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INSTRUCTIONS TO CANDIDATES:
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ANSWER ALL THE QUESTIONS IN ENGLISH
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Question 1 (15 marks)

Draw diagrammes showing the operation of the following RICE-electric motor hybrid drives
for land vehicles:

1) Series-connected (5)

(i)  Parallel-connected 4

(i)  Series-parallel-connected (6)
Question 2 (26 marks)

Determine the specific work output, specific fuel consumption and cycle efficiency of a
* simple gas turbine with a free power turbine given the following specification:

Compressor pressure ratio: 12,0:1
Turbine inlet temperature: 1350 K
Isentropic efficiency #¢ of compressor: 86%
Isentropic efficiency nr of each turbine: 89%
Mechanical efficiency 7, of each shaft: 99%
Combustion efficiency m: 99%
Combustion chamber pressure loss: 6% of Pg
Exhaust pressure loss: 3 kPa
Ambient conditions: 100 kPa, 288K

Working substance properties are as follows:

C,, =1005 J/kgK; y, =14 Cp, =1148 J/kgK; 7. =413

|5

—~—

= ——=|  Power turbine
(Gas generator
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Question 3 (34 marks)

A 4,8 1 V8 SI engine operates on a four-stroke GDI cycle at 4 200 RPM. The engine operates
with two direct injections of gasoline in each cylinder during each cycle with an overall air-
fuel ratio of 28:1. The first injection in each cylinder consists of one quarter of the total fuel
input and occurs late in the intake stroke and early part of the compression stroke, 10° BBDC
to 80° ABDC. The second injection inputs the rest of the fuel near the spark plug shortly
before ignition, 70° BTDC to 30° BTDC. A supercharger gives the engine a volumetric
efficiency of 98% at this speed. The atmospheric air density is 1,181 kg/m®.

Calculate:
1. “Steady-state” fuel mass flow into the engine 6)
2. Duration of one first fuel injection (7
3. Fuel mass flow rate through injector during first injection (10)
4. Fuel mass flow rate through injector during second injection (1D
Question 4 (28 marks)

An engine working on the air-standard Otto cycle has an inlet pressure of 100 kPa and a
pressure of 1 400 kPa at the end of compression. The pressure at the end of combustion is
2,1 MPa. The jvalue of the working substance is 1,35.

Calculate:
(1) The compression ratio of the engine 4
(i)  The clearance volume as a percentage of the cylinder volume 4)
(iii))  The ideal air-standard Otto efficiency 3)
(iv)  The compression work per unit displacement volume (8)
) The expansion work per unit displacement volume (6)

(vi)  The net work per unit displacement volume (MEP) 3)
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Question 5 (17 marks)

A diesel engine is fitted with a turbocharger, which comprises a centrifugal compressor
driven by an inflow radial exhaust gas turbine. The air is drawn into the compressor at a
pressure of 95 kPa and a temperature of 15°C, and is delivered to the engine at a pressure of
200 kPa. The engine is operating on an air-fuel ratio of 18:1. The exhaust gas leaves the
engine at a temperature of 600°C and a pressure of 180 kPa, and leaves the turbine at
105 kPa. The isentropic efficiencies of the compressor and turbine are 70% and 80%
respectively.

Calculate:
(1) Temperature of the air leaving the compressor (6)
(ii) Temperature of the gas leaving the turbine (6)
(i11)  Mechanical efficiency of the shaft connecting the compressor and turbine (5)

Working substance properties are as follows:

C,, =1010 J/kgK; v, =L4; C,, =1150 J/kgK; 7, =4/3;

Temperature |
TiK)
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Annexure: Formula sheets
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Formulae (continued)
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C, =1005 J/kgK
C, =1148 J/kgK

R =287, I/kgK

y=14
y=1,333

2 =-0,986 °C/km
A=0 °C/km
A=6,5 °C/km
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Formulae (continued)

m=m, +m,

m, = m/(1+B)

Fe = m.c;, +m,c,,
Wr w = ml’chg (Tos -T 06)
TP =n,SP+ Fc,
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ERakeoﬁ = P :SP+ F
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Formulae (continued)

m.q,, = (ma +m, ﬁ‘vAT
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Combustion ternperature rise/[K] {assuming complete combustion)
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Question 1 (17 marks)

Using P-v- and T-s-diagrammes, compare the thermal efficiencies of the ideal air-standard
Otto-, Diesel- and Dual cycles for two cases, 1.e:

(1) The same input conditions and compression ratio
(i)  The same input conditions, maximum pressure and maximum temperature

Question 2 (34 marks)

The following data apply to the auxiliary power unit (APU) on the Boeing 777
(single-shaft unit, driving separate load compressor and generator — see Figure 1):

Load compressor:

Mass flow: 3,5 kg/s
Pressure ratio: 3,65:1
Isentropic efficiency: 0,88

Gas turbine:

Pressure ratio: 12,0:1
Compressor isentropic efficiency: 0,84
Turbine inlet temperature: 1390K
Turbine isentropic efficiency: 0,87
Relative combustion pressure loss AP/Pygr: 5%
Turbine exhaust pressure: 104 000 Pa

When operating at 35°C and 101 000 Pa at standstill, the unit must supply 200 kW electrical
load. Calculate the airflow required for the gas turbine and the specific fuel consumption.

