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Preface

Preface
 
Worked examples are a necessary element to any textbook in the sciences, because they reinforce the 
theory (i.e. the principles, concepts and methods). Once the theory has been understood, well chosen 
examples can be used, with modification, as a template to solve more complex, or similar problems. 
 
This work book contains examples and full solutions to go with the text of our e-book (Heat Transfer, 
by Long and Sayma). The subject matter corresponds to the five chapters of our book: Introduction to 
Heat Transfer, Conduction, Convection, Heat Exchangers and Radiation. They have been carefully 
chosen with the above statement in mind. Whilst compiling these examples we were very much aware 
of the need to make them relevant to mechanical engineering students. Consequently many of the 
problems are taken from questions that have or may arise in a typical design process. The level of 
difficulty ranges from the very simple to challenging. Where appropriate, comments have been added 
which will hopefully allow the reader to occasionally learn something extra. We hope you benefit 
from following the solutions and would welcome your comments. 
 
Christopher Long 
Naser Sayma 
Brighton, UK, February 2010 
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Introduction

1. Introduction 
 
Example 1.1 
 
The wall of a house, 7 m wide and 6 m high is made from 0.3 m thick brick with KmWk /6.0 . 
The surface temperature on the inside of the wall is 16oC and that on the outside is 6oC. Find the heat 
flux through the wall and the total heat loss through it. 

 
 
Solution: 
 
For one-dimensional steady state conduction: 
 

 oi TT
L
k

dx
dTkq   

  2/20616
3.0
6.0 mWq   

 
  WqAQ 8407620   

 
The minus sign indicates heat flux from inside to outside. 
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Introduction

Example 1.2 
 
A 20 mm diameter copper pipe is used to carry heated water, the external surface of the pipe is 

subjected to a convective heat transfer coefficient of KmWh 2/6 , find the heat loss by convection 
per metre length of the pipe when the external surface temperature is 80oC and the surroundings are at 
20oC. Assuming black body radiation what is the heat loss by radiation? 

 
Solution 
 

    2/36020806 mWTThq fsconv   

 
For 1 metre length of the pipe: 

mWrqAqQ convconvconv /6.2201.023602    

 
For radiation, assuming black body behaviour: 
 

 44
fsrad TTq     

 
 448 2933531067.5  

radq  

2/462 mWqrad   

 
For 1 metre length of the pipe 
 

2/1.2901.02462 mWAqQ radrad    

 
A value of h = 6 W/m2 K is representative of free convection from a tube of this diameter. The heat 
loss by (black-body) radiation is seen to be comparable to that by convection. 
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Introduction

Example 1.3 
 
A plate 0.3 m long and 0.1 m wide, with a thickness of 12 mm is made from stainless steel (

KmWk /16 ), the top surface is exposed to an airstream of temperature 20oC. In an experiment, 
the plate is heated by an electrical heater (also 0.3 m by 0.1 m) positioned on the underside of the plate and 
the temperature of the plate adjacent to the heater is maintained at 100oC. A voltmeter and ammeter are 
connected to the heater and these read 200 V and 0.25 A, respectively. Assuming that the plate is 
perfectly insulated on all sides except the top surface, what is the convective heat transfer coefficient? 
 

 
 
Solution 
 
Heat flux equals power supplied to electric heater divided by the exposed surface area: 
 

2/7.1666
3.01.0
25.0200 mW

LW
IV

A
IVq 











  

 
This will equal the conducted heat through the plate: 
 

 12 TT
t
kq            

  C
k
qtTT 


 75.98

16
012.07.166610021        (371.75 K) 

 
The conducted heat will be transferred by convection and radiation at the surface: 
 

   44
11 ff TTTThq    

 

 
 

  KmW
TT

TTq
h

f

f 2
448

1

44
1 /7.12

29375.371
29375.3711067.57.1666













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Introduction

 
Example 1.4 
 
An electronic component dissipates 0.38 Watts through a heat sink by convection and radiation (black 
body) into surrounds at 20oC. What is the surface temperature of the heat sink if the convective heat 
transfer coefficient is 6 W/m2 K, and the heat sink has an effective area of 0.001 m2 ? 
 
