamber is maintained constant and slightly below the top of the jet by
the float and needle valve arrangement.

e The float chamber is vented to the atmosphere.

2. Fuel Jet

e Fuel jet is connected to the float chamber.

e If petrol in the float chamber falls below the required level, the float lowers.

e Itis possible if the supply from the fuel tank to the float chamber is less than the fuel supplied by
the jet. This happens when the load on the engine increases.

e The needle valve is opened for increased fuel supply from the fuel tank.

e When the required level is reached , the float closes the needle valve.

e Asthe level of fuel in the float chamber rises, the float also rises.

e It is possible if the supply from the fuel tank to the float chamber is more than the fuel supplied
by the jet. This happens when the load on the engine decreases.
e The needle valve closes the fuel inlet and a constant level is maintained.
3. Venturi and Venturi Throat
Venturi is a tube of decreasing cross-section which reaches a minimum at the throat , called
“venture throat™.
4. Throttle Valve
Control of the throttle valve is normally with the accelerator pedal.
5. Choke valve
It is provided in the air passage before the venturi.
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Working :

>

A\

During suction stroke , air flows through the choke valve
and passes through the venturi; its velocity increases
and pressure in the venture throat decreases.

Now, because the pressure at the float chamber is
atmospheric and that at the tip of the jet (i.e. throat )
below atmospheric, a pressure differential called
“carburetor depression” exists between them.

This causes the flow of fuel from the float chamber
through the jet in fine spray.

Fuel gets vaporized and an uniform air-fuel mixture is
supplied to the cylinder.

At normal speed, the carburetor delivers a normal mixture of air- fuel ratio 15:1

nozzle

Fuel metering

jetlip, h

Choke

Fuel discharge |

Vent Fuel
from
supply

Float
Chamber

The quantity of mixture supplied to the cylinder is controlled by the throttle valve.

As the throttle is closed, less air flows through the venturi and less is the quantity of air-fuel

mixture delivered to the cylinder and hence less is the power developed.

» As the throttle is opened, more quantity of air-fuel mixture is delivered to the cylinder.

2. Complete carburetor: (i) main metering system (ii) idling system (iii) economizer system (iv)

acceleration pump system (v) choke

A simple carburetor is capable to supply a correct air-fuel mixture to the engine only at a particular load

and speed. In order to meet the engine demand at various operating conditions, the following additional

systems are added to the simple carburetor.

>
>
>
>
>

Idling system

Auxiliary port system

Power enrichment by economizer system
Accelerating pump system

Chock

Idling System:

During starting or idling, engine runs without load and the throttle

valve remains in closed position. Engine produces power only to

covercome friction between the parts and a rich mixture is to be fed

to the engine to sustain combustion.

Choke:

During cold starting period, at low cranking speed and before the

engine gets warmed up, a rich mixture has to be supplied. The most

common method of obtaining this rich mixture is to use a choke

valve between the entry to the carburetor and the venture throat.

Main
jet

Throttle

T e

Air

Adjusting
Screw

Air bleed

i

h——
Idling jet

Float chamber
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Auxiliary Port System:

During normal power or crusing operation, where the engine runs for Throttle

most of the period, the fuel economy has to be maintained. Thus, it is

Butterfly

necessary to have lower fuel consumption for maximum economy. One ~ _\ -

such arrangement used is the auxiliary port carburetor as shown, where
opening of butterfly valve allows additional air to be admitted and at the
same time depression at the venture throat gets reduced, therby

[——DMain jet

decreasing the fuel flow rate

Powerenrichment System:

In order to obtain maximum power, the carburetor must supply a rich
mixture. This additional fuel required is supplied by a power enrichment

system that contains a meter rod economizer that provides a larger

orifice opening to the main jet as the throttle is opened beyond a certain

point.

Accelerating Pump System:

During sudden acceleration of an engine(e.g., overtaking a vehicle), an
extra amount of fuel is momentarily required to supply a rich mixture.
This is obtained by an accelerating pump system. It consists of a

spring-loaded plunger and the necessary linkage mechanism. = e

The rapid opening of the throttle moves the plunger into the cylinder, ' _ Float

chamber

and an additional amount of fuel is forced into the venturi

3. Working of diesel pump & diesel injector with neat sketch
FUEL PUMP

e In the diesel engine , diesel is to be injected in the EUEEIOUREED

compressed air at the high pressure.
C - CHAMBER

e So it is necessary to increase the fuel pressure Vy - INLET VALVE

using fuel pump. The fuel pump raises the pressure FUEL ENTRY V2 -OUTLET VALVE

of the fuel very high . P - PLUNGER

M ~CAM
e Fuel is injected into the cylinder in the atomized

from, i.e. in the form of fine spray by means of an

injector.

e There are two methods of fuel injection
o Air injection system - requires an air compressor

o Airless injection system - does not require air compressor
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Diesel Fuel Pump

e [t is used for airless injection.

e The injection fuel pump consists of a chamber, plunger, spring, inlet and the outlet valves.

e [t is operated by a cam fitted over a cam shaft. It is fitted at the head of the cylinder.
Working Principle

e When the plunger moves in the downward direction due to the action of the spring, the fuel
comes into the chamber through the inlet valve from the fuel tank.

e When the cam rotates, the plunger moves in the upward direction against the compression of the
spring.

e The fuel is forced through the outlet valve from the chamber to the injector.

e The injector forces the fuel into the cylinder of the engine in an atomized form at the end of the

compression stroke.

FUEL INJECTOR

e Atomization of diesel is secure through the fuel injector.

e Function of the injector is to split up the fuel into a spray and inject it directly into the engine
cylinder such that it is completely consumed, without smoke in the exhaust.

e The fuel pump delivers an accurately metered quantity of fuel under high pressure at the correct

moment to the injector.

— ADJUSTING SCREW

_— LOCK NUT FOR

| P
B S ADJUSTING SCREW
=1
\1 L SPRING RETAINING NUT
Ak o PRESSURE SPRING
- OFF
CONNECTION ~
N
/0
/5
FUEL INLET -
_~ INJECTOR. BODY
SPINDLE
—~ CAP
’ P AP NUT FOR NOZZLE
NOZZLE VALVE — ' — NOZZLE BODY

|

|
e The high pressure fuel from the fuel pump is injected into the cylinder with the help of the fuel
injector.
e The functions of the fuel injector are:
= Toinjectand atomise the fuel to the required degree;

= To distribute the fuel in such a way that there is complete mixing of fuel and air.
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Working Principle:

A typical spring loaded Bosch fuel injector or fuel atomiser consists of

1) Nozzle valve 6) Pressure spring

2) Nozzle body 7) Spring retainer nut

3) Cap nut for nozzle. 8) Adjusting screw

4) Spindle 9) Lock nut for adjusting screw
5) Injector body 10) Fuel inlet

11) Leak-off connection

e The high pressure fuel from the fuel pump enters into the fuel injector through the fuel inlet.

e |tacts on the nozzle valve from the bottom.

e The valve is lifted up due to the pressure of the fuel against the spring.

e Fuel is now injected into the combustion chamber of the engine cylinder in the form of fine
spray.

e As the pressure of the fuel falls, the spring passes the spindle and the valve is automatically
closed by the spring force.

e The amount of fuel injected is regulated by the duration of the open period of the valve.

e The pressure of the spring can be adjusted by means of the spring adjusting screw.

e Due to the upward motion of the valve, a communication between the fuel inlet and the leak- off
connection is established.

e Any leakage or overflow of fuel in the valve is taken out through the leak- off connection as

shown.

4. Working of Multi point fuel injector:
Principle MPFI:

Multi point fuel injection system is an electronic system in petrol engine which aims to have efficient
combustion with reduction in emmisions.

Electronic system senses the parameters of engine like speed,load,temperature, rpm to calculte the amount of
fuel which is to be injected and the pressure at which the air fuel mixture is to be injected.

The timing of injection is also taken in account by sensing the crank angle.

Working of MPFI engine:

When you step on the gas pedal, the throttle valve opens up more, letting in more air. The engine
control unit (ECU, the computer that controls all of the electronic components on your engine) "sees"
the throttle valve open (with the help of Mass airflow sensor) and increases the fuel rate in
anticipation of more air entering the engine.

It is important to increase the fuel rate as soon as the throttle valve opens; otherwise, when the gas
pedal is first pressed, there may be a hesitation as some air reaches the cylinders without enough fuel

in it.
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FUEL SUPPLY

FUEL FILTER

FUEL PUMP HIGH PRESSURE

FUEL PRESSURE
REGULATOR

FUEL RAIL

RETURN LINE

.
‘.
L
'
‘.

SENSOR HARNESS ‘ —
| | | l [ CONTROL UNIT (ECU)

THROTTLE COOLANT OILTEMP OXYGEN INTAKE
POSITION TEMP  (IFFITTED) SENSOR AIR TEMP
(IF FITTED)
Sensors monitor the mass of air entering the engine, as well as the amount of oxygen in the exhaust.

The ECU uses this information to fine-tune the fuel delivery so that the air-to-fuel ratio is just right.

KEY PARTS OF MPFI

Fuel Injector

Electrical Attachment

Pressurised
Spray Tip i »w/‘ } B
2

el Filter

Injector Casing

A fuel injector is nothing but an electronically controlled valve. It is supplied with pressurized fuel
by the fuel pump in your car, and it is capable of opening and closing many times per second

Engine Sensors

In order to provide the correct amount of fuel for every operating condition, the engine control unit
(ECU) has to monitor a huge number of input sensors. Here are just a few-
Mass airflow sensor - Tells the ECU the mass of air entering the engine.
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Oxygen sensor(s) - Monitors the amount of oxygen in the exhaust so the ECU can determine how
rich or lean the fuel mixture is and make adjustments accordingly

Throttle position sensor - Monitors the throttle valve position (which determines how much air goes
into the engine) so the ECU can respond quickly to changes, increasing or decreasing the fuel rate as
necessary.

Coolant temperature sensor - Allows the ECU to determine when the engine has reached its proper
operating temperature Voltage sensor - Monitors the system voltage in the car so the ECU can raise
the idle speed if voltage is dropping (which would indicate a high electrical load).

Engine speed sensor - Monitors engine speed, which is one of the factors used to calculate the pulse
width

Advantage of Electronic Fuel injection over carburettor:-

Better atomization of fuel

Lower emission of pollutant

Better flow due to elimination of venture

Rapid response time with respect to the changes

Improved fuel efficiency

5. Detailed working of common rail fuel Injection system.

Solenoid or piezoelectric valves make possible fine electronic control over the fuel injection time and

quantity, and the higher pressure that the common rail technology makes available provides better

fuel atomisation.

Rail Pressure Sensor é Pressure Limiter
r 28
&

Distribution Pipe (Rail) )L__|—|

High Pressure
Piston Pumps

Pressure
Regulating Valve

Fuel Temperature
Sensor

U
/7
7
[/
[/

i

Fuel Pump

1l
ECU

controller

Fuel Filter

o)

Tank

Other Sensors
- Reference Mark, Engine Speed
- Acceleator Pedal Position, Load Pressure
- Radiator and Air Temperature Sensor

¢+ To lower engine noise, the engine's electronic control unit can inject a small amount of diesel just before the main

injection event ("pilot” injection), thus reducing its explosiveness and vibration, as well as optimising injection

timing and quantity for variations in fuel quality, cold starting and so on.
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%+ Some advanced common rail fuel systems perform as many as five injections per stroke.

« Common rail engines require a very short to no heating-up time, depending on the ambient temperature,
and produce lower engine noise and emissions than older systems.

%+ Two common types include the unit injection system and the distributor/inline pump systems. While
these older systems provide accurate fuel quantity and injection timing control, they are limited by
several factors:

o They are cam driven, and injection pressure is proportional to engine speed.

e They are limited in the number and timing of injection events that can be commanded during a
single combustion event. While multiple injection events are possible with these older systems, it is
much more difficult and costly to achieve.

« For the typical distributor/inline system, the start of injection occurs at a pre-determined pressure
and ends at a pre-determined pressure. This characteristic results from "dumb" injectors in the
cylinder head which open and close at pressures determined by the spring preload applied to the
plunger in the injector. Once the pressure in the injector reaches a pre-determined level, the plunger
lifts and injection starts.

» In common rail systems, a high-pressure pump stores a reservoir of fuel at high pressure — up to and
above 2,000 bars (200 MPa; 29,000 psi).

» The term "common rail" refers to the fact that all of the fuel injectors are supplied by a common fuel rail
which is nothing more than a pressure accumulator where the fuel is stored at high pressure.

» This accumulator supplies multiple fuel injectors with high-pressure fuel. This simplifies the purpose of
the high-pressure pump in that it only needs to maintain a target pressure (either mechanically or
electronically controlled).

» The fuel injectors are typically ECU-controlled. When the fuel injectors are electrically activated, a
hydraulic valve (consisting of a nozzle and plunger) is mechanically or hydraulically opened and fuel is
sprayed into the cylinders at the desired pressure.

» Since the fuel pressure energy is stored remotely and the injectors are electrically actuated, the injection
pressure at the start and end of injection is very near the pressure in the accumulator (rail), thus
producing a square injection rate.

» If the accumulator, pump and plumbing are sized properly, the injection pressure and rate will be the
same for each of the multiple injection events.

Advantages:

1. Reduced noise and vibration.

2. Reduced smoke , particulates and exhaust.

3. Increased fuel economy.

4. Higher power output even at lower rpm.
Disadvantages:

1. High cost due to high pressure pump and ECU.

2. Technology cannot be employed in present engines.
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6. Detailed working of battery ignition system and magneto ignition system with neat sketch.
COIL/BATTERY IGNITION SYSTEM

Functions of Ignition System
1. To produce spark at the end of compression stroke to ignite the fuel .
2. To fire the air fuel mixture at correct time by giving electrical power to the spark plug.
Modern Sl engines use the battery or coil ignition system. Energy required for establishing the arc
Is obtained from a 6V or 12V battery.

Ignition ) ) Distributor
switch Transistor coil

Secondary (3
winding

Battery
peoint

Contact
/ breaker

|
0
o
Q
=
=
£

Construction :
Battery
Electrical power source.
Provides a voltage of 6 or 12 volts.
Ignition coil
Purpose of the ignition coil is to step up the battery voltage (i.e 6 or 12 volts to 20,000 or 30,000
volts) required to produce spark for ignition in the spark plug.
Ignition switch
It acts as a locking switch. Whenever it is in ‘ON’ position, the current will flow through the circuit.

Contact breaker

It is the mechanical device for making and breaking the primary ignition circuit.
Distributor

It distributes the high voltage to the respective spark plug at regular intervals in the correct sequence.
Condenser

It is connected across the contact breaker.

It is used to avoid excess sparking at contact breaker points and to induce a high voltage in the
secondary circuit by causing more rapid contact break of the primary circuit.
Spark plug

It is fitted on the cylinder head of the engine.
Working Principle:
The system has two circuits.

Primary circuit - Battery, Primary coil, Condensor & Contact breaker
Secondary circuit - Secondary coil , Distributor & Spark plug.
» When the primary circuit is closed by the contact breaker, current begins to flow through the
primary coil .

Page 26




ME8493-Thermal Engineering 1 Mechanical Engineering

» EMF induced in the secondary coil is proportional to the rate at which the magnetic flux
increases due to primary current flow.

» This EMF produced in the secondary coil is not sufficient to produce a spark at the spark plug.
When primary circuit is opened by the contact breaker, the magnetic field collapses.

» A very high voltage in the range of 10,000 to 20,000 volts is induced in the secondary coil due
to the sudden collapse of magnetic field in the coil.

» This high voltage is supplied through the high tension distribution to the corresponding spark
plug thereby producing a spark.

» Condenser in the circuit helps to achieve very rapid collapse of the magnetic field for inducing
a very high voltage.

» Without a condenser, the magnetic field collapse would be slow, producing secondary voltage.

MAGNETO IGNITION SYSTEM :

Description:
Main difference between coil (battery) and magneto ignition system is that the battery is replaced by a

rotating magnet.
» It consist of a switch, magneto, condenser, contact breaker, distributor and spark plugs.
» The magneto consist of a rotating magnet assembly and a fixed armature.
» The armature contains the primary windings and secondary windings.
» The magnet is located on the outer rim of the flywheel

. pistributor

Fixed .
y Armature

.|

lf,-q!,;

Rotating ::;?i?:? - N
mognet .

Working Principle:

% Engine is cranked by switching on the ignition switch.

The engine rotate the magnetic assembly.

As the magnet rotates, the EMF is induced in the primary circuit and the current flows through the

contact breaker point.

%+ When the primary circuit is opened by the contact breaker, the magnetic field collapses.

<+ A very high voltage is induced in the secondary coil due to the sudden collapse of magnetic field in
the coil.