Working substance properties are:

C,, =1005J/kegK; y, =14, Cp, =1148J/kgK; 7, =4/3
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3,5 kg/s

Load Gas Load
compressor T turbine generator
v
35°C 104 kPa
101 kPa
Figure 1: Auxiliary power unit
Question 3 (17 MARKS)

An aircraft powered by single-spool turbojets flies at a speed of 900 km/h at an altitude of
5000 m ASL. The engines operate at a compressor pressure ratio of 8,0:1. The compressor-
and turbine polytropic efficiencies are 92,5% and 85,5% respectively, and the combustion
chamber pressure loss is 4% of the compressor delivery pressure. The inlet total pressure
recovery is 97%. The air- and fuel mass flow rates per engine are 100 kg/s and 1,8 kg/s
respectively. The engine mechanical efficiency and fuel heating value are 99% and
43 100 kJ/kgf respectively. Combustion efficiency is 98%. Assume the engines have
convergent, isentropic nozzle flow. Calculate the turbine inlet temperature.

Sea-level static conditions are 288,15 K and 101 325 Pa. Working substance properties are:
Cp, =1005T/keK; 7, =14 Cp, =11481/kgK; y, =4/3

A T-s-diagramme of a turbojet cycle is shown in Figure 2.



THERMOMACHINES TRM4A1l -5-

SIMPLE TURBOIET CYCLL

{&Tohur

[ CEi2e,

Figure 2: Turbojet T-s-diagramme

Question 4 (14 MARKS)

From the P-V-diagramme of an engine working on the ideal air-standard Otto cycle, it is
found that the pressure in the cylinder after the piston has been displaced by 1/8" of the
stroke, i.e. from BDC on the compression stroke is, 140 kPa. After a piston displacement of
5/8" of the compression stroke, the pressure is 350 kPa. Calculate the compression ratio,
pressure Py at BDC and the ideal air standard thermal efficiency of the cycle.

The s=value of the working substance is 1,4.

Sections through a cylinder, for piston displacements of 1/8" and 5/8" of the stroke S, are
shown in Figure 3.
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8
Ve
TDC BDC
S
140 kPa 8
58
350 kPa 8

Figure 3: Sections through cylinder for piston displacements of 1/8™ and 5/8" of stroke

Question S (38 MARKYS)

A 4-stroke, 4cylinder RICE with indirect mechanical petrol injection and a displacement
volume of 1,6 / runs at WOT, and a speed of 6500 RPM, where its volumetric efficiency and
air-fuel ratio are 90% and 12:1 respectively.

The fuel tank is situated 3 m from the plenum chamber containing the injectors. The fuel is
supplied to the plenum chamber by means of a pump at the tank outlet, via a straight, smooth
steel pipe with an inner diameter of 4 mm. Fuel flow through the pipe is constant at the
above operating conditions.

Assume the surface of the fuel in the tank is approximately level with the injectors, and the
tank is relatively shallow so that its depth may be neglected. Also assume the plenum and
fuel surface in the tank are at atmospheric pressure. The pressure drop across the injectors is
300 kPa. The pump behaves like a positive displacement pump, i.e. its pressure is almost
constant with flow.

Ambient conditions of 101 325 Pa and 15°C apply during the test. The density and viscosity
of petrol are 700 kg/m’ and 542 zPa.s respectively.

Calculate the required pump power.
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Annexure: Formula sheets

Torl =]}
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Formulae (continued)
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A=-0,986 °C/km
A=0 °C/km
A=6,5 °C/km
g =981 m/s’
m_fi.'e,’ = (FA)ma
4
m=—
w
m = pcA

=FJF,

Fe = m.C . +nm,c,

F,=F,~F,
Tos —Toy =(1+ B)

P, =101,325 kPa

h

pu

m= pg

(Toz -

T

01

)



THERMOMACHINES TRM4A11

Formulae (continued)

m=m, +m,

i, =mf(1+B)
Fo=m.c, +mc,
I/VI = mhcpg (YI)S —T(,)ﬁ)
IP =n,SP+ Fe,

EP="T _5py S
7]!}1' 77;?."
EPtakeoﬁ' :E = SP+%
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Y260