Solution 
 

   44
  TTTTh

A
Qq ss   

 

   443 2931067.52936
001.0
38.0

 
ss TT  

 
09.255561067.5 48  

ss TT  

 
This equation needs to be solved numerically. Newton-Raphson’s method will be used here: 

9.255561067.5 48  
ss TTf  

 

61068.22 38  
s

s

T
dT
df

 

 

668.22
9.255561067.5

3

48
1



















s

ssn
s

s

n
s

n
s T

TTT

dT
df
fTT  

 
Start iterations with  KTs 3000   

 

KTs 46.324
630068.22

9.255530063001067.5300 3

48
1 







 

 

KTs 323
646.32468.22

9.255546.324646.3241067.546.324 3

48
2 






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Introduction

The difference between the last two iterations is small, so: 
 

CKTs  503230
 

 
The value of 300 K as a temperature to begin the iteration has no particular significance other than 
being above the ambient temperature. 
 

www.job.oticon.dk

http://bookboon.com/
http://bookboon.com/count/advert/0e9efd82-96d7-e011-adca-22a08ed629e5


Download free ebooks at bookboon.com

Heat Transfer: Exercises

 
11 

Conduction

2. Conduction 
 
Example 2.1 
 
Using an appropriate control volume show that the time dependent conduction equation in cylindrical 
coordinates for a material with constant thermal conductivity, density and specific heat is given by: 
 

t
T

z
T

r
T

rr
T

















11

2

2

2

2

 

 

Were 
c

k


   is the thermal diffusivity. 

 
Solution 
 

 
 
Consider a heat balance on an annular control volume as shown the figure above. The heat balance in 
the control volume is given by: 
 
Heat in + Heat out = rate of change of internal energy 
 

t
uQQQQ zzrrzr 


                (2.1) 

 

r
r
QQQ rrr  


  

 

z
z
QQQ zzz  


  
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mcTu   
 
Substituting in equation 2.1: 
 

 
t

mcTz
z
Qr

r
Q













)(                                                      (2.2) 

 
Fourier’s law in the normal direction of the outward normal n: 
 

 
n
Tk

A
Q




  

 

r
Tzrk

r
TkAQr 







 2                                       ( zrA 2 ) 

 

z
Trrk

z
TkAQz 







 2                                       ( rrA 2 ) 

 
Equation 2.1 becomes 
 

t
Tmcz

z
Trrk

z
r

r
Tzrk

r 


































  22     (2.3) 

 
Noting that the mass of the control volume is given by: 
 

zrrm 2      Equation   2.3 becomes 
 

t
Tcrz

z
Trk

z
r

r
Trk

r 






























   

 
Dividing by r, noting that r can be taken outside the brackets in the second term because it is not a 
function of z. Also dividing by k since the thermal conductivity is constant: 
 

 
t
T

k
c

z
T

r
Tr

rr 



















 

2

21
 

Using the definition of the thermal diffusivity:  
c

k


  and expanding the first term using the product rule: 

 

t
T

z
T

r
r

r
T

r
Tr

rr 





























11

2

2

2

2

       which gives the required outcome: 
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t
T

z
T

r
T

rr
T

















11

2

2

2

2

 

 
Example 2.2 
 
An industrial freezer is designed to operate with an internal air temperature of -20oC when the external 
air temperature is 25oC and the internal and external heat transfer coefficients are 12 W/m2 K and 8 
W/m2 K, respectively. The walls of the freezer are composite construction, comprising of an inner 
layer of plastic (k = 1 W/m K, and thickness of 3 mm), and an outer layer of stainless steel (k = 16 
W/m K, and thickness of 1 mm). Sandwiched between these two layers is a layer of insulation material 
with k = 0.07 W/m K. Find the width of the insulation that is required to reduce the convective heat 
loss to 15 W/m2. 
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Conduction

 

 
 
Solution 
 

TUq     where U is the overall heat transfer coefficient given by: 
 

KmW
T
qU 2/333.0

)20(25
15







  

 

333.011
1

















os

s

i

i

p

p

i hk
L

k
L

k
L

h
U  

 

333.0
111















os

s

i

i

p

p

i hk
L

k
L

k
L

h
 

 













 


























8
1

16
001.0

1
003.0

12
1

333.0
107.011

333.0
1

os

s

p

p

i
ii hk

L
k
L

h
kL  

 
mLi 195.0                 (195 mm)  

 
Example 2.3 
 
Water flows through a cast steel pipe (k = 50 W/m K) with an outer diameter of 104 mm and 2 mm 
wall thickness. 
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Conduction

i. Calculate the heat loss by convection and conduction per metre length of uninsulated pipe 
when the water temperature is 15oC, the outside air temperature is -10oC, the water side heat 
transfer coefficient is 30 kW/m2 K and the outside heat transfer coefficient is 20 W/m2 K.  

ii. Calculate the corresponding heat loss when the pipe is lagged with insulation having an 
outer diameter of 300 mm, and thermal conductivity of k = 0.05 W/m K.  