% High voltage is supplied through the high tension distribution to the corresponding spark plug
thereby producing a spark.

+«+ Condenser in the circuit helps achieve very rapid collapse of the magnetic field for inducing a very
high voltage.

%+ Condenser also avoids sparking at the contact break points.

L)

X3

S

K/
A X4
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I\ Coil/Battery ignition system Magneto ignition system
1 The source of energy is battery The source of energy is an electro magnet
2 Easy engine starting Difficult starting
3 Sparking is good even at low speed Poor sparking at low speed
4 If is the battery is discharged the engine cannot | No such difficult.
be started.
5 Application: Used in cars, buses, trucks Application: Used in motor cycles, scooters

7. Detailed working of electronic ignition system.
TYPES OF ELECTRONIC IGNITION SYSTEM

Electronic Ignition System is as follow :

(a) Capacitance Discharge Ignition system

(b) Transistorized system

(c) Piezo-electric Ignition system

(d) The Texaco Ignition system

Capacitance Discharge Ignition System

It mainly consists of 6-12 V battery, ignition switch, DC to DC convertor, charging resistance, tank
capacitor, Silicon Controlled Rectifier (SCR), SCR-triggering device, step up transformer, spark plugs. A
6-12 volt battery is connected to DC to DC converter i.e. power circuit through the ignition switch,
which is designed to give or increase the voltage to 250-350 volts. This high voltage is used to charge the

tank capacitor (or condenser) to this voltage through the charging resistance. The charging resistance is

also so designed that it controls the required current in the SCR.

DC toDC
conmvertor
{Charging resistance) SCR To
DC R spark plug
Ignition switch to VWY D‘l -
DC \
250V | 350V P B
Battery _‘E: Tanl_i
612V _T. capacitor CT/——
or condenser SCR
triggering
device
- = A —

Depending upon the engine firing order, whenever the SCR triggering device, sends a pulse, then the
current flowing through the primary winding is stopped. And the magnetic field begins to collapse. This
collapsing magnetic field will induce or step up high voltage current in the secondary, which while

jumping the spark plug gap produces the spark, and the charge of air fuel mixture is ignited.
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Transistorized Assisted Contact (TAC) Ignition System

This system incorporates a normal mechanical breakers, which drives a transistor to control the current
in the primary circuit. Since a very small breaker current is used, erosion of the contacts is eliminated so
that good coil output is maintained. Also it provides accurate spark timing for a much longer period.
When a low inductive coil and ballast resistor are used with this system, excessive contact arcing
produced by the high primary current is also eliminated. The basic principle of a breaker-triggered,
inductive, semiconductor ignition system is illustrated in Fig. where a transistor works as of the contact
breaker, by acting as a power switch to make and break the primary circuit. The transistor performs as a
relay, which is operated by the current supplied by a cam-operated control switch and thereby called as
breaker-triggered.

High voltage to distributor

Ballast resistor
E - Emitter
Ignition

/ switch

Battery

pu—
—_—

- 3

Contact
breaker

=

A small control current passes through the base-emitter of the transistor when the contact breaker is in
closed condition. This switches-on the collector-emitter circuit of the transistor and allows full current to
flow through the primary circuit to energize the coil. The flow of current, at this stage, in the control
circuit and transistor base is governed by the total and relative values of the resistors R\ and R2. These
resistance values are chosen to provide a control current of about 0.3 A, which is sufficient to provide a
self-cleaning action of the contact surfaces without overloading the breaker. When the spark is required,
the cam opens the contact to interrupt the base circuit, which causes the transistor to switch-off. With
sudden opening of the primary circuit a high voltage is induced into the secondary, which produces a
spark at the plug.

Advantages

(@) The low breaker-current ensures longer life.

(b) The smaller gap and lighter point assembly increase dwell time minimize contact bouncing and
improve repeatability of secondary voltage.

(c) The low primary inductance reduces primary inductance reduces primary current drop-off at high
speeds.

Disadvantages

(@) As in the conventional system, mechanical breaker points are necessary for timing the spark.
(b) The cost of the ignition system is increased.
(c) The voltage rise-time at the spark plug is about the same as before.
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Piezo-electric lIgnition System

The development of synthetic piezo-electric materials producing about 22 kV by mechanical loading of a
small crystal resulted in some ignition systems for single cylinder engines. But due to difficulties of high
mechanical loading need of the order of 500 kg timely control and ability to produce sufficient voltage,
these systems have not been able to come up.

The Texaco Ignition System

Due to the increased emphasis on exhaust emission control, there has been a sudden interest in exhaust
gas recirculation systems and lean fuel-air mixtures. To avoid the problems of burning of lean mixtures,
the Texaco Ignition system has been developed. It provides a spark of controlled duration which means
that the spark duration in crank angle degrees can be made constant at all engine speeds. It is a AC
system. This system consists of three basic units, a power unit, a control unit and a distributor sensor.
This system can give stable ignition up to A/F ratios as high as 24 : 1.

Following are the advantages of electronic ignition system :

(@) Moving parts are absent-so no maintenance.
(b) Contact breaker points are absent-so no arcing.
(c) Spark plug life increases by 50% and they can be used for about 60000 km without any problem.
(d) Better combustion in combustion chamber, about 90-95% of air fuel mixture is burnt compared with
70-75% with conventional ignition system.
(e) More power output.
(f) More fuel efficiency.
8. Different methods of lubricating IC engine

Lubricating System of I1C Engine:

Moving parts rub against each other causing frictional force because of which heat is generated and the
engine parts wear easily.
%+ Power is lost due to friction.
¢+ To reduce the wear and tear and also the power loss of the moving parts, lubricant is used
in between the rubbing surfaces.
Parts to be Lubricated

1.Main crankshaft bearings 6. Cam shaft and its bearings
2.Big end bearings 7. Valve mechanism
3.Gudgeon pin bearings 8. Electrical equipment
4.Piston rings and cylinder walls 9. Crank pin

5.Timing gears 10. Piston pin bushes

Functions of Lubrication System

1. Reduces friction between the rubbing surfaces.
2. Reduces wear and tear of the rubbibg parts.

3. Reduces the temperature of the working parts.
4

Reduces the noise.
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5. To keep the rubbing parts clean by removing worn out materials and carbon dust.

6. To act as a sealing between the cylinder and piston and it prevents the leakage of gases.
7. To serve as a cushion against the shocks of the engine.

8. To reduce the power loss due to friction.

Types of Lubricating System:

1.Mist lubrication system or Petroil lubricating system
2. Wet sump lubrication system

@ Splash lubrication system

(b) Pressure or forced lubrication system

(© Gravity lubrication system

(d) Semi-pressure lubrication system

3. Dry-sump lubrication system

SPLASH LUBRICATION

» An oil sump or reservoir is fixed to the bottom of the crank case.

» During each revolution of the crank, when the piston reaches BDC, the protruding portion of the
connecting rod, namely, scoop is dipped in the sump.

» Due to the centrifugal force of the revolving crank, the oil is splashed to the piston, cylinder walls,
connecting rod, crank and crank-shaft.

» Grooves are provided in the connecting rod to distribute the oil to the portions of the engine not
splashed directly.

» Grooves also facilitate flow of oil back to the sump for reuse.

COMN. ROD

OIL GROOVE

SPLASH

C-R.BIG END BEARING
CRANK

CRANK SHAFT

OIL SUMP

CRANK ‘CASE s

» To maintain proper oil level in the sump to ensure effective splashing, an oil gauge in the form of a
sight glass can be installed in the sump.

» Since the oil is splashed by the centrifugal force of the revolving crank, speed of the engine using this
system should not be below 200 rpm.

» Itisused in small output stationary IC engines
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PRESSURE OR FORCED LUBRICATION SYSTEM

- CRSS.

¥) QL PRESSURE
’ GAUGE

TO CAM SHAFT

GEAR PUMP
OIL STRAINER -

Oil is stored in oil sump. oil is pumped by the gear pump from the sump through an oil stainer, at
a pressure of about

2 kgf/m?.

High pressure oil is filtered in the filter and is flown to the main lead or gallery.

From the main lead oil is supplied to various smaller leads.

Some of the oil from the main lead is supplied at high pressure to the crank shaft main bearing
from where the oil flows to the connecting rod big end bearing through the diagonal holes drilled
Oil from the small end bearing flows to the pistons and cylinder walls at a relative lower
pressure.

Camshatt is also lubricated from one of the smaller leads of the main leads.

After lubrication, oil falls into the sump.

An oil pressure gauge is connected to the main gallery.

The pressure lubrication system is used for engines which are exposed to the high engine loads.
Supply of the oil under prescribed pressure and maintenance of correct sump are of vital

important for the safety as well as efficient engine operation.

MIST (OR) PETROIL LUBRICATING SYSTEM

It is used for two stroke cycles engines (scooters and motor cycles).

3 t0 6% lubricating oil is added with petrol in petrol tank.

Oil and the fuel is injected through the carburetor.

Petrol is vaporized. Oil in the form of mist, goes into cylinder via crankcase.

Bearings, piston, connecting rod, cylinder walls are lubricated by this oil mist.

If insufficient quantity of oil is mixed with petrol, the lubrication is inadequate and under severe
conditions may even result in the seizure of the engine.

On the other hand, the larger proportions would give raise to exhaust smoke and deposition of

carbon in the cylinder head and exhaust port.
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Advatages
»  System is very simple

»  Low cost
Disavantages
» Suitable only for small engines.
» If the oil added is less, there will not be sufficient lubrication. It may results in the seizure of the
engine.
» If the oil added is more, it will lead to exhaust smoke and carbon deposits in the cylinder,
exhaust ports and plugs.

DRY SUMP LUBRICATION SYSTEM

It is similar to a pressure lubrication system.

But lubrication oil is not kept in the oil sump, hence it is called as dry sump system.
In this system, the oil is kept in a separate oil tank.
oil is fed to the engine by using pressure pump.

YV V. V V V

The oil which falls into the sump of the engine during working is sent back to the tank by means
of a separate pump (scavenging pump)

» This system is applicable in aircrafts.
9. Different methods of Cooling IC engine

AIR COOLING SYSTEM
Air is made to contact with the cylinder block and head and takes away the excessive heat.

To increase the air contact area on the cylinder blocks and cylinder head fins or ribs are made.
Air cooling is mostly used in small cars as well as engines of motor cycles and scooters.

vV V V V

Also aircooling is used for heavy diesel engines as used in Eicher tractor and Kirloskar generator
set engines.

» Motor cycles — flow of air is achieved by forward motion.

» Cars —air is thrown over the engine by a fan or blower built into the engine fly wheel.
Advantages

Engine weight is less (no radiator, water, water pump)

Engine requires less space.

Design of air-cooled system is simple and less costly.

No danger of leakage of the coolant.

No water freezing hazard in air-cooling system.

No maintenance of water pump fan, fan-belt, hoses etc.

VvV V V V VYV V V

Installation is easy - it doesn’t require radiator, headers & piping connections.
Disadvantages

» Air cooling engine produces more sound (no water jacket for damping sound).
» Volumetric efficiency is less.
» Air cooling system is not suitable for multi-cylinder engines.
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WATER COOLING SYSTEM

» Water is used to take away the heat.

» Wiater is circulated through water jackets around combustion chambers, cylinders, valve seat and

valve stem.
» Water takes heat of the combustion and it is cooled by the radiator fan for water recirculation.

Main parts in the water cooling system are:

1. Radiator 5. Thermostat
2. Pressure cap 6. Hoses
3. Fanand fan belt 7. Water
4. Water jackets in cylinder 8. Water pump

block and head

a) THERMO-SYPHON/NATURAL COOLING SYSTEM
Principle:Water circulates by virtue of pressure difference arising from the difference in density between
the hot water in the jackets and the cold water in the radiator.
Working

» Force required to circulate the water through the system is the difference in pressure head due to

hot and cold water.
» Density difference between the hot and cold water is the basic working principle of thermo-

syphon system. Density of hot water is lesser than the cold water.

Radiator cap
-Upper tank

Fan

V bel drive

e bt 1D

circulation
— —_— _—

Engine

Radiator T~ Lower tank
» Water when heated up becomes hot and light. Hence it moves up.
» At the same time, the water at the top being cool and heavy ; it moves down.
» In this way circulation starts by itself is known as thermo-syphon cooling system.
LIMITATIONS
1. More quantity of water is required.

2. Complete system will stop working in case of damage or choked hose pipe.

3. Dead weight of vehicle increases for carrying more water and bigger radiator.

4. The use of this system is recommended for small capacity engines

5. Engine should be placed as low as possible in relation to the radiator since the force causing the flow
is limited by the temperature difference of hot and cold water.

6. The water level in the system should not fall below the level of the delivery pipe, otherwise the

circulation of water in the system will stop.
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b) FORCED WATER COOLING SYSTEM
» Most commonly used systems for cooling the engine.

> A water pump is used to pump the water from the lower tank of radiator to cylinder and cylinder

heads to water jackets.

» Water is circulated with the help of pump. The pump is driven by means of a belt which is driven by
the crank shaft.
ADVANTAGES

»  As water is in direct touch with cylinder walls and cylinder head, it takes away heat quickly.

For multi-cylinder engines, it is more suitable than air cooling.

>
»  This system is cheap because water is cheap and easily available.
>

Engine temperature can be controlled properly due to use of thermostat.

>
>
>

T Thermostat

LU IGL
s-Lower tank - \ik=

Drain trap Radiator tubes

Water jackets reduce the engines noise.
Engine with water cooled system can be fitted in any position in the vehicle.

Uniform cooling of calve, cylinder head and cylinder is possible with water cooling.

DISADVANTAGES

>

vV V.V V V VY

>

Weight of radiator with water pump, etc., increases dead weight of the vehicles.
Water freezes at zero degree temperature.

Water boils and evaporates at 100°C.

Water corrodes the metal parts in the system.

Pump requires considerable power compared with the power required for the fan.
Initial and maintenance are higher.

It is dependent on supply of water.

Serious damage may be caused in the case of failure of the cooling system.

ANTI-FREEZE SOLUTIONS

>

To prevent the cooling water from freezing down, some chemicals known as anti-freeze solutions
are mixed up with water.

If water freezes in the engine, the resulting expanding force is sufficient to crack cylinder block
and radiator.

Anti-freeze solutions are added and mixed with cooling water to prevent its freezing.
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AIR COOLING SYSTEM Vs WATER COOLING SYSTEM

AIR COOLING SYSTEM WATER COOLING SYSTEM

Weight of the engine is less Weight is more due to water in the radiator

No problem of leakage or freezing of water Both the problem is exist

More noise Less noise as water dampens the vibration
Maintenance of the cooling system is easier Maintenance is difficult

Control of temperature is different It can be easily controlled by fitting a thermostat
The heat transfer rate in the system is less The heat transfer rate in the system is more

Air cooling system is mostly used in small vehicles | Water cooling system is used in medium and
like scooters, mopeds, motor cycles etc... high capacity engines like car, bus, trucks etc...

10. Working Spark Plug and Crank Compression Ignition
SPARK PLUG
» Spark plug transforms the required voltage generated by the ignition system into a spark within
the combustion chamber of the cylinder.
It consists of a casing which is screwed in the combustion chamber.
An insulated electrode is sealed within the casing to prevent leakage to the spark plug gap.
A second electrode is fastened to the grounded part of the casing.
At the end of compression stroke, the charge is ready for ignition.

The spark that is formed, jumps the gap between ends of the two electrodes.

YV V. V V V V

The gap between them varies from 0.45 to 0.65mm

— TERMINAL

___— CERAMIC INSULATOR

— SEALING MATERIAL

CASING

ELECTRODES

Fig 4.15 Spark Plug
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COMPRESSION IGNITION SYSTEM

No special arrangement is necessary for ignition, since the temperature
of the compressed air is higher than the ignition temperature of diesel.

Diesel is injected into the cylinder before the end of the compression stroke.

YV V VYV V

As diesel particles come in contact with the hot compressed air, they vaporize
» and ignite.
11. Detailed explanation of supercharger and turbocharger.
The power output of an engine depends upon the amount of air inducted per unit time and the degree of
utilization of the air, and the thermal efficiency of the engine
Three possible methods utilized to increase the air consumption of an engine are as follows.
» Increasing the piston displacement: This increases the size and weight of the engine, and
introduces additional cooling problems
» Running the engine at higher speeds: This results in increased mechanical friction losses and
imposes greater inertia stresses on engine parts.
» Increasing the density of the charge: This allows a greater mass of the charge to be inducted into
the same volume.

Supercharging:

The method of increasing the air capacity of an engine is known as supercharging. The device used to
increase the air density is known as supercharger. Supercharger is merely a blower or a compressor that
provides a denser charge to the engine.

