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INSTRUCTIONS TO CANDIDATES:

e FORMULA SHEETS ATTACHED

NO BOOKS, LECTURE NOTES, STUDY-, HOMEWORK- OR TUTORIAL MATERIAL
ALLOWED

UJ APPROVED CALCULATORS ALLOWED
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ANSWER ALL 5 QUESTIONS IN ENGLISH
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QUESTION 1 (18 marks)

Consider an ideal shaft power gas turbine cycle with heat exchange and a free power turbine,
schematically shown in figure 1. The cycle processes are as follows:

1-2: Isentropic compression in compressor (C)

2-5: Constant pressure heat exchange (HE)

5-3: Constant pressure heat input in combustion chamber (B)

3-4: lsentropic expansion in high pressure- (gas generator) turbine (THp)
4-6: Constant pressure heat exchange (HE)

6-7: lsentropic expansion in low pressure- (free) turbine (Trp)

7-1: Constant pressure heat rejection

The following temperatures are equal: Ta=Ts; T2=Ts;
The following pressures are equal: P1=P7; P2=P3=Ps; Ps=Ps

Derive an equation for the thermal efficiency of the cycle.

QUESTION 2 (13 marks)

The compressor outlet pressure of an ideal simple gas turbine is 850 kPa. The cycle work output
is 557 132 J/kg and the heat rejected to atmosphere is 309 028 J/kg. The turbine entry
temperature is 1 150 K. A cycle schematic is shown in figure 2.

Calculate the following:

(1)  All the unknown states and the temperature- and pressure ratios of the cycle
(i)  Heat input and turbine, work input and work output per kg of air

(iii) Net work per kg of air

(iv) Thermal efficiency

(v) Maximum-to-minimum temperature ratio

Properties of air are given as follows: Cp=1 005 J/kgK; y=14
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QUESTION 3 (12 marks)

(i)  Consider the equation for thermal efficiency of the Dual cycle:

_q 1 oc’ — 1 3.1
LA /V_l(w(c—l)ﬂa—l)) G-l

Show that the equations for thermal efficiency of the Diesel- and Otto cycles are special
cases of equation (3.1).

(i)  An engine operating on a Diesel cycle with an unknown compression ratio has a cutoff
ratio of 2. Obtain an expression for the change in thermal efficiency if the cutoff ratio is
increased by 50%, for a y value of 1,4.

(iii) Calculate the percentage change in efficiency in (ii) above if the compression ratio is 17:1.

(iv) Calculate the cutoff ratio that gives minimum efficiency if the compression ratio is 17:1,
as well as the value of the minimum efficiency, for a y-value of 1,4.

QUESTION 4 (30 marks)

A four-stroke reciprocating internal combustion engine has a displacement volume of 1,8 | and
a compression ratio of 11:1. At 1 500 m above sea level, it runs at 5 300 RPM at wide-open
throttle, where its volumetric efficiency is 82%. The engine is “square”, i.e. with equal bore
and stroke. The connecting rod length is 250 mm.

Atmospheric pressure and temperature at sea level are 101 325 Pa and 288,15 K respectively.
The temperature lapse rate is 0,0065 K/m above sea level. The gas constant and ratio of specific
heat capacities of air are 287,1 J/kgK and 1,35 respectively.

Calculate

(1)  Ambient temperature, pressure and density using the ISA atmosphere

(i)  Displacement volume per cylinder, bore and stroke

(iii) Crank radius and ratio of connecting rod length to crank radius

(iv) Piston displacement at 0°, 90° and 180° crank rotation after top dead centre

(v) Clearance volume per cylinder

(vi) Total volume per cylinder at 0°, 90° and 180° crank rotation after top dead centre

(vii) Air mass per cylinder at 0°, 90° and 180° crank rotation after top dead centre

(viii) Air mass flow through engine at 5 300 RPM and the ambient conditions determined in
(i) above
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QUESTION 5 (34 marks)

The thrust F of a submerged boat propeller depends on the following parameters:

Water density p

Rotational speed N

Size D

Water viscosity u

Axial velocity V of water through propeller

Form dimensionless groups with the above parameters of a boat propeller, using the MLT
system of dimensions. Set up a table of dimensions of the parameters. Determine the number
of dimensionless groups. Select primary parameters for the dimensional analysis. Form the
dimensionless groups using Buckinghams z-theorem.
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Figure 1: Ideal shaft power gas turbine cycle with heat exchange and a free turbine
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Figure 2: lIdeal simple shaft power gas turbine cycle
https://en.wikipedia.org/wiki/Brayton_cycle
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Annexure: Formula sheets