 
Solution 

 
 
Plain pipe 
 

 112 TTLhrQ ii                 
i

i Lhr
QTT

1
1 2
  

 
 
 12

21

/ln
2

rr
TTLkQ 




                   
)/ln(/2 12

12 rrLk
QTT


  

 

 oo TTLhrQ  222              
o

o Lhr
QTT

2
2 2

  

 
Adding the three equations on the right column which eliminates the wall temperatures gives: 
 

 
 

2

12

1

1/ln1
2

rhk
rr

rh

TTLQ

oi

oi







 

 
 
  mW

L
Q /3.163

052.020
1

50
05.0/052.0ln

05.030000
1

)10(152











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Insulated pipe 

 
 

 
 

3

2312

1

1)/ln(/ln1
2

rhk
rr

k
rr

rh

TT
L
Q

oinsi

oi







 

  

��������������	
��	�
�����

����
�


�

���������������������	
��
���	
��
��
����������
�������	
��	�����
���
������
��

�
���
�����

��
���
�������
	�
����	�
����
��������
������������������
��������
���
	�
����	

���
����
���
	�
����	�
���
��
���
����
�������	
�������
	��	�
���
�
�
���	
	�	

���
�����
���
��
��
�
	�	��
�����
������
�
����
���
������
���
���������

�
	
�
�	
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 

  mW
L
Q /3.7

15.020
1

05.0
)052.0/15.0ln(

50
05.0/052.0ln

05.030000
1

)10(152











 

 
For the plain pipe, the heat loss is governed by the convective heat transfer coefficient on the outside, 
which provides the highest thermal resistance. For the insulated pipe, the insulation provides the 
higher thermal resistance and this layer governs the overall heat loss. 
 
Example 2.4 
 
Water at 80oC is pumped through 100 m of stainless steel pipe, k = 16 W/m K of inner and outer radii 
47 mm and 50 mm respectively. The heat transfer coefficient due to water is 2000 W/m2 K. The outer 
surface of the pipe loses heat by convection to air at 20oC and the heat transfer coefficient is 200 W/m2 
K. Calculate the heat flow through the pipe. Also calculate the heat flow through the pipe when a layer 
of insulation, k = 0.1 W/m K and 50 mm radial thickness is wrapped around the pipe. 
 
Solution 
 
The equation for heat flow through a pipe per unit length was developed in Example 2.3: 
 

 
 

2

12

1

1/ln1
2

rhk
rr

rh

TTLQ

oi

oi







 

 
Hence substituting into this equation: 
 

 
  WQ 610329.0

20005.0
1

16
47/50ln

2000047.0
1

20801002











 

 
For the case with insulation, we also use the equation from Example 2.3 
 

 
 

3

2312

1

1)/ln(/ln1
2

rhk
rr

k
rr

rh

TTLQ

oinsi

oi







 

 
 

  WQ 31039.5

2001.0
1

1.0
)50/100ln(

16
47/50ln

2000047.0
1

20801002











 

 
Notice that with insulation, the thermal resistance of the insulator dominates the heat flow, so in the equation 
above, if we retain the thermal resistance for the insulation and ignore all the other terms, we obtain: 
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 

ins

oi

k
rr
TTLQ
)/ln(

2
23




   W31044.5

1.0
)50/100ln(
20801002







  

 
This has less than 1% error compared with the full thermal resistance.  
 
Example 2.5 
 
A diagram of a heat sink to be used in an electronic application is shown below. There are a total of 9 

aluminium fins (k = 175 W/m K, C = 900 J/kg K, 3/2700 mkg ) of rectangular cross-section, 
each 60 mm long, 40 mm wide and 1 mm thick. The spacing between adjacent fins, s, is 3 mm. The 
temperature of the base of the heat sink has a maximum design value of CTb  60 , when the external 

air temperature fT is 20oC. Under these conditions, the external heat transfer coefficient h is 12 W/m2 

K. The fin may be assumed to be sufficiently thin so that the heat transfer from the tip can be 
neglected. The surface temperature T, at a distance, x, from the base of the fin is given by: 
 

 
mL

xLmTT
TT fb

f sinh
)(cosh 

   where  
ckA

hPm 2  and cA is the cross sectional area. 