S| Engine

In an IC engine, Supercharging in Sl engine is employed only in aircraft and racing car engines. Apart
from supercharging is the process of improving the volumetric efficiency of the engine by using the
power of engine, supercharging results in an increase in the intake temperature of the engine. This
reduces the ignition delay and increases the flame speed. Both these effects result in a greater tendency
to knock or pre-ignite. For this reason, the supercharged petrol engines employ lower compression ratios.
Cl Engines

In case of CI engines, supercharging does not result in any combustion problem, rather it improves
combustion

Increase of pressure and temperature of the inducted air reduces ignition delay and hence the rate of
pressure rise results in a better, quieter and smoother combustion.

Mechanical Supercharger:

A supercharged engine gives better power for the same amount of fuel that a non-supercharged engine

does. A turbine which acts as a compressor is connected to the crankshaft through a belt. When the
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combustion begins and the crankshaft rotates the belt connecting the compressor rotates sucking in more

air and improving the air fuel mixture. Thus improving the power output for the same fuel quantity.

ﬁ Turbine C'ompres.s.or. -
; I Air Intake
—= . o= |
— d A
xhaus
Air Intake o) . . Fanst
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Turbocharger:

The blower/compressor and the turbine are mounted on the same shaft. The compressor is run by the

turbine, and the turbine in turn is run by exhaust gaese.

_ Compressed Ar Flaw
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The difference between supercharger and turbocharger is the turbocharger get power from exhaust gas to
run the compressor through turbine. In petrol engine combustion pressure is low so the energy in exhaust
gas is also low compared to diesel engine so turbocharger for petrol engine not so efficient.

The advantage of supercharging is better combustion and so the total power produced by engine is also
increased. This advantage is due to availability of higher oxygen during the combustion which ensures
better combustion.

Supercharger and turbocharger are provided for the same function to increase volumetric efficiency. But
the supercharger commonly used in petrol engine and turbocharger used in diesel engine.

The difference between the two devices is their source of energy.

Turbochargers are powered by the mass-flow of exhaust gases driving a turbine.

Superchargers are powered mechanically by belt- or chain-drive from the engine's crankshaft.
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Superchargers increase intake by compressing air above atmospheric pressure, without creating a
vacuum. This forces more air into the engine, providing a "boost.” With the additional air in the boost,
more fuel can be added to the charge, and the power of the engine is increased. Supercharging adds an
average of 46 percent more horsepower. In high-altitude situations, where engine performance
deteriorates because the air has low density and pressure, a supercharger delivers higher-pressure air to
the engine so it can operate optimally. To pressurize the air, a supercharger must spin rapidly -- more
rapidly than the engine itself. Making the drive gear larger than the compressor gear causes the
compressor to spin faster. Superchargers can spin at speeds as high as 50,000 to 65,000 rotations per
minute (RPM). As the air is compressed, it gets hotter, which means that it loses its density and can not
expand as much during the explosion. This means that it can't create as much power when it's ignited by
the spark plug. For a supercharger to work at peak efficiency, the compressed air exiting the discharge
unit must be cooled before it enters the intake manifold. The intercooler is responsible for this cooling
process. Intercoolers come in two basic designs: air-to-air intercoolers and air-to-water intercoolers. Both
work just like radiator, with cooler air or water sent through a system of pipes or tubes. As the hot air
exiting the supercharger encounters the cooler pipes, it also cools down. The reduction in air temperature

increases the density of the air, which makes for a denser charge entering the combustion chamber.

| WORKED EXAMPLES |

Example 11.1. A four cylinder four-stroke engine having dicmeter and length of siroke os
1) m oagnd 130 mm respectively &3 renning af 1500 ropor ie corboredttor veniprt hor o 28 mm
throat, Apsuwming co-afficiend of air [Tow 0.5, density of air 1,2 kg."m" and columetric efficiency of the
EREERE 1E FF Ber cEnd, detarmine the suciion of fhe hroat

Solution. Fiven : D= 10 mm =01 m;L = 120 mm=§.12 m; N = 180 r.pon |

Throat diameler, dE =ZBmm=002Em; ﬂ* =08 ; p.= 1.2 h.g."m’ iMyy = T

Suction at the throat Ap, ©

Stroko volume = : 20D % 012 % 4 = 0OOFTT m?

Actual volums per strokes = 1, = GO003TT = 0.75 « (L00877 = 000233 m!
Actual volome sucked per second

= 000283 x 19 1 o oazas mle
T &0
T, 0.04245 » 1.2 = 005094 kp's
As the initial temperature and pressure are oot given, the problem i solved by approximate
method ie, neglecting compressibility of the air.

iy =0y = Ay = 2, Ap, . [Eqn. 11.4]
005084 = 0LE = %‘{n.ﬂimﬁ JE 12w Ap,
=763 = 10-4 Jap,

I 2
005094
= = dAST Nim® = 0.04457 bar. (Ans.)
e mr] - N

Example 11.2. A spark ignition engine on tesd consumes 5 kg 'k of petrol when running or an
ir-fuel ratioof 16 : 1. The engine user a single-fet oarbiuretior haveng & fiesl orifics aree of 2 a7 mm
and the tip of the jof is § mm above the level of pefrod in the floal chamber, when the engine iz ot
running, Calewlafe the depressior in the venturi throad to maindain the reguired (el ow roe through
the cerbwreitor, Assume specific grovity of petrol os (.75 and the coefficient of dischargs of e fleel
orifice as (.8 What area of verturi throat will be required fo mointain the desired low rate § Densily
of air iz 1.20 .ﬁg."m*? and the cocfficient af discharge for venturi throat is ﬂ.&.’fﬁg{mlmw:bﬂitr
of wir. {Roorkes University, AMIE, 5-2000)

Solution. Given @ my = Es—mi = (LO0136% kp's | A/F ratio =361 ;
Fuel orifice ur&a.ﬂ.,-:imm*:!& Il iz =S mm=0.0058m;
Sp. pr. of petrol = 0.95 ﬂ'*,-='|}.3, Py = LE kpfm® Cy = 0B
Depression in ventori throat, Ayt

,. Theactual fuel flow rate iz given by,

my = C . Ay [2p (00, — F2pp) -[Eqa. (11.7)]
where Ap_ 13 in Nfm®.
or DO013ES = 0.8 % (2 % 10-5) TG = LU (a7, - 9.81= 0005 = 0.75 = 1000
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136D ——e
or _ i _ - 38,73 A, - 367G
LR Jao
o 26,7 - 000135
r 4pe = “laBxze10F 373
Ap, = 6308 Nim?. (Ans)
Throat ares, A, :
Air flow rate, @ = Efﬁxﬁ:ﬂtﬂzﬂ legfs o Throat
) ] Y I
Also, m, =Cyxd, B dp,  _(Egn.(114)
(Here Ay = A}
DEERE = 0.6 w A, ST w1 2w 5ana]
0022232
Epu— =7, -3
h 08 3% 12=53021 7208 % 1074 m PR T r
= T.7208 em®. (Ans.) i 1154
Example 11,3, The following diata refate to o petrol engine : Fig
Petrol consumed per hour = 72 kg
The specific grovity of the fuel = .75
The temperature of air =20
The atr fuel rotie =115
The dicmeter of the choke tube = 24 mm
The height of tap of the jet chove the patrol level = 4.2 mm = 00042 m in the Toat ehamber
The co-efficiens of discharge for air =08
The vo-efficiont of dizcharge for fuel =07
Avmeogpluteic presswre = LOLT ber

Calewiate the dicrcter of the fuel fot of a simple carbareiior,

T2 i .
Solution. Gives : Fity = ﬁ l::-'a:pl,.n{!l.‘i'ﬁ.n lﬂM:?Eﬂ'Im'm’;T]-E? + 273 =300 K ;
AfFratine1: 15 dy =24 mm = 0,028 m ;2 » 4.2 mem = 00047 ;
=080, =07 p, = LOI3 bar,
Diameter of the fuel jet, dy:

We e AL Lonaxu®
© kaow that, Pe™ BT, T {0387 = 1000) % 300

Air flow rats, ny, =4, c,:.: 1'3;'-1‘!'?-2-
1672

o
3600 4
=556« 104 Jag

= 1176 kp/m?

# 100241 3 0.8 [T o 1176 # ap,

LS T S
= | Se00xsEx107 ) - Rt

Fuel flow rato, my = ."-‘..ll l'.'q, 2l A, - B2y ) JEgn. 11.7]

or A= Badd x 104t = 2!

CARBURETION AND CARMURETTORS A

T2 =

—_ 29—

Shon = ¢ (¥ £ 07 2% TED (23922 981 x 00042 ~ 750}
= 1144.89 (d J*

L'E
o R
d, = [aaunxuuan] =132x107" m  or 132mm. (Ans)

_md;ﬂ:r_.u?}:t 1!-}‘};?:2?“”&”% under ? certain condition delivers 545 hgih of petrod
[T @ir-fuel rati & fuel fet arew is 2 mm® ipith o eoafMctent of discharge of 075, If the tip
o the fuel jof ix 0635 pm abave fhe fesel off petrod in the floet chamber and the penturs throat coeffi-

caent of diseharge iz prsumed o be 080, caloulare -
6} The venturi depression in cm of H,0 nesessary to couse air and fuel flows at the desired

rote,
[l The venduri throad diameter.
(i) The velocity of air aoross the ventusd throat,
¥ou may ke denpity of mir = .29 kglm® anid specific gravity of period = 0,72

(Madras University)
Solution. Given : my = 35&4[51 = 0001514 kg's ; AF ratio = 16| A, = 2 mm?
=0 1l'.'l"3n12;Ed,:D.?E;z:ﬂ.ES.‘im:ﬂ.ﬂﬂEMm sOp = 0B
Po= L28 kp/m® ; Sp, gr. of petrol = 0.72
) Venturi depression, Ap,
fip = Oy A, m-ﬂ"a —.!'IP,I-_:' ~[Ean, (1171

where &p_ i in Nim?,

D-DOLE14 =076 x 2o 10°% [2 % (072 % 10000 LA, - 5.51 = DOORIR = 0,72 » 1000}

01514 ———
BT w2 10~ 5105 lAn, - 44 EE)

2
or — 4485 = r_n:mﬁ_ = -
s \DTE 10" 3Tgs ) 0D

8, = T52.20 Nim? m oot

oAl ™ of water = 767 em of H,0. (Ans.)
2} Venturi throat dinmater, I, :

Alr flow rate = 845 w15 = 003271 kpds
-‘“ﬂ-ﬂ. mn =c-d.|.A| \I'EE

022V =08 =4, w100 e Tha re

¥
BAdd = 10wy
o= | FHEEE

| P
- ] = 00286 m = Z.86 em. (Ans)
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(i) Velogily of air atross the ventari theoat C,

€, lor C) = JM
Py .
‘Ili % 9.81 0.00635 x (.72 x 1000)
"V 1w
Example 11.5, A carburetior ; tested in the lnboratory has is floal chamber vented to aémos-
phere, The main metering svalem ia adinated to give an airfuel rotio of 15 ! 1 af sea lrvel conditions.
The pregsure of the venturd throat (0.8 bar, The atmospheric pressure i [ bar. The seme oarbured-
for iz fested mpain when an air cleaner iz fifted af the inlet to the carburetior, The pressure drop o air
cleaner is found to be 30 mim of Hg when air Tow af sen lebel candition is 240 kg Fh, Asapming zero fip
and constant coeffcient of fotw, coloulate 1) the throat pressure when the air cleaner i fitfed
and (i) air-fuel ratic when the oir sleansr i feesd, . (Bombay University}
Bolution. Hiven : ASF catbo = 15 1 at sea lovel conditions
py =1 har ; py = 0.8 bar ;
(il The throat pressure when the air cleaner is fitted
uantity of air flowing is same in both the cases.

Uy ) = Can Ay 205 0Py = P2
When there 1= ne air clacrar,
Mg =Py -pg = 1-08=02bar
When the air cleener is fitted, let b be the throat pressure, then

. AEqn. 1L1E)

=534 mis. (Ans)

. 30 iy
4p = [1—[1*]00# 136 = G610 = o 10 ) p.] baar
= (0.06 - p,) bar [+ 1bar=10f Km?)

Far the same air flow and constent ceefficients,

Ap, = ApS
0.2 = 0.86-p,

o p,= 0.7 bar, (Ans) -
(if} Alr-fusl ratlo when tho alr cleanor is fitbed ©
Without air c'ln.-nnn-:-,_n,ur: Ap = 0.2 bar
With air cleaner fitted {with fAeat-chamber etill vented to atmosphers],
4pp=1-0.76 = 0.24 bar

As 4p; has increased more fuel will flvw makiog the micture richer.

[&p ; without eir cleanar
Hmﬁ!Fr&Eu:&Imewh-&nahmmriunntﬁﬁeda-t.u Ay with air cleaner

02
T - ol
15 = T 13.89. (Ans)
Example 11.6. A simple fet carburettor is required fo supply 4.6 kg of air per minute, The
prezsure and femperaiicre of alr are LOTF ber gnd 25°C respectively. Assuring flow to be lsentrops
ind compressibile and velocity coefficient as 0.8, calealate the throat diameter of the choke for air

How velocity of B0 m/s. .
Solution. Given : =%=MT¢1 kgl ; p, = 1.013 bar, T, = 25 + 273 = 208 K ;
Cp=0;C,=80mfs; G, =08

CARBURETICN AND CARBLUEETTORS

43
Thmtdinmthrﬂ,l
Applying 8.F.EE. at sections 1-1 and 22, wa have
® k3
hy+ 5—+Q-—}:,+Ei--rﬂ-’
2 2
or by =k, tE_; [ Q0w =0
2 cy=0 |

er Ty = 2ihy - Ag) )
s NN

U

i

Fig. 11.24

E]I:R[_T_] -ﬂ.ﬂ'fx‘]l'-f.l:l_l}[ls M&EK

[ B4-1 e
A0 = 0 |2 1005 = 1000 x 288 1-[_3‘3_] L P PO -
\ 1.013 113

- Eoras

k|
R ~ A
" ! [I.i}lﬂ..l _[ﬁmlﬁ} 201663

1
ar Throat pressura, my= I‘l‘“ﬂlﬁﬂ}“*ﬁ}n 1013 = 0.955 bar
L

A 1013 = 10¥

fy= — AK -
: 2T RT, " (0287« 1000) 5 pag 1B ke
How ] pe¥ = constant
ur £ u constant
ot
nr M_m
U
P - 0955 i
ar . Li
Pe=p| == =11844 | — = 1.1358 B
: [m] '[l.ma] kgim
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4014
We knaw that, i, (= pAC) = pg A, Cy '
00767 = 11356 = A, x 80 (where A, = throat areal :
or Ag = 8,443 x 107 m? ¥
or Ag=8.443 w 107 =% d? 1
]

l
Throat digmaeter, dy = [&]:u\| "= 00328 m or 528 ¢m.  (Ans.) i
g
Example 11.7. A smpie jet carbarettor is roquired (o supply 6 kg of cir per minufe and |
0.45 kg af fusl of density 740 kg!m?. The air is initially at 1,043 bar and 27°C.
{1} Calealote the throot diameter of the choke for o flow vefocity of 82 mie Veloeity coeffi-
ciert = 0.8
(12} If the pressure drop across Phe fuel metering orifice is 0.75 of tha! of the choke, calculate
the arifice dinmeter assuming G, = D60 {AMIE, 8-2001 ; Nagpur University}
. _ G . 046
Solution. | B e—m i =—— =TS i Py= T4D H
om. Given ; i, = =01 kel my == ks | oy kgim?
Py= 1013 bar; T = 27T+ ETS = A0D K ; O, = 02 mis ; O, = 0.6,
C'm.—ﬂ.ﬁﬂ.
(i} Throat diameter, I, : |
Velocity of air at veaturl throat, i

-1

2,7y 1-(%] !

Cr=ly

-

Lid=1

B = 8 l:muﬁx 1000 300 1-|rﬂ] H
: (N

= 0021932

ba
ar P R 3 %
B VB T 2 100S = 1000 x 300

-

{9z jl’ 1

= 097807 | £2 _ gaos
A

2
WP

= 1.013 & 0 825 = 3.937 bar
Py = gyt i
|

TN
Uy = '.ILL—J-]
)

ar

1
JEn(1
py WDAEGEJ 3
DT
. 29':":-:3{:0[ P b ses mivkg

1013 % 10 | 0525 )

CARBURETION AND CARBLRETTORS
485

Naw, i =ﬁ_|2{
iy

5 Th g

roat are, A, ficg_a'ﬁ - '31_";2-% =976 107* m? = .76 cm?
i
P But A= Fi U:i =826

o ]
By for B)= ‘JE?—‘ = 3525 e, (Ans.)
lif) Orifice diametor, d, :
Pressure drop at venturi = 1013 = 0,937 = 0,078 bar
Pressure deop gt jet = 0,75 = 0078 = (L05T har
N ; e
oW, My = ""n’cd.l' ‘IEP(IE'P

0.0075 =4, x 0.6 2 x T40 % 0067 % 10° = 174268
Ar=4.304 2 109 m? o 4304 mm?

