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Problem 1 [30 pts] 
 
Consider a well-insulated, concentric tube, counter-flow heat exchanger used to heat cold water.  
Saturated steam at a temperature of Tsat condenses in the outer tube at mass rate of om .  Cold 

water enters the inner tube of diameter D and length L at a temperature of Ti, with a mass flow 
rate im , and an average heat transfer coefficient hi.  The latent heat of vaporization of water is 

hfg and the average specific heat of water is cp.  Assume that the inner tube has negligible 
thickness.  Neglect any surface fouling effects. 
 
(a) Find an expression for the outlet temperature To of water in the inner tube. 
 
(b) Sketch the temperature variation of the two fluids along the length of the heat exchanger and 
clearly label the temperatures. 
 
(c) Find an expression for the effectiveness ε of the heat exchanger only in terms of Tsat, Ti, and 
To.  Write an expression for NTU in terms of ε. 
 
(d) Express the average heat transfer coefficient for steam condensation ho only in terms of 
known quantities and/or those obtained in parts (a) and (c). 

 

Start your answer to part (a) here [6 pts]: 
Assuming heat lost by condensing steam to be equal to the heat gained by cold water, we can 
write:  o fg i p o im h mC T T    

Outlet temperature of water: o fg
o i

i p

m h
T T

m C
 
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Start your answer to part (b) here [6 pts]: 
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Problem 1 – cont. 
 
Start your answer to part (c) here [12 pts]: 
For condensing steam in the outer tube, temperature does not change  ,h o p steamC m C   

Therefore, in this heat exchanger: h maxC C  and c min i pC C mC    0min
r

max

C
C

C
   

Effectiveness: 
 

 
 

i p o i

max min hi ci i p sat i

mC T Tq q

q C T T mC T T
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



; To known from (a) 

 
For 0rC  :  1 exp NTU      ln 1NTU     

 
Start your answer to part (d) here [6 pts]: 

Overall heat transfer coefficient: " "
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Heat transfer coefficient for steam condensation: 
1
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


; U and hi are known  
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Problem 2 [35 pts] 
 
Consider a long pin fin attached to a vertical square chip (20 mm × 20 mm).  The chip has a 
uniform surface temperature of 67C while the surrounding stagnant air is at 27C. 
   

 
 
(a) Calculate the average convective heat transfer coefficient (W/m2-K) on the fin surface.  
Since the surface temperature varies, you can use a representative fin surface temperature equal 
to the average of the base and tip temperatures in this calculation.   
 
(b) Calculate the average convective heat transfer coefficient (W/m2-K) on the unfinned base.  
Comment on whether it is close to the value obtained in part (a), which is an assumption often 
made in fin analysis. 
 
(c) Determine the total heat dissipation rate (W) from the fin and the unfinned chip. 
 
At T = 300 K 
air = 15.89 × 10-6 m2/s  air = 22.5 × 10-6 m2/s   kair = 0.0263 W/m-K  
 
At T = 310 K 
air = 16.90 × 10-6 m2/s  air = 24.0 × 10-6 m2/s   kair = 0.0270 W/m-K 
 
At T = 320 K  
air = 17.90 × 10-6 m2/s  air = 25.5 × 10-6 m2/s   kair = 0.0278 W/m-K  
 
Start your answer to part (a) here [15 pts]: 

Average fin surface temperature: , 47 C
2 2

b L b
s fin

T T T T
T  

     

For the fin surface, film temperature: , 37 C 310 K
2

s fin
film

T T
T 

    

air = 16.90 × 10-6 m2/s, air = 24.0 × 10-6 m2/s, kair = 0.0270 W/m-K, 11 1
K

310filmT
    

For the cylindrical fin surface, the Rayleigh number: 
  3

,
12.48

s fin

D

g T T D
Ra





   

Using Table 9.1, 0.1481.02 1.48fin
D D

h D
Nu Ra

k
    

Average convective heat transfer coefficient on the fin surface: 
2

W
20

m -Kfinh   
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Problem 2 - cont. 
 