 
Determine the total convective heat transfer from the heat sink, the fin effectiveness and the  
fin efficiency.  
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Solution 
 
Total heat fluxed is that from the un-finned surface plus the heat flux from the fins. 
 

fu QQQ   

 
   fbfbuu TThNswTThAQ  )1)(  

 
    WQu 461.0206012)19003.004.0   

 
For a single fin: 
 

0








x
cf dx

dTkAQ  

 
Where cA is the cross sectional area of each fin 

 
Since 

 
mL

xLmTT
TT fb

f sinh
)(cosh 

  
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Then 

 fb TTm
mL

xLm
dx
dT





cosh

)(sinh
 

 
Thus 

 fbc
x

cf TTm
mL
mLkA

dx
dTkAQ 






 








 cosh
sinh

0

 

 

       mLTThpkAmLTTmkAQ fbcfbcf tanh)tanh( 2/1   
 
Since 

2
1











ckA
hPm  

 
mtwP 082.0)001.004.0(2)(2   

 
2610400001.004.0 mtwAc

  

 

1
6 856.11

1040175
082.012 2

1


 










 mm  

 
7113.006.0856.11 mL  

 
    6115.07113.0tanhtanh mL  

 

    finWQ f /03.26115.020601040175082.012 2/16    

 
So total heat flow: 
 

WQQQ fu 7.1803.29461.0   

 
Finn effectiveness 
 

 fbc

f
fin TThA

Q



fin  theof absence in theoccur  d that woulratefer Heat trans

ratefer heat transFin   

 

  106
2060104012

03.2
6 


 fin  
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Fin efficiency: 
 

re temperatubase at the  wereareafin   theall if ed transferrbe wouldHeat that 
fin h thefer througheat trans Actual

fin  

 

 fbs

f
fin TThA

Q


  

 
)(2 twLLtLtwLwLAs   

 
231092.4)001.004.0(06.02 mAs

  

 

  86.0
20601092.412

03.2
3 


 fin  

 
Example 2.6 
 
For the fin of example 4.5, a fan was used to improve the thermal performance, and as a result, the 
heat transfer coefficient is increased to 40 W/m2 K. Justify the use of the lumped mass approximation 
to predict the rate of change of temperature with time. Using the lumped mass approximation given 
below, calculate the time taken,  , for the heat sink to cool from 60oC to 30oC. 
 

    







mC
hATTTT s

fif


exp  

 
Solution 
 
Consider a single fin (the length scale L for the Biot number is half the thickness t/2) 
 

410
175

0005.0402/ 






k
th

k
hLBi  

 
Since 1iB , we can use he “lumped mass” model approximation. 

 
 
  












mC
hA

TT
TT s

fi

f 
exp  

 

















fi

f

s TT
TT

hA
mC ln  
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2/tAm s  

 

seconds42
2060
2030ln

402
001.09002700ln

2































fi

f

TT
TT

h
Ct

 
 
Example 2.7 
 
The figure below shows part of a set of radial aluminium fins (k = 180 W/m K) that are to be fitted to 
a small air compressor. The device dissipates 1 kW by convecting to the surrounding air which is at 
20oC. Each fin is 100 mm long, 30 mm high and 5 mm thick. The tip of each fin may be assumed to be 
adiabatic and a heat transfer coefficient of h = 15 W/m2 K acts over the remaining surfaces. 
 
Estimate the number of fins required to ensure the base temperature does not exceed 120oC 
  

�
�
� � � �������	�
�����	�
��
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Solution 
 
Consider a single fin: 
 

mtwP 07.0)03.0005..0(2)(2   
 

261015003.0005.0 mtwAc
  

 

1
6 2361.6

10150180
07.015 2

1
2
1


 


















 m

kA
hPm

c

 

 
62361.01.02361.6 mL  

 
  5536.0tanh mL  

 

    )tanh(2/1 mLTThPkAQ fbcf                     (From example 2.5) 

 

    WQ f 32.95536.0201201015018007.015 2/16    

 
So for 1 kW, the total number of fins required: 
 

108
32.9

1000
N
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Example 2.8 
 
An air temperature probe may be analysed as a fin. Calculate the temperature recorded by a probe of length 
L = 20 mm, k = 19 W/m K, D = 3 mm, when there is an external heat transfer coefficient of h = 50 W/m2K, 
an actual air temperature of 50oC and the surface temperature at the base of the probe is 60oC. 
 