But, A= E:ff’-—.-i.'an:u
d 4x4304
re — 234 mm. [Ans)
Example 118, The fallowing dain wfrmk
o ng relafe fo g - ¢ petrol engine of Hinduston Ambogsa.
Cupacity af the petrol engine = 8% oo
S gy wﬁél‘fh faximum power is developed = 200 rpom,
The volumetric efficiency fof the ehore speed) = 75 percent
Tha airfieel ratip = i3]
Theoretical air speed af choke ot peak pamer) = E.F;m.f:
The co-efficient af discharge for venfur = .82

The co-efficient of dizcharge of the main petrol jet = (LG5

The spevific Erawdy of petral =074

Level of petral surface below the choke - l.';..l‘r'l'.'l

Atmaspheric pressure and temperature = L0183 bar, 200 respectively

An ellowance skould be made )
percent of the EM‘!:;&:.::HW_E for the emulsion fube, the diameter of which ean be daken g 40

Crlculate the sizes of o suitable choke and main je,
Solution. Geen ; 1-} = 1488 c.e. = 14B8 10 m? = 0001480 m?; N = 42040 rpm
:d.ﬂ'??;ﬁ%l:;!mff ratin=13:1; (), (= 1"_',"2:-=.’.ﬁl‘u.*u,'l!:,'l__| =082 0y = 065 ; o
=074 = =Tdl k - = = i I
et ,,Jn'l;-{rmgm;d..nqﬂﬂ_lrm iyl pd}-I.EI:IE]:Iar._p!&FI]a Pl i=T, =20+ 272 = 203 K ;
Yalume of alr induesd = TN 8 ¥

o 075« 00014859 « 4200
- - = 003809 mh
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. Pt _ 1018x10° % 003806
IMass flow of air, mig = R, —[!.‘EHT}{ 1“-3 —558 [ ks
For compresaible flow, velovity at throat,
- '|:—|. 1
o= [ #Te 1 —(i] ! j ~JEqn. (10130
Pa
| o ta-1]
5= [foxrmae {1008 111*,-{1--*’!} H
Fa J
& OEET
- 1-
BS = V67 .4 [ {Pu) ]
1
0857
) [1- (=) | -
TETA
aF p, = 1013 = 0.9576 = 0.97 bar
Valwme [Jow of air at choloe,
].
u, = 003909 x [-"‘}'
B
b1
103
= 003508 « | =—— |7 = 0.04032 ms
] u[ T ]
A= ﬁ “u.'n:mugi = 0.0005TBS m = 578.6 mm?
d 2a
Naw, % (D% - d% = GTAS
ar % [EF 0.4 D] = BTG
or % w 054 D = 5TBE
or Choke dis., D = 2061 mm. (Ans) —
C my, D047
Mags flow of fuel, ™y = ?;'= TR 0003822 kg's
i Cy. Ay [0 Tap, - gepy ) o [Eqn. (1171
DUMIEEE = 065 » Ay J2x 740 (11008 - 0,87 = 107 - 9.81 0,006 x T40)
= 1639.75 A,

CARBURETIGN AND CARBURETTORS 4
Ay 2209 2 10 m? ar 208 mmE
f
A== Dm’ = 320

D, = L&8 mm. (Ans.)
Eﬂmﬂe 119, The _hﬂmngdm!a refier fo o simgrle mrﬁuml-nr

Throat disrmeter = 18 mm

, Diametsr of fieel orifice = 1.2 mm
Co-efficiert of air flow =052
Co-efficient of fleal oo = (LGS
Level of petrol surfocs below the throat = mm
Demaity of aur = 1.3 kgim?
Diemsity of fuel = TS0 kg ! .
Calewlods !

-.’J‘-T.'uMFru:n:,Fnrnprmrzd'mpnm.ﬂﬁﬁbarwmuhmkhpumghmd
{54} The AVF ravio when the noeels lip is taken inta mrenuni ;
() The minimum welocify of air or critical fred
noexle Eip it prouitin gir velocity required to atart the fuel flow when
Salution. Given ; d, = 18 mm = (L& & ;
dy= 13 mm = 0.0012 m ; C,, = 0.82 ; Cp=065; 2 = 6 mm = 0.006 m |

Py = 1.2 kgl ; p, = 760 kg
(it A/ F ratio when the mozzle lip is neglectod
Air flow, My =Cu A, 20 4p, w[Eqn. (11.4]]
Fuel flow, my = Oy A, Sipcdp
AVF ratio = Sin Ay [Py
Cor ArYry .
_bs romeY (12
T [unmz) Viag = 1135 (Ans)
i
. - r % .|=1
b 1% (4]
[ =d? A\ )
¥ (i) A/ F ratio when the nozzle lip is taken isto noeount : ‘ .
The air floe will remain some. The fuel Tow will benome,
iy = O % Ay [20, (45 - mﬁ [Egn. (11.7)]

A/F ratip = - -h if
Cyr Ar Yoy Y 4p. = gspy

- Eﬂ[_uma] iz | 0.065 -
065 L0002} VTR0 Y0085 - (981 x 0006 x 750105

CllsE | 0066
V 7065 - 0,00044145

= 1138, [(Ans)
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(2} Minjmum velooity of air, Cy:
The oo of fired when i és provided yir Thus, ai ired f ka i £
. i start only ihe . . ) us, alr required for combustion of 1 kg of fuel
mme*P:mH%ﬁFMWﬂf&:{;:‘: Hﬂwmmxn:_;::m;r#u:rwumf l’ﬂ"‘ﬂ* 8,0 3} 00
_— ifFn . """"“"”‘“_m't‘ . - Wk DIEX B | — < 15
c,=0, urg Fehee Ap, must be squgl b3 gep,. Assuming velority at entrance of vanturi, .! 12 b
Thus A /F ratio = 70 - 15,3
FU N ey
Pa B 2 |' The volume of one kg of air st 0°C und 1.012 bar, 3
a
o .E.i: =, i Similarly volume of 1 kg of fuel vapour at 0°0 and 1.013 bar,
2 Ba e -ELT =l—guz;i% = 02814 m¥kg
— _ ko b
oF oy -],&:EI'_ ;.JE"‘””‘;&WE! TS0 - 858 mfs. (Ans) . Thus m_{ min = vy * M { min = o, = 5408
Nete. The !]ijllllﬁrhglgﬁ.mfm.rﬂ i the st 3 168 m, f,l"‘j'i ® Uyt (min o« v, s 3408
Froui .'I Nierie m«mum nirfieen
i vt thete it spilling of fueldue 0 sibratian or stype herizantal posttion oo rEfEr, It iz Thus, m fmin = —a08 L L] = 0.778 kg/nin
R 08 of fu amd pastiion of carburetior, This ¥ 163y, +u, 153 %0773+ 0.2614
H:-“uﬂc 11.16. The fullowing data mhmua@a;ﬂ.mfpwmpm . « Fuel consumption = 0776 = 60 = 4088 kg/h. (Ans)
Slrfie = 110 mm lii) The air velocity through the tulbs, Cyl= T}
- = 11l mm Drensity af air at the throat,
Compesition of the fuel used =C =845 1T, = | 1
Tﬁ'um:dmwhrufmzc.hm Fube ‘ﬂ‘_m-rﬂ. A= 165 Pe = BT
vﬁ“”“mﬂmrﬂqﬂfi'ﬂﬂrpm _
¥ - =7 & -
The pressury depression - Dﬂﬁ :::EMWH Cand 1.012 bar} = h_;p' 0 py—pg=4p,)
The temperalure af the throat _ I-!"'C' R Ty
CLEriEtis Fos constant : Far i - (1013 = 0.1 x 20 '
FE:I::{ =28 ik K " EETx(6 s 27z - 08 kel
. Hipponr - . -
if chemically corrit adr-fuel radio s supplive mmamﬁﬁgf i Valoclty st the thenat ta i,
. rring o M 153 my

(€] Fuaf consumption in kgth ;
(B} T rir ||r.|'|:|ae'£_? terough the fnhe,
Bolution. Sigen 1 [ = N mm =011 m: 7
= L= 110 mm =0, v =
e, = T8%, N = 3000 r.pum. ; B, = 287 kg K| R, =97 dhg K -alj-]l:: i:ia:—ﬂ e
18] Fuel consumption ig kg : St -
The: valume of eixtyre Supplied at 0°C and 1,013 hap P mimube

_F N
_iD‘EL!HFE "rlm

e 3000
: IIPx 011 x B & e = 076 = 8408 m min

Alga C o+ 0, = co,
12 R 44
nd M, + 0, = EH, 0
4 iz a4
1 a g

A, ® (0427 x 1.08

¥
- P AXOTTBIED | 140 50 mis. (Ana
Ixtuﬂﬁ“ x 108
Example 11.11. Determine the airfuel ratic supplisd of 4500 m altitude by & carhureffar
ik bz adiusted fo give on air-fuel ratio of 14 - 1 ot sea levs] where air temperature s 250 and

mressure LOLT bar
The temperature of nie decrenses with elittudy az given by the expraesion,

=1, - 00084 &
thare & ix the height in mefres and £, is sen level lemperature in °C.
The prressure of wir decregse with altitude as per relution

o)

» ' h = 19300 (ng,, |

|
{ whers p ix sxpressed in bar of aliitude,
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Salution. t=1, - 00064 h

=85 - 0LO0S4 = 4500 = = 3.8°0

b
h-imhgu[ﬂ|
L.

Now

(10187 4RO
hﬂ“‘lT] = <aaaq = 12332

or 1.013

= 1711

ar 1013

= 111 = 0,592 bar

Mo, ATF ratio at altitade _ [Puy
AJF ratio at sea level Y, 1o
A/F ratio ot altitade - 14 aafﬂ?h_
P/ R,
- liJE'E
Paea ¥ Tyie
=14 || OBSY = (26 + 273}
L0183 = (— 38+ 274

= 1186 (Ans.)
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WOREED EXAMPLES

Example 12.1. A six-cylinder, four-stroke diessd engine develops 125 AW af 3000 ropm. Its
brake apecific fuel consumption is 200 g/ kWh. Calculate the quantity ef fuel fo be injected per cyele
per cylinder. Specific grovity of the fiel may be token as 085

Solution. Given : n o 6;BP = 125 kW | N = 3000 r.pm. ; hafe = 200 ghWh ;

Sg. gr. of fun] = L85,

Fuel consumption per hoar =hafe = BE
2K
= oon * 125=25 g

Fue! consumption per cylinder = E=""!'—I_:-- 4167 hg'h
L

- Fuel sansumpkion per oylinder per min.
Mo of cycles par min,

Fuel consumption per eycle

4187/ EOp B
= 300013 =468 % 10
Volume of fuel injected par cyole

. Fuel consumpkion per cyela
Epecific gravity of fual

0.0463
= ﬁ = WM. (Ans,)

_ Example 122 A Gcplinder d-stroke O1, engine develapa 220 kW at 1500 rpm. with brake
speeific fuel consumplton of 0273 kg EWh, Determine the size of the single kole infector nozzle if the
enfeciin pressure is 160 bar and the pressure in the combustion chamber is 40 bar. The period of
tnjeetton i 307 of crank angle, Specific gravicy of fieel = 0.85 and orifice discharge cogfficiont = (L3,

Solution. Given :n s n, = § N = 1600 rpm. ; BP. = 220 kW, befe. = 0,273 kpkWh
8= M, Sp.gr. of edl = 0BG, Cy= 08, Ap = p, — po = 160 - 40 = 120 bar.

Dismeter of the nozzle orifice, d;

Wa know that, actua! foel velodty of injection,

kg = 0.04GT g

i ¥
V,=¢€, . —PIF'.r £ '—'3r1|2—",'3:r'II _JEgn. 12.4]
23 120 10°
-l et
Bn 'IllZD-EE:-tl{l.‘-'{r] 151,29 mfs
Volame of fael inpected per sacond,
__ DATEex0 5o
= 085 = 1000 = 3500 = 983 = 1077 mls
Al valumn of fuel injected per second,
[= 0 e N
Q.I' 'Lzﬁnixnﬂ]:'vlrh ﬁ!-ﬁ‘]xﬁ ...I'E'q:l.ilE.E'l

. . . . | X 1
where & = No. ofinjeetionfmin. = % = T50)
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1968 = 105 = | Ba® = 15195 | 20 ﬂ] T8 s gad g2
[4d“ " ]J'c El[aﬂﬂxlﬁm 80 d

gouE
d,= [_1'.";;%“- ..J =813%10'm or 0813 mm. (Ans)

Example 188, Fuel injection in a singls cvlinder, 4-stroke cvele O, engine rurning of 850 r,p,m,
takes ploce through o single orifice noesle and vecupies 28% of crank fravel, Tha fus! consumption of
the ergine ix 2.2 kg hour and the fuel used beas a apecific gravify of LE75. If injection pressure is 150
ber and the combBustion chamber pressure is 32 bor estimate the volume of fuel injecied per cyole and
the dinmeter of the orifice; Trks coefficient of discharge of orifice = 0,58,

Bolution. Given ;p=1, N = 66 r.pm. | 4§ = 28° of crank trawel ;

Fuel consumption = 2,2 kg'h ; Sp. pr. = 0875
Ap=py - pge 150 - 32 = 118 bar ; C, = 0,85

Volume of fuel injected per cycle @

Fuel consumptinn per cylinder
Mao. of cyebas permin.

Fuel to be injocted peroycle =

L izzie0) 4
oy 1128 = 10 kg
_ Mass of fuel injovted per eyele
Viduma of fuel injected per sycle = Diensity of fuel(py)
118 1t 1
* 087 1000 - FEEE I

= 0.1288 cm®. (Ans.)

Dimmuetar of the orifice, ﬂ"-
Thme for fusl injeetion per cvele = :r_n 3¢ 30
L3680 N
¥ 80

.ﬁﬂﬁuﬂ.ﬂﬂ?lﬂb

Mass af fuel injectad per secomd,
o, o Fuelinjected per eyele 1188 1074
' Time lor fuel imjection 0.ODTLA
Actual velocity of per cyele injection,

Zip B 118 10°
-, |2 Lo8s ||_~ S0 1448 s
¥r=Cry oy arsx 100y - PR

)

= 00157 kpfe

M, Ay x Ven gy

[
ar 0.0157 = | fdu’] » 184.5 % (0,875 x 1000)

L

Ll
D187 x 4
or == 2876« 10°* m = 0.4 mm. (Ans.)
o [n = 1445 % (0875 m-nn;-] " s mm
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Example 12.4. A four-siroke enging weing 0372 kg | kW fuol ﬂf”'@m 15 kW per
exlinder at 2000 r p.m. The fuel infeclion pressure i 130 bar and the combustion T g
30 bar, Jf the duration of infection s 307 of erank trovel and velocity coofficient iz (1.9 defermine the
dizmeter of the fuel orifice,
1415
Table Sp 87 = S i 5 e s AT

Solution. Fiven : 5.fe. = 0.272 kghWh, Power developed = 15 kW :

Ap = py = py = 120 - 30 = 9 bar ; Duration of injection = 30° of crank angle § C=08
Diameter of the orifies, d, :

15

14
Sp BT = s ap = 08654

(Madras University)

Fusl ennsumptionfevele = ;::l::ﬂ

0378 x 15
= = 6.8« 105
()

. R [ - L]
=] I o i = —— W —
Duiration of injection ® W ® = 0.00E5s
68 x 100
M= 00035 = WEETE kgls
Actoal fuel veloeity of injection,

o (2 Zxgox 10"
VY - = TS
B, mym A Vo
= %d,:' ® WV wpy
ar 0.0272 = ;‘ g w0 1208 3 (08654  1000)

[ 00272 % 4 ¥ »
dy = | #x 1388~ [ﬂ-ﬁﬁﬁdxlmr =555% 107" m
=556 = 100 %m or 0.655mm. [Ans.)

