
ENGINEERING TRIPOS PART IB 2014 
 

SOLUTIONS TO PAPER 4 – THERMOFLUID MECHANICS 
 

Question 1 
 
(a)(i) The processes between the following states are: 

1 to 2 compressor; 
2 to 3 condenser (constant pressure); 
3 to 4 throttle (assume isenthalpic, i.e. adiabatic with negligible change in 
kinetic energy); 
4 to 1 evaporator (constant pressure). 

 

 
(a)(ii)  To find compressor specific work, wc 

From R-134a Table in Data Book: 
h1 = 386.5 kJ/kg 
h2 = 435.4 kJ/kg 
wc = h2 – h1 = 48.9 kJ/kg (work input) 

 
To find compressor isentropic efficiency, η 
p2 = 7.70 bar (table) 
s2s = s1 = 1.7410 kJ/kg K (table) 
h2s = 420 kJ /kg (from chart in Data Book) 

 

η =
h2s − h1
h2 − h1

=
420−386.5
435.4−386.5

= 0.69  

 
(a)(iii) COPR = specific heat input in evaporator / specific work input in compressor 

h4 = h3 = 241.7 kJ/kg (table) 
 

COPR =
h1 − h4
h2 − h1

=
386.5− 241.7

48.9
= 2.96

 
 

 
(b)(i) The processes between the following states are: 

1 to 2 feed pump; 
2 to 3 heat addition in boiler (constant pressure); 
3 to 4 turbine; 
4 to 1 heat rejection in condenser (constant pressure). 

 



 

 
 
(b)(ii)  At turbine inlet (from table), 

h3 = 428.8 kJ/kg  
s3 = 1.6848 kJ/kg K  

 
saturation conditions at 10°C (from table): 
s4f  = 1.0486 kJ/kg K 
s4g = 1.7222 kJ/kg K 
h4f = 213.6 kJ/kg 
h4g = 404.3 kJ/kg 

 
s4s = s3 (isentropic expansion) 

 
dryness fraction at 4s is x4s, 

 

x4s =
s4s − s4 f
s4g − s4 f

=
1.6848−1.0486
1.7222−1.0486

= 0.94
 

 enthalpy at 4s, 
 

h4s = h4 f + x4s (h4g − h4 f ) = 213.6+ 0.94(404.3− 213.6) = 393.7kJ/kg  
 

isentropic efficiency of the turbine is 0.85, 
 

0.85= h3 − h4
h3 − h4s

 

 
so the turbine specific work output, wt is given by 

 
wt = h3 − h4 = 0.85(h3 − h4s ) = 29.8kJ/kg  

 
(b)(iii)  
Superheating will: 

" increase the turbine specific work output (increase h3); 
" increase the cycle efficiency (average temperature of heat addition has 

increased so Carnot efficiency (of reversible cycle) will increase); 



" flow in turbine will be drier. Wetness in turbine reduces turbine isentropic 
efficiency and also erodes turbine blades. Hence, drier flow in turbine will 
raise turbine isentropic efficiency and hence raise the cycle efficiency. 

 
  



Question 2 
 
(a)(i) SFEE (steady flow energy equation):   h2 − h1 = −wx + q  
 

SFSE (steady flow entropy equation): s2 − s1 =
dq
T1

2

∫ +Δsirrev  

 
From availability definition:    b2 − b1 = h2 − h1 −T0 (s2 − s1)  

 
hence: 

 

b2 − b1 = −wx + q−T0
dq
T1

2

∫ −T0Δsirrev

b2 − b1 = −wx + 1− T0
T
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∫ dq−T0Δsirrev
 

 
Note: the quantities in the above derivation are all specific (per kg) and are 
therefore written in lower case letters with no dots above them. Dots are 
reserved for quantities that are rates (per s). 

 
(a)(ii) First term on rhs is change in power potential due to shaft work output. 

Second term on rhs is change in power potential due to heat input. 
Third term on rhs is change in power potential due to irreversibilities in the 
process (e.g. viscous dissipation or heat transfer across a finite temperature 
difference) 

 
(b)(i) Control volume around whole heat exchanger and assume no heat flow in/out 

of control volume. 
 Stream 1 enters at 900K, stream 2 enters at 1800K, 
 

!m1Δh1 + !m2Δh2 = 0  
and Δh = cpΔT  so, 

 
20×1.01× (Tm − 900)+80×1.01× (Tm −1800) = 0  

 
Tm =1620K . 

 
(b)(ii)  Lost power potential is due to irreversibilities (heat transfer across a finite 

temperature difference). 
 

Control volume around whole heat exchanger, no heat transfer in/out of 
control volume so only change in entropy is due to irreversibilities:  

 

ΔSirrev = !m1Δs1 + !m2Δs2 = 20cp ln
1620
900
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'= 3.36kJ/K  



 
Lost power potential is given by 

 
T0ΔSirrev = 300×3.36E3=1.01MW  

 
(b)(iii) 
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(c) 
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This is the same power output as part (b)(iii). However, the power potential of 
the combined exhaust flows in part 2(c) will be greater than that of the exhaust 
of the turbine of part 2(b) due to the lost power potential in part 2(b)(ii). 

 
(d) The two streams would need to be brought to the same temperature by running 

a reversible heat engine between the hot stream and cold stream. The power 
potential that was lost in part 2(b) would then be obtained as a power output 
from the heat engine. 

  



Question 3 
 
(a) The radial heat flux per unit area is given by 
 

!qr = −λ
dT
dr

 

 
The total heat flux at each radius is constant at 
 

!Qr = 2πλr
dT
dr

 

 
so that, 
 

Tr=r2 −Tr=r1 =
!Qr

2πλ
dr
r1

2

∫ =
!Qr

2πλ
ln r2 r1( )  

 
and, 
 

RT =
ΔT
!Q
=
ln r2 r1( )
2πλ

 

 
(b)(i) One correlation is for laminar flow, one is for turbulent flow.  

In laminar flow, heat is transferred by diffusion. In turbulent flow, heat is 
transferred by the fluid motion of the turbulent eddies. The turbulent flow has 
a higher radial temperature gradient at the wall and a higher surface heat 
transfer coefficient. 

 
(b)(ii) From table for transport properties of air in Data Book, at 50 °C: 

μ = 19.5E-6 kg/sm 
Pr = 0.71 
λ = 0.028 W/mK 

 

ρ =
p
RT

=
101325

287×323.15
=1.09kg/m3  

 
V = !m / (ρA) =1/ (1.09×π0.12 ) = 29.1m/s  

 
Reynolds number, 
 

Re = ρVd
µ

=
1.09×29.1×0.2

19.5×10−6 = 326000 ⇒  turbulent  

 
Using turbulent correlation in Data Book, 
 

Nu = 0.023Re0.8 Pr0.4 = 0.023×3260000.8 ×0.710.4 = 517  
 



hint =Nu
λ
d
= 517 0.028

0.2
= 72.3W/m2K

 
 
(b) (iii) 
 

RTOT =
1

hint 2πr1
+
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2πλpipe

+
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RTOT = 0.022+ 0.076+1.193+ 0.005=1.30K/Wm  

 
 
(b)(iv) 
For a small element of the pipe (a slice of width δx ), 
 

− !mcp
dT
dx
δx =

T −T∞( )
RTOT

δx
 

Integrating gives 
 

T −T∞
T1 −T∞

= exp −x
RTOT !mcp
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When (T −T∞)  is half of the inlet value, 
 

x = − ln(0.5) !mcpRTOT = 0.693×1×1.01×10
3 ×1.30 = 910m  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 