 
 
Solution 
 
The error should be zero when  TTtip . The temperature distribution along the length of the probe 

(from the full fin equation) is given by: 
 

mL
mk
h

mL

xLm
mk
h

xLm

TT
TT

tip

tip

b

x

sinhcosh

)(sinh)(cosh











  

2/1









kA
hPm         DPDA   ,4/2            

 
At the tip, Lx  , the temperature is given by   ( 1)0cosh(  , 0)0sinh(  ): 
 













mL
mk
h

mL
TT
TT

tipb

tip

sinhcosh

1
 

 
Where   is the dimensionless error:, 
 

,0          TTtip             (no error) 
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,1         bL TT              (large error) 

 

 For KmWhhmmDKmWkmmL tip
2/50,3,/19,20   

 
CTCT b  60,50              

 

DPDA   ,4/2  
 

1
2/12/12/1

2

2/1

235.59
003.019

50444 
























 







 m

kD
h

Dk
Dh

kA
hPm




 

 
185.102.0235.59 mL  

 

0444.0
19235.59

50





mk
h

 

 

    539.0
185.1sinh0444.0185.1cosh

1












TT
TT

b

x  
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    TTTT btip 539.0  
 

  CTtip  39.55505060539.0  

 
Hence error C 39.5  
 
Example 2.9 
 
A design of an apartment block at a ski resort requires a balcony projecting from each of the 350 
separate apartments. The walls of the building are 0.3 m wide and made from a material with k = 1 
W/m K. Use the fin approximation to examine the implications on the heat transfer for two separate 
suggestions for this design. In each case, the balcony projects 2 m from the building and has a length 
(parallel to the wall) of 4 m. Assume an inside temperature of 20oC and an outside temperature of -
5oC; the overall (convective + radiative) heat transfer coefficient on the inside of the building is 8 
W/m2 K and on that on the outside of the building is 20 W/m2 K 
 
a) A balcony constructed from solid concrete and built into the wall, 0.2 m thick, k = 2 W/m K. 
b) A balcony suspended from 3 steel beams, k = 40 W/m K, built into the wall and projecting out by 2 

m each of effective cross sectional area 201.0 mAe  , perimetre mP 6.0 (The actual floor of 

the balcony in this case may be considered to be insulated from the wall 
c) No balcony. 
 
Solution 

 
 
a) For the concrete balcony 

Treat the solid balcony as a fin 
b

o
i k

thB 2/
  
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1
2

1.020



iB  

 
Not that Bi is not << 1, thus 2D analysis would be more accurate. However, treating it as a fin will 
give an acceptable result for the purpose of a quick calculation. 
 

mtHP 4.8)2.04(2)(2   
 

28.02.04 mtHAc   

 
To decide if the fin is infinite, we need to evaluate mL (which is in fact in the notation used here is mW) 
 

5.202
8.02
4.820 2/12/1


















 W

kA
hPmW  

 
This is large enough to justify the use of the fin infinite equation.  
 

   ocbob TTAPkhQ  2
2/1  

 

     o
c

bo
ocbo

c
b TT

A
PkhTTAPkh

A
q 








 2

2/1

2
2/11

         (1) 

 
Also assuming 1-D conduction through the wall: 
 

)( 1TThq iib                    (2) 

 

)( 21 TT
L
kq b

b                       (3) 

 
Adding equations 1, 2 and 3 and rearranging: 
 

2/1
1

)(














bo

c

bi

io
b

Pkh
A

k
L

h

TTq                   (4) 

 
This assumes 1D heat flow through the wall, the concrete balcony having a larger k than the wall may 
introduce some 2-D effects. 
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From  (4) 
 

2
2/1 /2.77

24.820
8.0

2
3.0

8
1

)5(20 mWqb 













  

 
Compared with no balcony: 
 

2/6.52

20
1

1
3.0

8
1

)5(20
11

)( mW

hk
L

h

TTq

owi

io
b 









  

 
The difference for one balcony is WAc 7.196.248.0)6.522.77(   

 
For 350 apartments, the difference is 6891 W. 
 