Example 12.5. A #-stroke cyele O, engine develops 11 W per evlinder while running af 1800
e, and wsing fuel ol of 02° APL Fusl injection sccupies 12° of crank frovel and takes place through
& fuel infection orifies 0,47 mm dizmeter with fivo cosfficient of 0.9, Fuel (s injected af @ presaure of
1182 bar into combustion chamber iwhere the pressure is 30,08 har

Estimate the quantity of fusl infected in be/ kWh. Specifie grovily of fuel ofl is piven by :

' 1415
RLE«* APT-

Bolution. Giwn : Fower developed = 11 kW : & = 1800 Fpm., B = 32° of crank travel ;
dy, = .47 mm ; Cr =08 4p = p; —py = 1182 - 51 38 = 85,82 bar
15 1415
LILE+"APT  1315+4a2

Spogr.= = 08654

FUEL IWIECTION SYSTEMS FOR CL E<cGINES 435

Actaal fusl velocicy of injection,
ey 2 x BE 2= 10°
Vo=C, |—= =pg (222280 10 m's
d fJ By 0.6654 = 1000) " 1748
Bow, "‘r"‘-&""".r”’r

o
-E-e:ﬂ}’r'-}:;plr

SLIWCL0 N S — -
=3 |.mm A8 = {0.B654 % 1000) = 0.01914 kg/s
Timsa for fuel injection per cvcle = o .5 =2 a0 -
. o " m:ﬂ” S-B-IZIKII':I 2963 » 10
Mass of fued injected per cyels = 001814 « 2068 w 10-¥ = 56T » 10-% kpioyels
Total mumber of cyeles per hour = mzm 3 Gl = 54000

< Fuel consumption in kgkWh

Specific grovity of fuel =0.85 ; cosfficient of discharge fir the infector = 0.6 ; ar ;
presgiine = LOIT bar ; The effective presanre aifference i the ouerage pressurs :ilﬁm-zmq;?::rhtﬁ
infeciion period. . {(Madras University)

Bolution. (Fiven : n = 8 ; Power cutput = 386.4 kW, i = B0O rpre.,

Fuel consumption = 025 kg EWh, 6 = 12* crank angle ; 8p. gr. = 0.85;

Co=08:p,  =1015 bar,

Orifice area regd, per :l:ujmthn,ﬁﬂ:

KW per eylinder = i"si‘ 483

Fuel consumption per cylinder = 48.3 « D25=120T5kg/k or 02012 kg min,

Fuel i be Injected L L2012 -4
par excle 8007 2 503 x 1074 kg
Timne fior foe] injection pag evel -[-E— 5 =£ ﬂ:
cyele - ® v =30 L 00025 s
Mass of fuel injected par saoand,
s Fo T
mn T 02012 ke's

Fressure difference at baginning = 207 - 50 = 175 bar
Pressure difforence at and = % - 55 = B40 bar

_ 175+ 840

Average presaurg differenca 3

= 357.5 bar
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Mo, me=dy x Voup,
=Ay = [CFJ%]"F‘.' -A{,:-!C'J.;hdp_.ﬂr
or ' 0.2012 = A, » 0.6 f2 (357.6 % 10°)  (0.85 x 1000)
= 1479165 4,

Ay =106« 0¥ m® or 00138 em?. (Ans)
Example 12.7. A six-cylinder, forr-siroke oil engine operades on ASF ratio = 3. The diameter
and strake of the oylinder are 100 ram and 140 mm respectively. The iolumetric efficiency is 50 par-
cent. Tha eondition of air at the beginning of compreasion are 1 bar, 27°
(£) Determine the maximum amoens of fuel that can be ingected in ench eylinder per pscond.
V) IF the speedd of the engine in I500 rpum, infection pressure is 150 bar, oir pressuree during
fieed infection iv 40 bar and fiel injection is carried aut for 207 crank angle, defermine the
dipmersr of the fuel orificr assuming only one arifice is psed.
Tk, = 860 kgl md G, = (L67. ) (Roorke: Univarsity)
Solution. Given in=rn =6 A/Fratlo=20;d = 100 mm = 0.1 m, ! = 140 mm = (14 m -
My =B0% .o, = 1bar, T, = 27 + 270 = 30 K, N = 1500 rpm_; 8 = T
erank angie ; p, = $60 kg/m? ; G, = 0.67, 4, = 160 - 40 = 110 bar,
il Amount of fuel infected into ench cylinder per eyele :
Valume of air supplied per cvlinder per eyele
= Stroke velume =1

= Erﬁ il mﬂ_=§xm.1]‘uu.u wilbB =38 = 10 Ye?

Bfass af this nir st suction conditions,

L -4

AJF ratio s Ma 20

m.l,- 1
1.023« 102
my = 5__;'5--= f;ﬂ ~ = 511 » 10- kgleyele

Time taken for fuel injection per cyele

fa B0y W 6O
e | W a2l
, 360 N} 30 " 1epa 0
Amaunt mess of fusl infected info ench crlinder per second,
. 511= 107
dyg = 22000 ppen ke de (An
000223 kgfe tAns)

e} Hameter of the foel arifice, |:I|;| 5
The mass of fuel injacted into each eylinder per soeond,

J’h.r -..'1.DI| Vr:nll.

o 0.02 =P$1£C;JEEKJ1;

FUEL INFECTION SYSTIMS FOR C1 ENGINES 437

. Ed.,’x{hﬁ'? V21105 10F x 960 = 1236111 d,°

or dy= 6637 x 10¥ m or 0.6637 mm. (Ans.)

Example 12.8. In o diesel fuel infection pump, the volime af fuel in the pump bareel before
commencement of the effective stroke ix 7 c.c. The dismeter of the Juel line from pump to infector is
& miem and in P00 mm long. The fusl in the infection paloe is 2 o 4

(i) To deliver 0.10 c.c. of fisel at a pressure of 150 bar, kow muchk displecement the plunger

undengoes ¥ Assume o prmp infet pressyre of T bar ;

(i1} What is the offactive strobe of the plunger if its diameter ix 7 mm,

Astume cogfficient of compreasibility of vil ns TR8 » 108 par bar al atmaosplheric prossire,

Salution. Given : The volume of fuel in the pump barreel before commencement of the sffee-
tive atroke = T ooe.

The digmeter and length of the fuel line from pump to injector = 3 men, 700 mm,

Voluma of fuel in the injection wvalve =2 e,

Vaolume of fiael to be delivered =0.10 ce.

The pressure at which fuel s ke deliverad, p; = 150 bar

Atmospheric pressure, fig = L bar

Coefliclent of compressibility, € =T8.8 = 10-? per bar at atmpspheric pressure

Dsameter of plungsr, d, =T mm

e] Displacement of plunger :

Crafficient of compressibility of ofl,

~ Change in valame per unit volome
* "~ Difference in pressire causing compression
(¥, = V)

" Vg -

Tutal initinl fusl valume,
V) = Volume of fuel in barrel + wolume of fuel in the delivery
line + volume of fuel in the injection valve

;.T-%!'[I,H]ia-c'i‘ﬂrﬂzﬂﬂit.l:.

Mo prossure is built up till the pump plunger ¢loses the inlet port. Farther advance of plun pwr
will enmpress the Yool ol and raize the pregsurs W a required value, Opoe e delivery pressurn |2
attzined, further mevement of plunger sagults in delivery of fusl nil at eonatant pressume.

Change in vilume don to compression = Clpy—pgl= ¥y

i | 0¥y = Vb= 788 % 10°% = (160 — 1) = 13.95
{ = 16378 e -
Tutal displadoment of plunger
] <0V, - Vb + 0L« 016379+ 0.1 = 0.263T9 c.c.  (Ans.)

[{TH] El!ieul_ir;.-r. stroke of the plunger, I|= :
fon P g -
§ogd Rl =051 o 3 %077 1, =0.26375

2637 x 4
— e = [0LGES . . LA
L= s lﬂ.? G604 e or G.BS4 mm ms.)
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THERMAL ENGINEERING 1
UNIT V - GAS TURBINE

INTAKE COMPRESSION COMBUSTION EXHAUST

Air Inlet/ Combustion Chambers Turine

(a) T-s diagram

(b) - uvdiagram
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CLASSIFICATION OF GAS TURBINES

Though the gas turbines maybe classified in many ways,yet the following are important from the subject
point of view:

I. According to path of the working substance

(@) Closed cycle gas turbines (b) Open cycle gas turbines

(c) Semi-closed gas turbines (d) Continuous-combustion (constant pressure) gas

turbine may work with open or closed cycle

(e) Constant volume gas (f) Closed cycle gas turbine is an external combustion
turbine works with open engine while open cycle gas turbine is an internal
cycle combustion engine

2. According to process of heat obsorption.
(a) Continuous-combustion or (b) Explosive type combustion or Constant volume

Constant pressure gas turbines gas turbines.

3. Thermodynamic (Gas Power) Cycle

(a) Brayton or Joule cycle (for constant (b) Atkinson cycle (for constant volume gas turbines)
volume gas turbines),

(c) Ericsson cycle (for constant pressure gas turbine with large number of intercooling and

reheating.)

4. Arrangement of shafts.

(@) Single shaft gas turbines (compressor is  (b) Multi-shaft gas turbines (separate compressor

run by power turbine) turbine and power turbine),
(c) Series Flow Gas Turbines (d) Parallel flow gas turbines
5Fuel
(a) Liquid Fuel (b) Gaseous Fuel (c) Solid Fuel Gas Turbine
6: Application
(a) Stationary (b) Automotive
(c) Locomotive (d) Marine

(e) Air-craft Gas Turbine
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INTRODUCTION

» Inagas turbine, the air is obtained from the atmosphere and compressed in an air compressor.

» The compressed air is then passed into the combustion chamber, where it is heated considerably.

» The hot air is then made to flow over the moving blades of the gas turbine, which imparts

rotational motion to the runner.

» During this process, the air gets expanded and finally it is exhausted into the atmosphere.

» A major part of the power developed by the turbine is consumed for driving th; compressor

(which supplies compressed air to the combustion chamber). The remaining power is utilised for

doing some external work.

COMPARISON OF GAS TURBINES AND LC.

ENGINES
S.No Gas turbines I.C engines

The mass of gas turbine per kW The mass of an IC. engine per kW deveoped is

1.
developed is less more
The installation and running cost is

2. The installation and running cost is more.
less.

3. Its efficiency is higher. Its efficiency is less.
The balancing of a gas turbine is

4. The balancing of an IC. engine is not perfect.
perfect.
The torque produced is uniform. Thus | The torque produced is not uniform. Thus

S.
no flywheel is required. flywheel is necessary.
The lubrication and ignition systems The lubrication and ignition systems are

6.
are simple. difficult.

7. It can be driven at a very high speed. It can not be driven at a very high speed.
The pressures used are very low

8. The pressures used are high (above 60 bar).
(about 5 bar)
The exhaust of a gas turbine is free

9. The exhaust of an I.C. engine is more polluting.
from smok and less polluting.

10. They are very suitable for air crafts. | They are less suitable for air crafts.
The s tarting of a gas turbine is not

11. The starting ofan IC. engine is simple
simple.
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COMPARISON OF GAS TURBINES AND STEAM

TURBINES
S.No Gas turbines Steam turbines

. The important components are The important components are steam boiler and
compressor and combustion chamber. accessories.

) The mass of gas turbine per kKW The mass of steam turbine per KW developed is
developed is less, more.

3. It requires less space for installation. It requires more space for idstallation.

4. The instaitation and running cost is less. | The installation and running cost is more
The starting ofgas turbine is very easy The starting of steam turbine is difficult and takes

> and quick long time.
Its control, with the changing load Its control, with the changing load conditions, is

> conditions, is easy. difficult.
A gas turbine does not depend on water

7. A steam turbine depends on water supply.
supply

8. Its efficiency is less. Its efficiency Is hi&her.

OPEN CYCLE GAS TURBINE

Fuel

Atmospheric

C

2 Combuslion
hambd

er

/—‘F_ air

Compressor

Exhaoust
gases
3 14
Generalor
P i
Molor
Turbine

> In this type of gas turbine liquid (or) gaseous fuels are used for power generation. The basic

components are shown in figure above.

> Initially, atmospheric air is allowed to pass through rotary compressor in which its Pressure and

temperature is increased, isentropically.

» Then this compressed air is passed through combustion chamber in which fuel is injected for

combustion purpose. After combustion of fuel in combustion chamber the heat is added under

constant pressure condition the temperature of compressed air is further increased.

> Now high pressure and temperature gases are expanded in gas turbine which is helpful to run the

gas turbine or blades (generally of reaction type)
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>

F heat T i
added
i =S

=

heat
rejected

s
=

This gas turbine is directly connected to electric generator to produce electricity and finally
exhausted into the atmosphere.

This type of gas turbine works on open cycle because here working fluid is used only once. After
single use it is thrown into atmosphere.

Here inlet and outlet both the ends are open to atmosphere hence termed as open cycle gas turbine.
It is also called as continuous combustion gas turbine

Advantages:

1.

Warm-up time: Once the turbine is brought up to the rated speed by the starting motor and
the fuel is ignited, the gas turbine will be accelerated from cold start to full load without warm-up
time.

Low weight and size: The weight in kg per KW developed is less.

Fuels: Almost any hydrocarbon fuel from high-octane gasoline to heavy diesel oils can be used in
the combustion chamber.

Open cycle plants occupies less space compared to close cycle plants.

The stipulation of a quick start and take-up of load frequently are the points in favor of open cycle
plant when the plant is used as peak load plant.

Component or auxiliary refinements can usually be varied in open cycle gas turbine plant to
improve the thermal efficiency and can give the most economical overall cost for the plant load
factors and other operating conditions envisaged.

Open cycle gas turbine power plant, except those having an intercooler, does not need
cooling water. Therefore, the plant is independent of cooling medium and becomes self-contained.

Disadvantages:

1.

The part load efficiency of the open cycle gas turbine plant decreases rapidly as the
considerable percentage of power developed by the turbine is used for driving the
compressor.

The system is sensitive to the component efficiency; particularly that of compressor. The
open cycle gas turbine plant is sensitive to changes in the atmospheric air temperature,
pressure and humidity.

The open cycle plant has high air rate compared to the closed cycle plants, therefore,
it results in increased loss of heat in the exhaust gases and large diameter duct work is
needed.

It is essential that the dust should be prevented from entering into the compressor to decrease
erosion and depositions on the blades and passages of the compressor and turbine. So
damages their profile. The deposition of the carbon and ash content on the turbine blades is
not at all desirable as it reduces the overall efficiency of the open cycle gas turbine plant.
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CLOSED CYCLE GAS TURBINES

In the closed cycle gas turbine, compressed air leaves the compressor and passes via the heat exchanger
through the air heater. In the air heater there are tubes (not shown) through which the compressed air
passes. The air is therefore further heated in the heater. This hot high pressure air then passes through the
blade rings. Whilst passing over the rotor blades, the air is continuously expanding, its pressure energy

being converted into kinetic energy, which in turn, is absorbed by the turbine motor.

Heat exchanger
| Qi | or heater
(source}

Heated gas

Compressed gas _\/\N\/\/—
Py c

B

\'c
Ws=W-\Wce

comp Turbine

i - ANAA
|\/\/\/\/\/| Heat exchanger

| ‘ or cooler (sink}

The hot air on leaving the turbine passes through the heat exchanger. As the air is still at a high

temperature, it is cooled in a pre-cooler before entering the compressor.
Part of the power developed by the turbine is used to drive he compressor and the remainder in driving

the alternator. The turbine is started by an electric motor.

F heat T 3
added

= 3

work done
b swstem

=
wrork =
done
o6 S¥sterny
1 b 1
heat
rejected ¥ a

Advantages:
+¢ Use of higher pressure throughout the cycle which is useful for reduce size of plant.

+¢ No outside air is used for compressing so there is no problem of dust and dirt.

R

% Also there is no need of filtration of incoming air.

s Any type of fuel can be used for combustion purpose.
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R/
L X4

/7 X/ X/ 7
A X4 °e °e

e

R/
A X4

It is not necessary that air is used as working fluid any other fluid having better thermodynamic

property can be used.

Working fluid circulated continuously.

It avoids erosion of turbine blade due to contaminated gases.

The exhaust gas from the turbine is passed into cooling chamber.

Mass of installation per KW is more.
Maintenance cost is low

Longer life.

Disadvantages :

%+ Weight of system is high compared to open cycle.

% Large amount of water is required for cooling in cooler.

7
L X4

System should be air tight when working substance other than air is used.

% If load on system increases then performance of system is poor.

DIFFERENCE BETWEEN OPEN AND CLOSED GAS TURBINE:

S.No Closed cycle gas turbine Open cycle gas turbine

1. Combustion of fuel is external Combustion of fuel is internal.
Gas from turbine is passed into cooling

2. Gas from turbine is exhausted to atmosphere.
chamber.

3. Any type of fluid is used. Only air can be used.

4. Turbine blades cannot be contaminated. Turbine blades get contaminated.

5. Working fluid circulated continuously. Working fluid replaced continuously.

6. Mass of installation per KW is more. Mass of installation per KW is less.

7. Heat exchanger is used. Heat exchanger is not used.

8. This system required more space. This system required less space.
Since exhaust is cooled by circulating water, | Since turbine exhaust is discharged into

9. it is best suited fo stationary installation, atmosphere, it is best suited for moving
marine use. Vehicle like Aircraft.

