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1 The blow-off limits of a combustor can be captured using a perfectly stirred reactor
(PSR) as a model. Consider the energy balance for a PSR with mass flow rate 1, volume
V, and constant pressure p, inlet conditions given by temperature Ty, density pg, and
reactant mass fraction ¥;. The mass reaction rate per unit volume in the reactor is
approximated as a one-step reaction from fuel to products, where w = ApY exp(—6,/T),
where p is the density, Y is the mass fraction of the reactant, 7' the temperature, and A and
6, are constants. The mixture in the reactor can be considered to have constant specific
heat capacity cp, and the enthalpy of reaction per unit mass of reactant is Q.

(a) Using the single step reaction model in the PSR, show that the steady state

temperature T in the reactor satifsifes:

W) _Ty(y, T-To\
= =2 (vo- =) expl-n/7)

where 7. = 1/A, Ty = poV /mand g = Q/cp. [40%]

(b) Show that the blow-off condition is given by:

T_dl (8 vy T-Toy TY 0
= -2 (G- 000120 - T enplt/m

[30%]

(¢) Provide a graphical and commented interpretation for (a)-(b). Use this to

illustrate the variation of the steady state temperature with the ratio /7. [30%]
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2 A spherical combustion bomb is used to measure laminar flame speeds. The mixture
is ignited at the centre, and a laminar flame propagates spherically through the chamber
of radius R. At time ¢, the radius of the flame is 7¢(¢). The initial unburned conditions
are po, Ty o and p, ,, the initial reactant mass fraction is Y,, and the specific enthalpy of
combustion per unit mass of fuel is 0. The burned and unburned gas mixtures can be
assumed to behave as perfect gases with the same properties. The temperatures of the
burned and unburned gases are assumed to be uniform, and the pressure is uniform across
the chamber. The process is entirely adiabatic, and the burned and unburned gases can be
assumed to be compressed isentropically.

(a) Show that the ratio of the final burnt gas temperature to the initial reactant
temperature is:

Tb,f/Tu,o =1 +Y0Q/(CvTu,o)

and sketch the burned and unburned temperatures on a 7'-p graph.

(b) Show that the initial density ratio across the flame is given by:

pb,o

Pu,o0

=(1+g)7!

where where pj, , is density of gas burned at the initial pressure and temperature, and
q= QY /(cpTy,0). Justify your assumptions.

(c)  Show that the normalized flame radius 7 = r¢/R and pressure p = p/p, are
related by:

{1 —(1- %ﬂ)fﬂ Y7 =1
Pu,o0

(d) Show that under these conditions the normalized rate of flame growth d#/dt
is related to the pressure rise by:

7 -2/3 g4
df _ q_J“_lﬁ—(YH)/y (1 _ﬁ—l/y)Q+1 dp

(e) Using a volume balance or otherwise, explain how the laminar flame speed
can be obtained from the rate of pressure change alone. Justify all assumptions.

(TURN OVER
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3 (a) Show that the work done during the isentropic compression of a perfect gas
between states 1 and 2 is given by:

y—1

v, v\ 71 V, A
Wy, = PV 1_(_1) _ Vi 1_(@) 7
y—1 V2 y—1 p1

(b) Fig. 1 shows an idealized four-stroke engine cycle, running under throttled
conditions. Assuming that the working fluid is a perfect gas, with ratio of specific heats 7,
find expressions for the work done during the compression and expansion strokes (which
are assumed isentropic) in terms of p,, p;, p3 and V.

(c) If the compression ratio is 9, ¥ = 1.4, the manifold inlet temperature is
288 K, the temperature rise on combustion is 1400 K, and the exhaust and inlet manifold
pressures are 1 bar and 0.5 bar respectively, determine p3, and hence the gross imep.

(d) Determine the pumping work, and hence the pmep and the net imep.

(e) Sketch the p-V diagram of Fig. 1 on your script, and add to this a sketch an
unthrottled cycle operating between the same minimum and maximum volumes, which
would produce the same net work as the throttled cycle, based on late inlet valve closing.
You may assume that the unthrottled inlet pressure is equal to p.. No calculations are
required, but justify clearly with a few comments the sketch you have made.

(cont.
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4 A compression-ignition engine is fitted with a turbocharger. The AFR is 18:1,
the inlet to the compressor (of isentropic efficiency 70%) is at 0.95 bar abs, 15°C, and
the outlet of the compressor is at 2 bar abs. The exhaust gases enter the turbine (of
isentropic efficiency 80%) at 1.8 bar abs, 600°C, and leave at 1.05 bar. Assume that for
air ¢ 4;y=1.01 kJ kg~ ! K~1, 1,;,=1.4, and that for the exhaust gases, cp ex=1.15kJ kg~
K1 and y,,=1.33.

(a) Draw the turbocharger process on a T-s diagram. [25%]
(b) Determine the gas temperature at exit from the compressor and turbine. [25%]
(¢) Calculate the mechanical efficiency of the turbocharger. [25%]

(d) If an intercooler of effectiveness 0.5 is fitted at the exit of the compressor, and
the AFR, and the compressor delivery pressure and temperature are unchanged, estimate
the increase in engine power. (Assume the temperature available for heat exchange is
15°C.) [25%]

END OF PAPER
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(a)-

y-1 y-1
(b) W/u: px‘V,,, 1_ 5 , PV34= pSI/c 1__ I/c
y-1 |7 y-1| |7,

(c) p3 = 32.7 bar, gimep = 4.0 bar

(d) Wpump = O.44Vm, net lmep = 3.5 bar

(e)-