Vi =Vspe = Vine
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W, =W, =W,

MEP=W/V,
BMEP=(IMEP),, — FMEP
FMEP= (-7, \IMEP)
W =27aNT/60

BMEP =2xT, /aV,
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B=m, /mh

m, =mB/(1+ B)
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Wy ==Wy/[n,
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S aQ(sinQJr Sin 29]
2R
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W= [Pdv

F = P4,
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ﬂm = Wb /er

(IMEP),,, = (IMEP), + PMEP

BMEP=1, (IMEP)
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Formulae (continued)

m.q,, = (ma +m, ﬁ]-AT ( 4 F)wmh ~4319 32n+8m
' 121+1,008m
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L fgg
P = pgh, W = PQ

CnHm + (” + %JOQ + 3376[}1 + fZ]NZ —> nC'Oz + (ZEJHEO + 3,76(}’! + J::]NZ
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Corbustion temperature rise/[K] {assuming compiete combustion)
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Moody Diagram
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Question 1 (19 marks)

Consider steady, incompressible fluid flow through a pump. Derive the Euler pump equation
from first principles, in terms of the control volume parameters shown in Figure 1. Obtain
expressions for the ideal torque, power, head, specific work and pressure of an
incompressible fluid pump.

Flow direction

Figure 1: Control volume for Euler pump equation

Question 2 (23 marks)

A single-shaft gas turbine for electric power generation (Figure 2) has the following data:

Compressor pressure ratio 12,051
Compressor polytropic efficiency 88%
Combustion chamber pressure loss 5%
Combustion efficiency 99%
Turbine entry temperature (“TET") 1400 K
Turbine polytropic efficiency 88%
Mechanical efficiency of compressor drive shaft 99%
Airflow 80,0 kg/s

Inlet stagnation conditions are 101 325 kPa and 288,15 K. Working fluid properties are:
Cp, =1005J/kgK; vy, =14 Cp =1148 J/kgK,; Ye= 4/3

[gnore inlet- and exhaust pressure losses and load drive shaft losses and calculate:
(1) All the pressures and temperatures of the cycle

(i1) Net power of the gas turbine

(iii)  Specific fuel consumption
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Fuel = Heat

3 4
]
\

~

Compressor Turbine

Figure 2: Single shaft gas turbine for electric power generation

Question 3 (28 marks)

The following data apply to a free turbine engine for aircraft propulsion (Figure 3):

Compressor pressure ratio 15,0:1
Compressor isentropic efficiency 81%
Combustion chamber pressure loss 5%
Combustion efficiency 99%

HP turbine entry temperature (“7ET) 1600 K

HP turbine isentropic efficiency 87%
Free turbine isentropic efficiency 89%
Mechanical efficiency of both drive shafts 99%
Mechanical efficiency of gearbox 98,5%
Airflow 11,0 kg/s

Assume 3% bleed air for cooling of the HP turbine blades

Calculate:
(1) The output power of the free turbine for engine intake conditions of 101 300 Pa and 303 K
(ii) The specific fuel consumption

Working fluid properties are:

C,, =1005 I/kgK; 7. =14; C,, =1148 J/kgK; 7, =4/3
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ﬁ@ ® Free  |(8)

Compressor :
¢ @ Combustion HP turbine turbine
\ chamber "/" /-’_v Gearbox
n, m, —3% ",

\\

&S A

®

3% m, bleed air

Figure 3: Aircraft gas turbine schematic with bleed air and free turbine

Question 4 (27 marks)

A 4-cylinder 4-stroke reciprocating internal combustion engine with a compression ratio of
11:1, bore and stroke of 84 mm and 88,5 mm respectively runs at 5500 RPM, where the
volumetric efficiency is 88%. Assume all the combustion gas is flushed out of the engine
during the exhaust stroke, i.e. from both the cylinder and combustion chamber. A direct fuel
injection system feeds the fuel into the engine after the intake valves have closed. If the
actual air-fuel ratio is 12:1, calculate the fuel mass flow into the engine. Intake conditions are
84 kPa and 50°C.

Question 5 (23 marks)

An engine operating on an air standard Diesel cycle has a compression ratio of 16.
The temperature before compression is 27°C and the temperature after expansion is 627°C.