10. | Maintenance cost is high. Maintenance cost is low.
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PERFORMANCE CALCULATION OF OPEN AND CLOSED GAS TURBINE CYCLE:

= heat T b
added

=
=
1
heat
rejected ¥ 2
1-2 Process: Adiabatic compression process
Compressor Work (W¢) = mc, (T, — Ty) K] T, P, YT_l YT—l
n= (&)=
2-3 Process: Constant pressure heat addition
Qs = me(T3 —T,) K]
3-4 Process: Adiabatic Expansion process
Turbine Work (W) = mc,(T; — T,) K] T, (P, VT'l_ P, VT'l _ YT_l
=) =) =

4-1 Process: Constant pressure Heat Rejection

Qr = me(T4 - T K]

Net Work done

Whet = Qs — Qr kJ
Thermal Efficiency
_ Workdone ~ Wy mcp(Tz3 —T) —mep(Tz —T,) T;—T,
Efficiency
1
n=1-—=7
(rp) Y
Turbine Work Ratio
Wr Ty
Wg = =1——(r>!
R Wnet T3 ( ¢ )
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Causes of Departure of Actual Cyecle from Ideal Cyele

In practice, losses due to friction, heat transfer, shock, etc. occur in both the compressor and turbine
components (i.e. the compression in the compressor and expansion in the turbine are not isentropic) so
that actual power absorbed by the compressor increases and actual output of the turbine decreases
compared with isentropic operation. Thus, in practice the compression is polytropic (1-2) and not
isentropic (1-2”). Similarly, expansion is polytropic (3-4) and not isentropic (3-4’). If n¢ and nr are
isentropic efficiencies of compressor and turbine respectively,

T
4

>3

Ideal Gas turbine cycle: 1-2-3-4

Actual Gas turbine cycle: 1' — 2" — 3" — 4/

Actual compression work: pV" = C

Actual Compressor Work (W¢) = ¢, (T, — Ty)

To—T
Actual Compressor Work (W) = deal compressor work = We= Sp(T2Ty) = We =

Compressor efficiency Ne Ne
Where,
y-1
cpT1<(rc) v —1> T y=1 y=1
Actual Compressor Work (W) = - T—Z =)’ =(@p)?
c 1

The value of nc depends upon the type of air compressor, its pressure ratio, and the weight of air passing
through it. For modern high-speed centrifugal compressors a value of 0-75 appears to be reasonable and
for axial-flow compressors value varies from 0-85 to 0-90.

It should be noted that owing to the pressure loss in the combustion chamber, the expansion ratio for the
turbine is smaller than pressure ratio for compressor. Further because of the injection of fuel in the

combustion chamber, the mass flow of gases is greater in the turbine than air flow through compressor.
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Actual Turbine Work: pV™* =C

Actual Turbine Work (Wr) = ¢, (T; — Ty/)

Actual Turbine Work (Wy) = Ideal Turbine Work X Turbine Efficiency = Wy = cp(T3 — Ty) X 17

-1 -1
= W) Swean(io2n) oo
(re) ¥
The isentropic efficiency of the turbine is affected by its size and number of stages. For single-stage
impulse turbine, values vary from 0-8 to 0-85, depending upon the care taken to reduce the blading losses,
nozzle friction, leakage, etc.
In addition to factors responsible for lowering isentropic efficiencies of compressor and turbine as
mentioned above, we may add briefly other factors responsible for departure of actual cycle from ideal
cycle. These factors are:
% Pressure losses in the pipes connecting the various components, combustion chamber and heat exchanger,
< Mechanical losses at compressor and turbine bearings (2 to 4%),
< Variation of specific heats of working fluid with temperature,
< Variation of mass flow of the working fluid, and

+¢+ Heat exchange in the heat exchanger (if included) being incomplete.

REGENERATIVE GAS TURBINE CYCLE

In this method, a regenerator (heat exchanger) is used for utilising heat of exhaust gases from turbine, in
pre-heating the compressed air before it enters the combustion chamber. The preheating of the
compressed air reduces the fuel consumption and consequently improves the thermal efficiency.

Regeneration is shown in fig. As a result of regeneration, compressed air is preheated and exhaust gases

are cooled.
Regenerator

I ]

1 ? \ Y \
Heat
I , Combustion T
—
| I é chamber @)
Whet

Compressor Turbine |l ——
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« Temperature of the exhaust gas leaving the turbine is higher than the temperature of the air
leaving the compressor.

s+ The air leaving the compressor can be heated by the hot exhaust gases in a counter-flow heat
exchanger (a regenerator or recuperator) — a process called regeneration

¢+ The thermal efficiency of the Brayton cycle increases due to regeneration since less fuel is used

for the same work output.

4, egen

Regeneratior

Jsaved = (/l&‘_L‘L‘H

(Inul

A

Regeneration process involves the installation of a heat exchanger in the gas turbine cycle. The heat-
exchanger is also known as the recuperator. This heat exchanger is used to extract the heat from the
exhaust gas . This exhaust gas is used to heat the compressed air. This compressed and pre-heated air then
enters the combustors. When the heat exchanger is well designed , the effectiveness is high and pressure
drops are minimal. And when these heat exchangers are used an improvement in the efficiency is noticed.
Regenerated Gas turbines can improve the efficiency more than 5 % . Regenerated Gas Turbine work

even more effectively in the improved part load applications.

GAS TURBINE WITH INTERCOOLING:
We have already discussed that a *

major portion of the power developed W

by the gas turbine is utilised by the Healing chamber
L.P. compressor

compressor. It can be reduced by
compressing the air in two stages with

an intercooler between the two. This

Genearalor

H.P.
compressor

) Turbine
Interconling

improves the efficiency of the gas

ra
turbine. The schematic arrangement of 4 Cooling chamber
a closed cycle gas turbine with an -
_ y g p 1INV
intercooler is shown. l L
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< In this arrangement, first of all, the air is compressed in the first compressor, known as low
pressure (L.P.) compressor. We know that as a result of this compression, the pressure and
temperature of the air is increased.

% Now the air is passed to an intercooler which reduces the temperature of the compressed air to its
original temperature, but keeping the pressure constant.

< After that, the compressed air is once again compressed in the second compressor known as high
pressure (H.P.) compressor.

% Now the compressed air is passed through the heating chamber and then through the turbine.
Finally, the air is cooled in the cooling chamber and again passed into the low pressure
compressor as shown.

< The process of intercooling the air in two stages of compression is shown on T-s diagram in Fig.

o

—Temperature —e

Entropy e——mr

< The process 1-2 shows heating of the air in heating chamber at constant pressure.

< The process 2-3 shows isentropic expansion of air in the turbine.

% The process 3-4 shows cooling of the air in the cooling chamber at constant pressure.

% The process 4-5 shows compression of air in the L.P. compressor.

% The process 5-6 shows cooling of the air in the intercooler at constant pressure.

< Finally, the process 6-1 shows compression of air in the H.P. compressor
The work required to compress air depends upon its temperature during compression. The efficiency of
gas turbjne is improved by adopting multi-stage compression with intercooling in between two stages as it

reduces the work required to compress the air.

GAS TURBINE WITH REHEATING:

The expressions for thermal efficiency, for Brayton and Ericsson cycles, suggest that higher inlet
temperature to the turbine result in improved efficiencies. Thus, to improve the efficiency, the
temperature of the gases after partial expansion in the turbine is increased by reheating the gases, before
gases start further stage of expansion.

The output of a gas turbine can be considerably improved by exanding the hot air in two stages with a
reheater between the two. The schematic arrangement of a closed cycle gas turbine with reheating is

shown
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{ } ! 1
AN N,

First heating Second healing
! 2 43 4
Generalor

...-""'"

Compressor Firs! turbine Sem%

lurbine
& | )

Jf Cooling Chamber

RAA'AY!
1 A

In this arrangement, the air is first compressed in the compressor, passed into the heating chamber, and

then to the first turbine. The air is once again passed onto another heating chamber and then to the second
turbine. Finally, the air is cooled in the cooling chamber and again passed into the compressor as shown

in Fig.

Temperature g

— Enlropy ————-e

¢+ The process of reheating in the two turbines is shown on T-s diagram in Fig.

%+ The process 1-2 shows heating of the air in the first heating chamber at constant pressure.

¢+ The process 2-3 shows isentropic expansion of air in the first turbine.

¢ The process 3-4 shows heating of the air in the second heating chamber at constant pressure.
¢+ The process 4-5 shows isentropic expansiot of air in the second turbine.

%+ The process 5-6 shows cooling of the air in the intercooler at Constant pressure.

% Finally, the process 6-1 shows compression of air in the compressor.
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GAS TURBINE WITH INTERCOOLING AND REHEA TING:

Fig. shows the layout of the plant in which the compression of air takes place in two stages. An
intercooler is employed when high pressure ratios are involved to cool the air from the low pressure
compressor before entry into the high pressure compressor, thus reducing the overall power required for
compression. Though the intercooler reduces the compression work, there is some pressure loss. But even
then it contributes towards overall economy.

Combustien chamber

LpP HP T
Compressor  Compressor
/ Generitor
Fuel

Alr - |» Gas

tuslane

later
Coaler _/ \
siliis

=+ Exhaust gas

f\‘:':un:r
Gas lurbine with intercooling

Fig. shows the gas turbine with expansion in two stages as in HP and LP turbine and the gases exhausted
from HP turbine are reheated to same temperature before expansion or less and then sent to the LP
turbine.

Combustion chamber Relwate:

LP {15 ' Ve Wi
Compressor Compressos |
s t '
\ \L ! / M Genenoer

vl Fuel
LIS PR
Cian Ghas

tuebvine Wl

U Y

|
o Exhaus e

Gus turbine with intercooling and rebealing
The air fuel ratio in a gas turbine is quite high. Therefore, the products of combustion are exhausted after
expansion in the high pressure turbine which are still rich in oxygen and are subjected to combustion once
again in the second combustion chamber just before the air.
After reheating is same as that before entry into the high pressure turbine. The compressors may be driven
by power from the high pressure turbine or low pressure turbine.
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-« AN 6 g
aad. ] B R () SRR SR
#5
Combustion | . + by C
. Reheaer 4 [l A )
chamber Tregen
-~ i &
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Fig. shows the gas turbine power plant with intercooler, reheater and heat exchanger for heat recovery. It

should be noted that though by employing heat exchanger, intercooler and reheaters, there is some gain in

the overall efficiency of the gas turbine plant this gain is at the expense of the increased weight and cost.

Sometimes two turbines are connected in tandem (fig. 15-29) in which the compressed air after passing

through the heat exchanger is split into two parts each part passing through a separate combustion

chamber immediately before entry into each of the two turbines.
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METHODS OF IMPROVING THERMAL EFFICIENCY OF SIMPLE CYCLE

A clear understanding of the thermodynamic cycle is necessary in order to appreciate the efficient

operation of the gas turbine i.e. production of largest mechanical energy with least fuel consumed. To

achieve this end in a gas turbine, following steps in design and operation are necessary:
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Turbine and compressor efficiencies : The turbine and compressor should be designed to give highest
efficiency. Efficiencies obtained in present day designed compressors and turbines are of the order of 85
to 90% and future progress in this direction will be slow. Axial flow compressors are efficient than
centrifugal compressors. Figure illustrates the critical effect of compressor and turbine efficiencies on the
thermal efficiency of the simple open gas turbine plant

Effect of compressor intake temperature : The intake temperature of air, affects the temperature at the
end of compression. The compressor work for a fixed pressure ratio is proportional to the absolute
temperature at the inlet to compression, that is, T |. Consequently, if the intake temperature is reduced and
all other variables remain unchanged, the net power output is increased and the efficiency of the cycle is
raised.

Effect of Turbine Inlet Temperature : The turbine efficiency is greatly increased by increasing turbine
inlet temperature (fig. 4-5). A practical limitation to increasing the turbine inlet temperature, however, is
the ability of materials available for the turbine blading to withstand the high rotative and thermal
stresses. For a turbine inlet temperature range of 650° to 750°C, a simple gas turbine may realize an
efficiency between 18 to 26 percent, depending upon design. Considerable effort is being made to find

new materials, coatings and techniques, to increase the permissible turbine inlet temperature.

TURBINE MATERIALS:
% A key limiting factor in early jet engines was the performance of the materials available for the
hot section (combustor and turbine) of the engine.
s+ The need for better materials spurred much research in the field of alloys and manufacturing
techniques, and that research resulted in a long list of new materials and methods that make
modern gas turbines possible.
¢+ One of the earliest of these was Nimonic, used in the British Whittle engines.
s+ The development of superalloys in the 1940s and new processing methods such as vacuum
induction melting in the 1950s greatly increased the temperature capability of turbine blades.
¢ Further processing methods like hot isostatic pressing improved the alloys used for turbine blades
and increased turbine blade performance. Modern turbine blades often use nickel-based
superalloys that incorporate chromium, cobalt, and rhenium.

» Aside from alloy improvements, a major breakthrough was the development of directional
solidification (DS) and single crystal (SC) production methods. These methods help greatly
increase strength against fatigue and creep by aligning grain boundaries in one direction (DS) or
by eliminating grain boundaries altogether (SC).

%+ Ceramic matrix composites (CMC), where fibers are embedded in a ceramic matrix, are being
developed for use in turbine blades. The main advantage of CMCs over conventional superalloys

is their light weight and high temperature capability.

% SIC/SiC composites consisting of silicon matrix reinforced by silicon carbide fibers have been
shown to withstand operating temperatures 200°-300 °F higher than nickel superalloys.

+ GE Auviation successfully demonstrated the use of such SiC/SiC composite blades for the low-
pressure turbine of its F414 jet engine.

L)
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PART -1
GAS TURBINE PLANT OR BRAYTON CYCLE

1. A gas turbine on works air standard brayton cycle. The intial condition of air is 25 °C and 1 bar the
maximum pressure and temperature are limited to 3bar and 650°C. Determine i) Cycle efficiency

ii)Heat supplied and rejected per kg of air iii)Work output iv) Exhaust temperature.

GIVEN: P heat

added - .
p; = 1bar, T, = 25°C + 273 -
wrork done
ps = 3bar,T; = 650°C + 273 o A
one =
0T SRS
heat '

rejected ¥

1-2 Process: Adiabatic compression process

y-1 y-1 1.4-1
Y

y-1
T P - -2
= (P—j)yzrp Y B T,=r, ¥ xT, =31+ x298 E» T,=407.88K

Compressor Work (W¢) = ¢,(T, — T;) = 1.005(407.88 — 298)=p W.=110.43 K]J/kg
2-3 Process: Constant pressure heat addition
Qs = (T3 — T,) = 1.005(923 — 407.88) =» Qs = 517.7 KJ/kg

3-4 Process: Adiabatic Expansion process

y-1 y-1 v-1

T Ps\v _ (P2\ v & T 923
T_j: (P_z)y:(P_i)Y r, ¥ =T, =— =y = T,=674.34K

1.4
Turbine Work (Wy) = ¢,(T; — T,) = 1.005(923 — 674.34) = Wy = 249.9 k] /kg

)
w

4-1 Process: Constant pressure Rejection addition
Qr = ¢p(Ty — Ty) = 1.005(674.34 —298) =) Qg = 378.22 kJ/kg
Work done
W=0Qs— Qg =517.7-37822 = Wy = 139.48 kJ/kg

Thermal Efficiency

__ Workdone  Wpyper  139.48
n= Heat Supplied - Qs 5177

= 1 = 26.94%
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2. Air enters the compressor of a gas turbine plant operating on brayton cycle at 1 bar, 27 °C. The
pressure ratio in the cycle is 6. If Wt = 2.5 W¢ where Wt and Wc are the turbine and compressor
work respectively, calculate the maximum temperature and the cycle efficiency.