Start your answer to part (b) here [10 pts]: 

For the unfinned base, film temperature: 47 C 320 K
2

b
film

T T
T 

    

air = 17.90 × 10-6 m2/s, air = 25.5 × 10-6 m2/s, kair = 0.0278 W/m-K, 11 1
K

320filmT
    

For the unfinned base, the Rayleigh number: 
  3

21,492b
L

g T T L
Ra





   

1/40.59 7.15base
L L

h L
Nu Ra

k
    

Average convective heat transfer coefficient on the unfinned base: 
2

W
9.95

m -Kbaseh   

The two convective heat transfer coefficients are different since the development of the free 
convection boundary layer is not the same on cylindrical and vertical surface. 
Start your answer to part (c) here [10 pts]: 

Heat transfer rate through the fin: fin fin fin c bq h Pk A   

36.28 10 mP D    , 2 6 23.14 10 m
4cA D
    , 40 Kb bT T      

0.5024 Wfinq   

Heat transfer rate through the unfinned base:  base base base c bq h A A   ; 6 2400 10 mbaseA     

0.1580 Wbaseq   

Total heat transfer rate through the chip: chip base finq q q  i.e. 0.66 Wchipq 
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Problem 3 [35 pts]  
 
A fluid is introduced at flow rate m  and inlet mean temperature Tm,i through a circular tube of 
diameter D and length L.  The tube is divided into two equal sections.  The fluid is subjected 
to a constant heat flux ''sq a for the first half while the tube wall of the second half is 

maintained at a constant surface temperature.  It is found that the outlet mean temperature Tm,o 
is the same as the inlet mean temperature Tm,i.  Assume that the flow is turbulent and fully 
developed everywhere inside the tube.  cp, k, and  of the fluid are known.  You may treat the 
quantities obtained in earlier parts as known parameters in the later parts. 
 
(a) Recommend correlations for the convective heat transfer coefficient h inside the tube for the 
two halves of the tube. 
 
(b) Derive an expression for the mean fluid temperature Tm(x) along the first half of the tube. 
 
(c) Derive an expression for the tube surface temperature Ts(x) along the first half of the tube. 
 
(d) Obtain an expression for constant wall temperature Ts,c for the second half of the tube. 
 
(e) Obtain an expression for the mean fluid temperature Tm(x) for the second half of the tube. 
 
(f) Qualitatively sketch the variations of Tm(x) and Ts(x) for 0 < x < L. 
 
Start your answer to part (a) 
here [8 pts]: 
For turbulent, fully-developed 
flow (either constant flux or 
constant temperature): 

4/50.023 n
D D

hD
Nu Re Pr

k
    

For the first half, fluid is being 

heated: 4/5 0.41 0.023 D

h D
Re Pr

k
  

For the second half, fluid is being 

cooled: 4/5 0.32 0.023 D

h D
Re Pr

k
  

where,
2

4

4

m
D

u D m D m
Re

DD

 
   

 
 

   
 
 

 
; p pC C
Pr

k k

  
 

    

Start your answer to part (b) here [6 pts]: 

Considering energy balance for the first half: "
p m s m

p

aPdx
mC dT q Pdx dT

mC
  


 

Integrating: 
 

, 0

m

m i

T x x

m
pT

aP
dT dx

mC
  

  ,m m i
p

aP
T x T x

mC
 


;P D  

 
 

m   
Tm,i 

Constant wall 
temperature 

L/2 L/2 

x

"sq a

Tm,o= Tm,i 
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Problem 3 - cont. 
 
Start your answer to part (c) here [4 pts]: 

Considering heat flux at any section:    "
1s s mq h T x T x        

1
s m

a
T x T x

h
  ; Tm(x) and 

h1 from (b) and (a), respectively 
Start your answer to part (d) here [6 pts]: 

For the second half: , , 2

,

exp
2

2

s c m o

p
s c m

T T Ph L
L mC

T T

 
         

 


2
,

,

2
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2 2

1 exp
2

m i m
p

s c

p

PhL L
T T

mC
T

Ph L
mC

          
 

   
 





 

where ,2 2m m i
p

L aP L
T T

mC
    
  

,P D , and h2 from (a) 

Start your answer to part (e) here [5 pts]: 
 

For the second half: 
 , 2

,

exp
2

2

s c m

p
s c m

T T x Ph L
x

L mC
T T

               
 


 

  2
, , exp

2 2m s c s c m
p

PhL L
T x T T T x

mC

                     
; whereP D , Ts,c and h2 from (d) and 

(a), respectively 
Start your answer to part (f) here [6 pts]: 

,m iT
, ,m o m iT T

,s cT

 mT x

 sT x

 mT x

 