— T0'1 _Ta
T01 Ta
T0'2 Tos
Toz Tos
03 _T04
Tos _Tol4
(FA)
(FA) e
T T
T
T04 -T,
T -T.
P01 — Pa
B P

oa 'a

77:

theor

n=

]7:

C

a=1

A=Yy
SFC =m, /W

m

pavd
Ws, =R, (V -V )_PV

(Wpump)net ( in — )\/d

CDV = Aact/Apass

T y
=2d? =CB? Zmax
A=74 -

77:

PV = PRy,
Q =mC,AT

C=RT
M, =c,/c
AP, AP
POS - POZ(]'_ : haj
P02 POZ
P

¢ = (AF )stoich/(AF )act
SFC =3600m, /W
1 = ISFC/BSFC

60m,  60nm,
apaV N L.V N
Wse - Pex (VG _Vs ) - _Pede

|, <d, /4
=7zd, |

pass

C=13

TV =Ty
Q =mC,AT
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Formulae (continued)
Q=m(C,+C, AT

quin = (ma + mf FVAT

dg =du + dw
dg =dh —vdP
dw = Pdv

qin + qout = Wnet

T(h)=T, - 4h

Too _[ Po
Tos 01
(n-1)/n
T (Pu
Tos 04
, (r-1)y
Too _[ Foo
Tos 01
, (r-1lr
Tos _[ Poa
Tos 03
T’ ) P, (r-1)r
Tos 04
2
T.=—-T,
y+1
m=m, + m,
oM.

m.q,, = (ma +m, )CPAT
(ma +M; ppg (T03 _Toz) =17,M; QL

t=T,/T,

F =m(cj _Ca)+ A (Pj - Pa)
F= m(ci _Ca)

SFC - 3600(FA)

S

C, =1 005 J/kgK
C, =1 148 J/kgk

R=2871 J/kgK
y =214

»=1333

A =-0,986 °C/km

A=0 °C/km
A1=6,5 °C/km
g =9,81 m/s?

m fuel — (FA)m

a
W
m=—
w
m= pcA

h=F/F,
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Formulae (continued)
F, =mc, = (m, +m, ), Fv=F-F
W Cra
Wrip = —— To5 _Tos =(1+B) . (Toz _T01)
77 77m pg
Ty =288,15K Py, =101,325 kPa
m=m, + m, B=m_/m,
m, =m/(1+B) m_ =mB/(1+ B)
Fs =M.C, +MiCy, F, =rmc, =(m, +m, )c,
WT = thpg(TOS_TOG) WT P = .F/Um
TP =1,SP + Fc, C=V,/V,
ep-"P _gp4 G C=V,;/V,
77pr 77pr
EPtakeoff:E:SP‘i'i a:PX/P2
Mor 8,5
77T Diesel >77T Dual >77T Otto s=acos¢9+\/r2 —a”sin® @
y = (r +a) —(acos @+ rcos ¢) R=r/a
- : : in2
y =aésin 6{1+ cos 0 ] yzaQ(sm0+s 0)
R? —sin® @ R
y=2s N ' in 20
_25 % y 7. sin
y 60 =~ —(sm 0+
y 2 2R
V4 =Veoe — Ve Vg = 72528/4
Vg = NcﬂBZS/4 Iy :(Vc +Vd )/\/c
W = [F dy W =[P dv
W= I P dv F=PA,
2 —
AIO = 7B /4 VVnet - Wgross + Wpump
Wo =W, — W M =W, /W,
MEP =WV, (IMEP),,, = (IMEP),,., + PMEP

BMEP = (IMEP), ., — FMEP
FMEP = (1— 7, XIMEP)

net

BMEP = 7,,(IMEP)
BMEP = 27T, /aV,

net



THERMOMACHINES TRM4A11

-10 -

Formulae (continued)
W = 27NT/60
BMEP = 24T, /aV,

mq, = (ma +m, )CVAT

77 - @
! Q HV ( FA)actu al

_ szz B P1V1
1-y

in

W, ..o = (BMEP V,Nax /60

engine ~
o="%
32n+8m

stoich — 41319—
12n+1,008m

1
m=1=oa

;
C2t-r +1-2t/r
T

SEC - 3600(FA)

WT P

(AF)

actual

1
r)
_ P4V4 B P3V3
1-y

n=1-

W

out

m

C.H, +[n+%)oz +3,76(n+%]N2 5nCO, +(-]HZO+3,76[n+%JNZ
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