GIVEN: P heat
p; = 1bar, T; = 27°C+ 273
r, = 6bar,

W; =2.5W,

heat
ejected

L

1-2 Process: Adiabatic compression process

-1 _
Y y-1 1.4-1
Y

y-1
T P —V
2= (P—j)yzrp Y EPT,=r, ¥ xT, =61+ x300 =T, =500.55K

Wi =25W, £ ¢p(Ts = T,) = 2.5¢,(T, — Ty) = (T3 - %) = 501.38 =>T; = 1249.7K

Compressor Work (We) = ¢, (T, = T;) = 1.005(500.55 — 300) =p W; = 201.55K]/kg
2-3 Process: Constant pressure heat addition
Qs = ¢p(T5 — T,) = 1.005(1249.7 — 500.55) = Qs = 752.89Kk]J/kg

3-4 Process: Adiabatic Expansion process

y-1 y-1

T P>\ v P\ v 1 T 1249.7

I'p
Turbine Work (Wr) = ¢,(Ts — T,) = 1.005(1249.7 — 748.32) =) Wy = 503.89Kk]/kg
4-1 Process: Constant pressure Rejection addition
Qr = (T, — Ty) = 1.005(748.32 —300) = Qg = 450.56 kJ/kg
Work done
W = Qs — Qg = 752.89 — 450.56 = Wiye = 301.99 kjJ/kg

Thermal Efficiency

_ Workdone  Wpyper 30199
N Heat Supplied Qs 752.89

= 1 =40.11%
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3. Consider an air standard cycle in which the air enters the compressor at 1.0 bar and 20°C. The
pressure of air leaving the compressor is 3.5 bar and the temperature at turbine inlet is 600°C.
Determine per kg of air, (i)Efficiency of the cycle, (ii) Heat supplied to air, (iii) Work available at
the shaft,(iv) Heat rejected in the cooler and (v) Temperature of air leaving the turbine. For air y =

1.4 and Cp = 1.005 kJ/kg K.

GIVEN: -
p; = 1bar, T; = 20°C + 273 3
pz = 3.5bar,
T; = 600°C + 273 4
2
1

heat
rejected ¥

1-2 Process: Adiabatic compression process

y-1

T Py =t
—2 — 2\ v = Y —
T1 (P1) I'p => T2 I'p

y-1 14-1
Y

XT, =351 x293 =) T, =419.09K

Compressor Work (We) = ¢, (T, = T;) = 1.005(419.09 — 293)=» W = 126.72 k] /kg
2-3 Process: Constant pressure heat addition
Qs = ¢,(T; — Ty) = 1.005(873 — 419.09) =) Qs = 456.18 k] /kg

3-4 Process: Adiabatic Expansion process

y-1

y-1 y-1
T3 (P3)T (Pz)T )2 => T3
2 = = = | = =r Y T = —
Ty Py Py P 4 Yy—l

873
14—

;= T,=610.33K

rp 3.5 14
Turbine Work (W) = ¢,(T; — T,) = 1.005(873 — 610.33) = Wy = 263.98 k] /kg
4-1 Process: Constant pressure Rejection addition
Qr = ¢p(T, — Ty) = 1.005(610.33 — 293) = Qg = 318.92kJ/kg
Work done
W = Q; — Qg = 456.18 — 318.92 = W, = 137.26 k] /kg

Thermal Efficiency

_ Workdone  Wpye  137.26
N Heat Supplied Qs 456.18

= 1 = 30.08%
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4. A closed cycle ideal gas turbine plant operates between temperature limits of 800°C and 30°C and
produces a power of 100 kW. The plant is designed such that there is no need for a regenerator. A
fuel of calorific value 45000 kJ/kg is used. Calculate the mass flow rate of air through the plant and
rate of fuel consumption. Assume Cp = 1 kJ/kg K and y= 1.4.

GIVEN: p heat
. added
T; =800°C + 273

Assume r, = 6

4
Power=100kW <
CV=45000kJ/kg 1
heat
Co=1klkgK,y=14 rejected ¥ a
1-2 Process: Adiabatic compression process
Y1 y-1 y-1 1.4-1
E=(B)7 =" Bh=r " xT,=61 x303 = T, = 505.56 K

Compressor Work (W¢) = ¢,(T, — T;) = 1.005(505.56 — 303) = W¢ = 203.57 K] /kg
2-3 Process: Constant pressure heat addition
Qs = ¢p(T3 = T,) = 1.005(1073 — 505.56) = Qs = 570.28 k] /kg

3-4 Process: Adiabatic Expansion process
vY-1 y-1

— Y2 y-1
= (E)Yz(P—z)y =1, ¥ T, =55 =1 = T, =643.09K
Y

T4 P4 P1 rp 6 14

Turbine Work (W) = ¢,(Ts — T,) = 1.005(1073 — 643.09) =p Wy = 432.06 kj/kg
4-1 Process: Constant pressure Rejection addition
Qr = (T, — Ty) = 1.005(643.09 — 303) =p Qg = 341.79KkJ/kg
Work done
W = Qs — Qp = 570.28 — 341.79 => W, = 228.49 kJ /kg
Thermal Efficiency

Work done w; 228.49
n: - = net: @ n:4006%
Heat Supplied Qs 570.28

mass flow rate

Power 100 : .
m = Work done = 228.49 m = 0.438 kg/s
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5. A simple closed cycle gas turbine plant receives air at 1 bar and 15° C, and compresses it to 5 bar

and then heats it to 800 °C in the heating chamber. The hot air expands in a turbine back to I bar
Calculate the power developed per kg of air supplied per second. Take Cp for air as I kJ/kg K.
Solution. Given:p, = p,= | bar;T, = 15°C=15+273 =288 K; p, = p, = Sbar;
T, = 800°C = 800+273 = |073K;Cp = | kikg K
The p-v and 7-5 diagram for the closed cycle gas turbine is shown in Fig.:32.3.

Let T, and T, = Temperature of air after isentropic compression and expansion
' (i.e. at points | and 3 respectively).

‘We know that for isentropic expansion 2-3,
r=1 14-1

T | Y TR
2121 |1 = (0.2)°2% = 0631
T, P, 5

T, = T,x0631 = 1073x0.631 = 617K

Similarly, for isentrepic compression 4-1,
! i 14-1

7, P | Y 1Y 14
= = =|= = 0.63]
(5] () o

T, = T,/0631 = 288/0.631 = 456K
fPFPz 1 e
et
-
@ e
S @
T- ]
g N !
a R
pﬂ‘_p-ﬁ . L
N
Volume ——gn —— Enlropy — g

We know that work developed by the turbine,
W = ¢,(T;—-T,) = 1(1073 - 677) = 396 k)/s

and work required by the compressor,
We=¢, (T, -T)) = 1(456-288) = 168kJ/s

» Net work done by the turbine,
W= W+ W, = 396~ 168 = 228 kl/s

and power developed, P = 228kW Ans. (U KM= 1EW)
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6. In an oil-gas turbine installation, it is taken at pressure of 1 bar and 22° C ana compressed to a
pressure of 4 bar. The oil with a calorific value of 42 000 kJ/kg is burnt in the combustion chamber
to raise the temperature of air to 550°C. If the air flows at the rate of 1.2 kg/s find the net power of
the installation. Also-find air fuel ratio. Take Cp = 1.05 kJ/kg K.

Solution. Given:p, = p, =1 bar; T,=27°C=27+273=300K 1P = py=4bar;
C=42(XX)U/kg;T2 = 550°C=550+273=823K;m= I.2kg/s:cp= 1.05 kJikg K

Net power of the Installation

Let 7, and T; = Temperalure of air after isentropic compression and expansion
respectively. '
We know that for isentropic expansion 2-3 (Refer Fig. 32.3),

T - 1;—‘ 14-1
3 Ps 1) 14
Seimipe= =| - = (0.25)°%¢ = 0,

T, = T,x0.673 = 823x0.673 = S539K

Similarly, for isentropic compression 4-1,
y=1 14-1

To [P« ofL]" =067
T, P 4
T, = T,/0.673 = 300/0673 = 458K

We know that work done by the turbine,
W = me, (T,-T) = 1.2x 1.05(823-553.9) = 339.1kl/s

and work done by the compressor,
We = ch(T,—TJ
= 1.2x 1.05 (4458 - 300) = 183.7kJ/s
. Net power of the installation,
= 339.1 - 183.7 = 1544 kl/s = 1544 kW Ans.

Air-fuel ratio
We know that heat supplied by the oil
=me, (T,-T)
1.2 x 1.05(823 — 445.8) = 475.3 kJ/s

».Mass of fuel bumt per second
_ Heatsupplied _ 4753

= = = 0011k
Calonfevalue 42000~ oMhkg

: : _ Massofair _ 1.2 _
and air-fuel ratio = fassolfucl ~ 0011 = (0.1 Ans.
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7. A gas turbine plant consists of two stage compressor with perfect intercooler and a single stage
turbine, if the plant works between the temperature limits of 300 K and 1000 K and 1 bar and 16
bar ;find the net power of the plant per kg of air. Take specific hear constant pressure as I kJ/kg K.

Solution. Given:T,=300K;T,=1000 Kip;=p,=lbar;p =p,= t6bar;c,= 1 kl/kgK
The T-s diagram is shown in Fig. 32.6.
Let T, T, T, and T, = Temperature of air at corresponding points.

We know that for perfect intercooling, the intermediate pressure,

Ps = pg = \lplx;;‘ = JIGKI ’=4bar

MNow for the isentropic process 2-3,

~ luﬁ
"
T
|
s
-t

14 |
l Y1
; (—- - 0453

g

= T] = T2 ¥ ).453
(U0 x 0453 = 453K
Similarly for the jsentropic process 4-5,

Ty (2 Fig. 32.6
T Ps

Temperature (K) ——e=

Enlropy ——« s

T, =T,/0673 = 300/0.673 = 446K

J
We know that tor perfect inter cooling,
T, =T, = 446K
x =1 14-1
: : LIS L e e
and for isentropic process 6-1, T, = [p, ] = [ 16) = 0.673

T, = T,x0.673 = 446X 0.673 = 300K

Now work done by the turbine perkg of air,
Wr = ¢, (T,=T;) = 1(1000-453) = 547 kl/s
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and work absorbed by the compressor per kg of air,
We = ¢, ((T\-TY+(Ty-T)))
= 1 [(446 - 300) + (446 - 300)] = 292 kJ/s

We know that work done by the plant per kg of air,
W= W,— W, =547-292 = 255 kJ/s

- Net power of the plant, P = 255 kW Ans.

8. In a gas turbine plans, the air is compressed in a single stage compressor from 1 bar to 9 bar and
from an initial temperature of 300 K. The same air is then heated to a temperature of 800 K and
then expanded in the turbine. The air is then reheated to a temperature of 800 K and then expanded
in the second turbine. Find the maximum power that can be obtained fren the installation, if the
mass of air circulated per second is 2 kg. Take Cp = 1 kJ/kg K.

Solution. Given: p, = ps=1lbar; p, = p,=9bar; T =300K; T = 7,=¥WK
m=2kgls; c,= 1 kIfkg K
The T-s diagram of the reheat cycle is showninFig.. = -

Let T,, Ty, T, = Temperature of air at the corresponding points.

We know that for maximum power (or work), the
intermediate pressure,

P; = Py = ‘P|XP(,
=YOx1 = 3bar

We also know that for isentropic compression of

air in the compressor {process 6-1),
=t 14-1

2

= (9)%286 = ) 873
T, = T,x1.873

Temparature (K)

Entropy ————

Fig. 32.9
= 300x1.873 = 562K
For isentropic expansion of air in the first turbine (process 2-3),
2 Y=4 14-1
. 1y | 9 14
—~=| == =]= = (3)°2%6 = 1.369

TB
Ty = T,/ 1369 = 800/1.369 = 584K

Similarly, for isentropic expansion of air in the second turbine (process 4-5),
) o 14-1

1 Py | 3] '4
- = —— - e = 3 0‘286 - =
T.

s = T,/1.36% = 800/1.369 = 584 K
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We know that work done by the turbine,
Wp=m ¢, (T~ 1) +(T, - Ty)

= 2x 1 [(800~ 584) + (B0OO - 584)] = 864 kJ/s
and work absorbed by the compressor,

We = mc, (T)-Tg) = 2x 1 (562 -300) = 524 kJ/s
We also know that net work available,

W= W,- W, = 864-524 = 340k)/s
. Power that can be obtained f; rom the installation,

P = 340 kfs = 340 kW Ans.

9. A closed cycle gas turbine consists of a two stage compressor with perfect intercooler and a two

stage turbine, with a reheater. All the components are mounted on the same shaft. The pressure and
temperature at the inlet of the low pressure compressor are 2 bar and 300 K. The maximum pressure
and temperature are limited to 8 bar and 1000 K. The gases are heated in the reheater to 1000 K
Calculate mass of fluid circulated in the turbine, if the net power developed by the turbine is 370k'W
Also find the amount of heat supplied per second from the external source.
Solution. Given: pg=pg=2bar; T =300K; p, =p,=8bari T= 000K+
T,= I000K; P=370kW

The T-s diagram of the reheat cycle is
shown in Fig. 32.10. t
Mass of fluid circulated in the turbine < 1000
Let m = Mass of air circu- 8.
lated in the tur- & rJ;
bine, é '3
T, T,, Ty, T, Ty = Temperature of air -
at the correspond-

ing points.
We know that for perfect cooling, the
intermediate pressure,

pa=p7=p3=p4=\1p].xp6 =‘{8X2 = 4 bar

Now for the isentropic process 6-7,

_ ! 14-1
To [P |7 (2" = (sr® =082
T, Py 4

T, = T,/0.82 = 300/082 = 366K

‘We know that for perfect cooling,
T, =T, =366K
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Again, for the isentropic process 8-1,
? ik 14-1

T _[2s )Y (4" - (0.5)"-‘286 = 0.82
T, P 8

T, = T, x0.82 = 366x0.82 = 300K

and for the isentropic process 2-3,
=1 14-1

B_(a]" S(4Y" -
T, Py 3.
T, = T,x082 ='1000x 082 = 80K

S:milaﬂy. for the isentropic process 4-5,

1=l -1
Z! =[.’.’§.]T - (2) A = (082
T, Py 4
T, =T, x0.82 = 1000x0.82 = 820K
We know that work done by the turbine,
Wy £m <, (T,-Ty) +(T, - Ty
= mx 1 [(1000 - 820) + (1000 - 820)) = 360 mkJ/s

and work absorbed by the compressor,
We = me,[(T) - T) +(T;-TY)
= mx 1 [(366 —300) + (366 = 300)] = 132 mkl/s
. Net work done by the turbine,
W= W,-W,=360m~132m = 228 m klis
We also know that power developed by the turbine (P),
370 = 228m or m = 1.62kg/s Ans.

Heat supplicd from the external source
We know that heat supplied from the external source

=mc, (T,-T) +(T, - T;))
= 1.62x 1 [(1000 - 366) + (1000 - 820)) kJ/s
1318.7 kI/s Ans.

|
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10. A simple constant pressure gas turbine plant draws in air at 30°C and compresses it through
pressure ratio of 6. The air passes to the combustion chamber and after combustion of fuel, gases
enter the turbine at a temperature of 787°C and expand to the initial low pressure. Assuming
isentropic efficiencies of both the compressor and turbine a s 89%, calculate: (a) the thermal
efficiency of the plant, and (b) the percentage increase in the thermal efficiency if the air

temperature at compressor inlet is 300° C and other parameters remain the same. Take y = 1.4 for

air and gases.

(@) Referring ta fig. ©  , Ty = 30 + 273 = 303 K; T3 = 787 + 273 = 1,060 K
E m il . " ’
- - o= r = 6‘ = = Bg%' = 1'4
o D4 P e ne H
For isentropic compression, +
v -1 r -1 - =
] ¥ ﬂ;‘.. —
Jae {E} " o) | - (@)1 =1668 o
T Pi 2
oW T'=T x 1668 = 303 x 1668 = 5054 K =
Furth LE i r
u 'Ef. MNe = ﬁ

T2" - T+ _ 5054 - 303 2024 .,

A 2=y 8 e 0-89 0-89
. Tp = 227-4 + 303 = 5304 K (actual temp. of air after compression)|
Compression work, We = ko(To - T1) = kp x 227-4 kJ/kg

Heat supplied, Qs = kp x (T3 - T2)
= kp (1,060 - 5304) = kp x 5296 kd/kg

Now, for isentropic expansion in turbine,

y -1
Ts (B Y oy - (e7a = 1668
Ts'  \pa —pa d
. Ta 1,060 :
- Ta" = 7568 = Teem - 295K
Ta - T4
Now = T T

" Ta- Ty =m(Ta - Ta') = 0:89(1,060 - 6355) = 3778

Turbine work. Wi = ko (T3 - T4) = Kk x 377-8 kl/kg
Thermal efficiency, nr = a. = K x 5296

3778 - 2274 150-4
= =506 = 5208 " 0-284 or 28-:4%
- 30 + 273 = P43 K, T3 = 787 + 273 = 1,060 K

G
=
g
iy
[

_m_-—@- fp:ﬁ' Y=1'4;1]C=1]t;890‘5

Page 27




ME8493-Thermal Engineering 1 Mechanical Engineering

y-1
2! p2] ¢ o4
= {FH = (6)14 = 1668
s Ta' =Ty x 1668 = 243 x 1-668 = 4053 K
L' -1 4053 - 243
But, - e 08 s —~ — =¥
Ne — ie. 089 A
, 4053 - 243 1623
T -Ty = 80 = o8 " 182-36

S Tp = 18236 + 243 = 42536 K
Compression work per kg, W, = k(T2 = Ty) = Kk x 182:36 kJ
Turbine work per kg, W, = Kk, (T3 — Ty)
= k, x 377-8 kJ[same as in part (a)]
Heat supplied per kg, Qg = k(T3 — T2)
= K,(1,060 — 425-36) = K, x 63464 kJ
Wy - W, kp x 3778 - k, x 182:36

Thermal efficiency, nr = a - ks x o4
377-8 - 182368 19544
= = =0 795
63464 gaapa = 09079 or 3079%
Thus, % increase in thermal efficiency,
3079 - 284 -
nr = 554 x 100 = 842

11. A simple constant pressure open cycle gas turbine plant draws air at 100 Kpa (1 bar) and 17°C and
compresses it through a pressure ratio of 4. The air then passes to the combustion chamber and after
combustion of fuel, the gases enter the turbine at a temperature of 650°C and expand to 100 kPa.
Assuming the isentropic efficiency of both the compressor and the turbine as 85 per cent, calculate:
(a) the power required to drive the compressor if it has to handle 2 kg of air per second, (b) the
power developed by the turbine, (c¢) the net plant work output per kg of air, (d) the thermal
efficiency of the plant, and (e) the work ratio of the plant. Assume kp = 1026 KJ/kg K and 7 = 14
for both air and gases. Neglect the mass of fuel burnt and the loss of pressure in the combustion

chamber.