Calculate:

(i) The temperature after compression (72)

(ii) The temperature before expansion (73)

(iii)  Heat input into the cycle per unit mass of air (gin)

(iv)  Heat rejected to atmosphere per unit mass of air (gou)
(v) The net work output per unit mass of air (Wner)

(vi)  Cyecle thermal efficiency (n7)

Working fluid properties are: Cp = 1005 JkgK,; y=1,4
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Annexure: Formula sheets

Torl ~d, a
Tm =T a

_ I, 0'3 - Tm
Ty, = TDI
Tu_: B Tm
Tm o To’4
(FA)eor
(FA) s
7, I

T -T

T
T(]—’l Tc"

Iy =P

?7:

theor

4

pan
=F (Vl _Vé):P V,

| in in

(Wpump )ne{ = (Bn o Pe.x )Vd
Cz)v =4, / A

o

pass

4, =247 =g Yms
47 &
BY = BY;

O = mC,AT

0 =ml(C,+C,)AT

}n_,"gm = (ma & m_.f kleT

o= yRT
B, =e fo
AP, AP
-Pox })O_’ 1_ b I
IDO'J POZ

no "y
¢ - (AF)sroiciz /(AF)act
SFC =3600m, /W
n = ISFC/BSFC

60,  60nm,
apV,N pV,N
Wy =PV, -V,)=-P.V,
I <d |4

pm =7d [

C 13

Ty =Ty}
0 = mC AT
Mg, = (ma +m, )CPAT
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Formulae (continued)

dg =du + dw
dg = dh — vdP
dw = Pdv

qm ¥ qom = “‘m'f

7(h)=T,, - 2

J) 2/(AR)
h)=P,|1-—p
P0)-ru1- 0]

2 [%_')
P(h)szL(l*?h]

SL

P=pRT
C,T,=C,T+c*/2

T, (P (r=1)r
T \ P

(n—l)’n
Ty _ [ By

(n=1)/n
T03 [ 03

=1y
7 (P i

; (r-1)/¥
Ty, z[ 2,

ey
TC, _[P (r-1);

FD :mca :(mc +mfz)ca

-

Wrpp =

T, = 28815 K

I:TJ/TI

F:ﬁ.?(cj HC‘{:)_{_A,I'('PJ -R’)
F:m(c‘j _Cn)

e 3600E)

5

C, =1005 J/kgK
C, =1148 J/kgK

R =287, J/kgK

r=14
y =1333

A =-0,986 °C/km
A =0 °C/km
A=6,5 °C/km
g=9,81 m/s?
Moy = (F A)ma

. W
m=—
M/H

m = pcd
th=F/F.
Fo =t e, +1iye,

i h~ jh

F:\-‘ :FG_FD

Cp(r
Tos _Too :(1"'3)—*(?102 -

m= pg

P, =101,325 kPa

TUI

)
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Formulae (continued)

m=m, +m,

i, =m/(1+B)

FG = mc‘cjc T m/rcjh
WT e =M Cpg (Tos = Toe)
TP =7,SP+ Fe,

F.
=12 _sp i L
npr Upr
P F
EPmke off == SP +
Al T?pl 8,

771" Diesel > 77T Dual > r]T Otto
y=(r+a)—(acosd+rcosd)

yzaésinQ(H cos 0 J

R* —sin* @
- N
p =28 —
Y50

V, = Vape = VTDC
V,=N,B*S /4

W =|F dy

W= J.P dv

A, =nB[4

Wb = Wi — Wf

MEP=W/V,
BMEP=(IMEP),, — FMEP
FMEP=(1-n, \IMEP)
W =27NT/60

BMEP = 27T, |aV,

net

B=nm_[m,

m, =mB/(1+ B)
Fy,=mc,6 = (l’f’lc +m, )ca
Wr o =~We/m,

G="1/V,

o= ¥ V5

a=P[P,

S=ClCOSt9+\/i’2 —a’sin® @

R=urla

V= aﬂ(sin 6+

sin 20 ]

= 7B*S/4
r =V, +V,)/V.
w=[Pdv
F=P4,
Wm,t = ngss G Wpump
N, =W, /W,

(IMEP),,, = (IMEP),, . + PMEP

BMEP=n, (IMEP)

gross

net

BMEP=2xT, |aV,

4

b engine

a="%

= (BMEP) N /60
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Formulae (continued)
m.q, = (mn +mr)CrAT (AF) 24319 32n+8m
soteh 121+1,008m
1 |
n=l-— 7=l
7 £
. 3 2—r +1-2t/\Jr,
= n = ‘
: 2t ~ by =, \/Z
Wncl /CPTI = 2t - F?' + 1 - 2t/‘\/2 SFC i 36OO(FA)actual
WTP
n, = Wrp g =] 1
Z QHI" (FA)acrual ’,.V:V‘]
: :Psz%PlVl :P4V4_P_1Vl
n 1 . }/ out 1 _ }/
1 = pQ Q=AV
Re = pDV/u LV
h, = f——
D2g
P = pgh, W = PO

CH +[n J%Joz +3,76(n+?JN2 —nCO, +(’;JH20+3,76(H +%] N,



THERMOMACHINES TRM4A11

- 10 -

Combustion temperature rise/[K] (assuming complete combustion)
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Combustion temperature rise/[K] (assuming complete combustion)
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