(a) Referring to fig. . the following data is available:
Ti =17 + 273 =200 K; Ta =650 + 273 =923 K: pm = 100 kPa

P2 P _
== — = 4 ks =1026 kJkg K; vy = 1-4
D1 Da P g Ry
Yo
: ™®
Now, for isentropic compression, J2° (P2} ¥ "
Ty o3 .
= 04 g
2" =T {?} = 290 x |49 = 290 x 1-485 = 431 K g
1 K™
». Isentropic temperature rise = T’ - Ty = 431 — 290 = 141,
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Isentropic temperature rise T2’ - Ti
Actual temperature rise T2 - T

'=-T 141
085 085
v T = 1655 + Ty = 1655 + 290 = 4555 K
Again for isentropic expansion,
¥ =1 04

T3 Psl 1 14
—_— = = |4 = 1-485
T’ {Pﬂl} 4

T3 923
© 1485 ~ 1485
.~ Isentropic temperature drop = T3 - T3’ = 923 - 621 = 302

NDW. Ne = = Q-85

) e T2 - T~| = = 165‘5

A

= 621 K

e Actualltemp. drop = Ta - T4
Isentropic temp. drop  Ta - T4’
T3 - Tg=(Ta-Ty) x 085 = 302 x 085 = 257
Compression work, W, = K,(72 - Ty)
- 1026 x 1655 = 16975 kJ/kg of air
-~ Power required to drive the compressor
= 16975 x 2 = 3395 klfsec. = 3395 kW
(b) Turbine work output, W, = k(T3 = Ta)
= 1026 x 257 = 2647 kd/kg of air
-, Turbine power = 2647 x 2 = 5294 kJfsec. or 529:4 kW. _
(c) Net plant work output = W, — W, = 264-7 — 169-75 = 9495 kJ/kg of air
(d) Heat supplied = k, (T3 — T} = 1-026 (923 — 4555) = 4797 kJ/kg of air
Thermal efficiency of the plant,
Turbine work—Compressor work

T =

Heat supplied
2647 - 16975 9495 .
1797 =707 " 01979 or 19-79%

Net plant work output per kg - 94-95
Turbine work per kg 264-7

() Wor_k ratio = = 0-3587

12. In a gas turbine installation the compressor takes in air at a temperature of 20°C and compresses it
to four times the initial pressure with an isentropic efficiency of 84%. The air is then passed through
a heat exchanger and heated by the turbine exhaust before reaching the combustion chamber. In the
heat exchanger,80% of the available heat is given to compressed air. The maximum temperature
after constant pressure combustion is 580°C and the isentropic efficiency of the turbine is 75%.

Determine the overall efficiency of the plant. Take y= 1.4 and kp=1.005 k]J/kg K for air and gases.

TK
a AT
t
s
E
g
6 p

{aY Flow diaaram

Page 29




ME8493-Thermal Engineering 1 Mechanical Engineering

Ty = 20 + 273 = 293 K: T3=580+2?3=853K:£b—=4=&
P " Pa
- 1
Tl
Now.-—g—- Pl
T P
P 4 ‘
T =T {F} = 293 x (4)"* = 293 x 1-486 = 4354 K
1
But, me = 21 jo 0ge o H354 =208 o g 1424 o
IC—T_'T:l.. = Tz—T‘ ”2 1_0'84,:
. Tp = 293 + 1695 =" 462-5K
T: Paj;_-1 = T: 853
13 _ P - ()4 - 1485 | ! i s ;
Now, Ta’ {;04} =(4)'" = 1486 i.e. Ty = 1488 1.486 '5'?4 K
T3 - Ty T3 - T4
'I]t“ﬁ lL.E. 075 um

. Ty - Tg = 075 x 279 = 20025 K
T4 = Ty - 20025 =« 853 - 20925 = 64375 K

- T
Effectiveness of heat exchanger = — -2
Ta - T2
; 5 - 4625
ie, 08 = ===——"=z « T6 = 8075 K

Heat supplied/kg = ko (Ts - Ts) = 1005 x (853 - 6076) = 24673 kd
Compressor workikg = k,(Tp - T;).= 1-005 (4625 - 293) = 17035 kJ

Turbine work/kg = k; (73 - Tq) = 1:005(853 - 643-75) = 2103 kJ.
Net work output/kg = Turbine work/kg — Compressor work/kg N
= 2103 - 170-35 = 3995 kJfkg
Net work output per kg
Heat supplied per kg
_ 3995
24673

Overall thermal efficiency =

= 01619 or 16-19%

7. A simple open cycle gas turbine takes in air at 1 bar (100 kpa) and 15°C and compresses it to 5
times the initial pressure, the isentropic efficiency of compressor being 85 per cent. The air passes to
the combustion chamber, and after combustion, the gases enter the turbine at a temperature of
557°C and expand to 1 bar, with an isentropic efficiency of 82%. Estimate the mass flow of air and
gases in kg/min for a net power output of 1500 kW, making the following assumptions. Fall of
pressure through the combustion system= 0.09 bar, kp = 1025 kJ/kg K and y = 14, far both air and

combustion gases. Assume that mass flows through the turbine and compressor are equal.
-1
I
Tz p2] ¢
[E D
-1
' Ith Y 1-
" = T {E - 288 (5)

|"?
&

Ia

= 288 x 1-584 = 4562 K
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Isentropic temperature rise

830 = Tg' - T, = 4562 - 288 = 1682
) Isentropic temp. rise
e = " Actual temp.rise
! o
: Thew 0
g T -'T
= 2 1 168-2
& * -_ = = = .
g A P T 085 085 197-88
- ~ T, = 197-88 + 288 = 48588 K
Compressor work, W, = kp(T2 - 1)
288 = 1-025 x 197-88 = 202-83 kJ/kg of air.
Since, there is a fall of pressure of 009
Entro bar through the combustion system, the
pY pressure ratio across the turbine now is
fig. 4-11 Cycle on T - ¢ diagram, 5+o-og = 491,
-1
T3 pal v
Now, — = {—
v {R)
' 830 830
Ta -1 o3 = Js75 " 4 K .
pal v (49113
o)

Isentropic temp. diop = T3 - T4 = 830 - 527 = 303K

Actual temperature drop = T3 - T4 = 0-82 x 303 = 24886 K
-~ Turbine work output, Wy = K, (Ta - Ta)
= 1-025 (248-46) = 25667 kJ/kg of air.
Of this, 202-83 kJ/kg of air are absorbed in driving the compressor,
Net work output of the turbine plant per kg of air
= Turbine output — Compressor work = 25667 — 202-83 = 53-84 kJ

Net output power in kW = mass flow of air in kg per second x net work output
in kJ/kg of air.

ie., 1,500 = m x 53-84
Somo= JS.IEEEE = 2786 kg/sec.
- Mass flow of air and gases in kg/min. = 27-86 x 60 = 1,671-6
8. In an open cycle constant pressure gas turbine plant, air enters the compressor at a pressure of 1 bar (100
kPa) and at a temperature of 27'C and leaves it at a pressure of 5 bar (500 kPa). The gases enter the turbine
at a temperature of 627°C. The gases are expanded in the turbine to the initial pressure of 1 bar (100 kpa).
The isentropic efficiency of the turbine is 84 per cent and that of the compressor is 86 per cent. Determine the
thermal efficiency of the gas turbine plant: (a) When a regenerator (heat exchanger) with 70 per cent
effectiveness (efficiency) is used to preheat the compressed air before it enters the combustion chamber and

(b) if no heat exchanger is used.

Assume no pressure lo sses in the connecting pipes, combustion chamber and heat exchanger. Take kp

=1-005 kJ/kg K and y = 14 both for air and gases.
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Ty =27 + 273 = 300 K; T3 = 627 + 273 = 800 K; py = 1 bar;
pz = 5 bar; y = 14 k, = 1-005 kd/kg K.
TH*
Tg
2 |
c I T
N 300
&
(a) Flow diagram {b) T-b diagram
Fig. 4-12
(a) With Heat Exchanger :
b iy B
. : T p2] v
For isentropic compression, - {m}
Temp. of air after insentropic compression,
{ - 1 E

T o« T - (%) Y 300(%)"4_ - 300 x 1584 = 4752K
Isentropic temp. rise = T2’ - T1 = 4752 - 300 = 1752 K

. - ' - T
Isentropic efficiency of compressor, 1¢ = ST

’ _ T R
Actual temperatures rise, T2 = 7§ = T2 ! . 1752 = 2037
e 086

Actual temp. after compression, Tz = 2037 + 300 = 5037 K

Again for isentropic expansion in the turbine,
r=1

0-4 2
T3 f< 14
—_—f = = 5 o= *
T 24 (5) 1-584
Final temp. after expansion in the turbine, if the expansion were isentropic,
r TS 300
T4 = 7583 = Tissa - 82K

Isentropic temp. fall = T3 - 7,' = 900 - 5682 = 3318
Actualtemp.fall  Ta - Ts
Isentropic temp. fall =~ T3 - T4
o Tg = Ty = (T3 - T4') = 084 x 3318 = 2788
Actual temp. of gases after expansion in the turbine,
Ta = 900 - 2787 = 621-3K

Isentropic- eff. of turbine, ;
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With heat exchanger, the air after compression is preheated from T, to T3 and the
fuel is supplied to raise the temperature of compressed air from Tg to T3 ie., the heat
supplied per kg of air = k, (73 — Ts). The actual temperature after compression, T is
5037 K, so that the temperature drop (T4 — To ) = 621:3 — 5037 = 117-6°C is available
for heating the compressed air by the exhaust heat exchanger. Since only 70% of the
available heat is given to the compressed air, the actual temperature drop available for
heating the compressed air will be

07 (Ta - To) = 07 (6213 — 5037) = 82:3

In passing through the heat exchanger, the compressed air will be heated from T
to T5. Ts can be found from heat balance .equation for the heat exchanger,

e, Ts = To = 07(Ty -~ T2), where 07 is the effectiveness of the heat exchanger.
. T = 0-7(621-3 - 5037) + 5037 = 586 K
Heat supplied per kg of air = k,(73 - Ts) = kp (900 - 586) = 314 &, kJ
Work required to drive the compressor per kg of air
= kp(T2 - T1) = kp(5037 - 300) = 2037 kp ki
Turbine work output per kg = Kk, (T3 - Ty) = k(900 - 621-3) = 2787 K, kd
Net work output per kg = 2787 k, - 2037 k, = 75k, kd
Thermal efficiency of the plant

_ Net work output of the plantperkg _ 75 Kp
B Heat supplied perkg 314 &,

= 02388 or 23-88%

(b) Without heal exchanger :
Work required to drive the compressor per kg

= kp(T2 —= T1) = kp (5037 - 300) = 2037 kp kd
Turbine work output per kg

= Kp(Ta - Ta) = Kp(900 - 621-3) = 2787 kp kJ

= Net work output of the plant per kg

= 2787 kp - 2037 kp = 75 kp kJ
Heat supplied per kg = k(T3 - T2) = k, (900 - 5037) = 3963k, kJ
- Thermal efficiency of the plant without heat exchanger,

Net work output of the plant per kg
Heat supplied per kg

nr =

__75kp
= 3963k,
It should be noted that improvement in the thermal efficiency of plant due to introduction

of the regenerator (heat exchanger) is achieved at the expense of increased weight and
cost of the plant.

= 01925 or 19-25%

9. In a single-shaft constant pressure open cycle gas turbine plant, a two-stage compression with
intercooling and regeneration is employed. The inlet pressure and temperature are 1 bar and 20°C.
The pressure ratio in each stage is 2 5 and isentropic efficiency of the compressor is 85 per cent. The
effectiveness of the intercooler is 75 per cent. The gases enter the turbine at a temperature of 700*
C. The gases are expanded in a turbine to the initial pressure of 1 bar. The isentropic efficiency of
the turbine is 82 per cent. The effectiveness (thermal ratio) of the regenerator (heat exchanger) is
75 per cent. Assuming air to be working medium throughout the cycle with kp = 1005 kJ/kg K and

Y = 1-4, find the thermal efficiency of gas turbine plant.
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1.1
1
6 fﬂegentm*ur
T8
eC 14
\ -..,_fj 3f 1 Load
1 C; T
/ " M\.‘ Starler
ay b
JLI
g _@In&r coolef
(@) Flow diagram (%) T-¢ diogrom
Fig 4.13

Referring to fig. 4-13,

T, = 20 + 273 = 293K Ty = 700 + 273 = 973 K; py = 1bar:i;i: - 25
P _pg.P2 P2 Pa_,g, 05 gos; 2 gos;
Po P By P Pa

Me1 = Mz = 85%; ny = 82%; Effectiveness of intercooler = 75%;

Effectiveness of heat exchanger = 76% ; k, = 1-005 kJ/kg K, and y = 1-4.

r I__1 o4

T
NDW. ?d - {&} Y - {2.5)14 = (2.5)3255 = 1-3
1 1

Ty =Ty x 13 =293 x 13 = 381 K

. ¥ ¥ [
Isentropic increase intemperature . Ta — T
actual increase in temperature Ta - Th

T. - T 381 - 293
¢ Tai= Ty = — = 58 = 1035

T, =1035 + T; = 1035 + 2893 = 3965 K

Now, ne =

Ts - T
Effectiveness of intercoaler o 075
Ta - T]_

5 Ta=Tp={(Tg = T1) x 075 = (3965 - 293} x 075 = 7763
Ty = Tq - 7763 = 3965 - 7763 = 31887 K
Now, considering second stage compression,

1-1 o
2 {E} "L (28" - (25086 - 13
Pb

v Ta' = Tp x 113 = 31887 x 13 = 4145 K

L' - T
Now, = ———— = (85
2= T

To' - T 4145 - 31887
el Tg - Ty = 085 = 0.85 = 112:5

5N
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s Ta= 11256 + Ty = 11256 + 31887 = 431-37 K
Compressor work, We = Wy + W
; = Kp(Ta = Tq) + k(T2 = Ty
= 1005 (3965 — 293) + 1-005 (431-37 — 31887)
= 1:005 x 2160 = 217-08 kJ/kg
Now, considering turbine expansion,

T =1, 0.4
3 pal v 14 0-286
— = 4= = (625 = (625 = 1-69
R SRR

, T3 973
. Ta = 765 = Teg = 57574 K

Tz - T

Now, Actual temperature drop 3 4 _ 582

Nt = lsentropic temperature diop ~ T3 - Ta '
oo Ta=-Ta=(T3 - T3") x 082 = (973 - 57574) x 0-82 = 32575
Tz = T3 ~ 32575 = 973 - 32675 = 64725 K

Turbine work, W; = ko (T3 — T4) = 1-005(373 — 847:25) = 327-37 kl/kg

Effectiveness of heat exchanger = 076 = ———

Ts - 431.37
647-25 - 431-37
" Ts = O75(64725 - 431:37) + 431-37 = 59328 K
Heat supplied = k(T3 — T5) = 1-005 (973 — 583-28) = 381-61 kdfkg
Thermal eff. of the gas turbine plant,
Turbine work - Compressor waork

ie, 075 =

=

Heat supplied
327:37 - 217-08 110-29
= 38161 = 381-61 = 0'289 or 23'9%
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