For the steel supported balcony where 201.0 mAc  and mP 6.0  
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As before, however, in this case Bi << 1 because bs kk   

 

112
1.040

620 2/12/1


















 w

kA
hPmW  

 
2mW , so we can use the infinite fin approximation as before 

 

2/1
1

)(














so

c

si

io
b

Pkh
A

k
L

h

TTq 2
2/1 /182

40620
01.0

40
3.0

8
1

)5(20 mW













  

 
beamWqAQ bcb /82.118201.0   

 
For 350 apartments,  WQb 1915  

 
Example 2.10 
 
In free convection, the heat transfer coefficient varies with the surface to fluid temperature difference
 fs TT  . Using the low Biot number approximation and assuming this variation to be of the form 

 nfs TTGh  Where G and n are constants, show that the variation of the dimensionless 

temperature ratio with time will be given by 
 

  tnhinit
n   1  

Where 
 

 
CapacityHeat  Specific  Mass

Area,






 

finit

fs

TT
TT

 

 
and inith = the heat transfer coefficient at t = 0.  Use this expression to determine the time taken for an 

aluminium motorcycle fin ( kgKJCmkg /870,/2750 3  ) of effective area 0.04 m2 and 
thickness 2mm to cool from 120oC to 40oC in surrounding air at 20oC when the initial external heat 
transfer coefficient due to laminar free convection is 16 W/m2 K. Compare this with the time estimated 
from the equation ( the   ) which assumes a constant value of heat transfer coefficient. 
 
Solution 
 
Low Biot number approximation for free convection for 1iB  

 
Heat transfer by convection = rate of change of internal energy 
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dt
TTd

mCTThA fs
fs

)(
)(


       (1) 

 

We know that n
fs TTGh )(   

 
Where G is a constant. 
 
(Note that this relation arises from the usual Nusselt/Grashof relationship in free convection; for 

example:    3/1Pr1.0 GrNu  in turbulent flow or   4/1Pr54.0 GrNu  for laminar flow) 
 
Equation 1 then becomes: 
 

 
dt

TTd
A

mCTTTTG fs
fs

n
fs

)(
)(


  

 

 
 






t

t

t

t
n

fs

fs

TT
TTd

dt
mC
GA

0 0
1)(
)(

 

 

    n
tfs

n
fs TTTT

mC
GnAt 



 
0

    (2) 

 
At    fisfs TTTTt  ,,0  

 

If we divide equation 2 by    n
fis TT ,  

 

And use the definition     
 
 fis

fs

TT
TT





,

  

 
We obtain 
 

   nfis
n

n
fis

TT
mC

GnAt
TTmC

GnAt





 ,
,

1  

 
Since   ifis hTTG , , the heat transfer coefficient at time t = 0, then 

 

1

mC
Athin  
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Or      1 tnhi
n   

 
 

For aluminium KkgJCmkg /870,/2750 3   
 
For laminar free convection,   n = ¼ 
 

kgXAm 22.0002.004.02750    
 

JKm
mC
A /101.2

87022.0
04.0 24


  

1 tnhi
n     which gives 
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 




i

n

nh
t 1




 

 

When     2.0
20120
204040 




 CT  

 
Then 
 

 
  st 590

101.2164/1
12.0

4

4/1





 



 

 
For the equation     the    
 
which assumes that the heat transfer coefficient is independent of surface-to-fluid temperature 
difference. 

 

s
h

t 479
101.216

2.0lnln
4 





 


 

 

Percentage error = %19100
590

479590



 

 
Example 2.11 
 
A 1 mm diameter spherical thermocouple bead (C = 400 J/kg K, � � ����������) is required to 
respond to 99.5% change of the surrounding air � � ���������� � � ��� � ��������������� ,  � �
�������� ���⁄   and Pr = 0.77) temperature in 10 ms. What is the minimum air speed at which this 
will occur? 
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Solution 
 
Spherical bead:    ���� � ���� 
 
                            ������� � ���� 6⁄  
 
Assume this behaves as a lumped mass, then 

 
 
�� � ��
�� � �� � ����� 

 
(given) 
 
For lumped mass on cooling from temperature Ti 
 
�� � ��
�� � �� � ��������� � ����� 

 

� � ��
�� ������������ � ������� 

 
��� � ����� 
 
�� � ��� 
 
Which gives the required value of heat transfer coefficient 
 
��
��� � ��� 

 
So 
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� � 0.� ���
6

��
��� � 0.� � � �

6    
 

� � 0.� � 10�� � 400 � 7800
6 � 260  � �� �⁄  

 

��� � ��
� � 260 � 10��

0.0262 � �.� 

 
For a sphere 
 

��� � 2 � �0.4���
��� � 0.06���

���� ���.� 

 
From which with Pr = 0.707 
 
� � 0.4���

��� � 0.06���
��� � �.4 � 0 

 
�� � 0.2���

���� � 0.04���
���� 

 
Using Newton iteration 
 

������ � �� � ����
�����  

 
Starting with ReD = 300 
 

���
��� � 300 � �0.4√300 � 0.06�300���� � �.4�

� 0.2
√300 � 0.04

300����
� 300 � 0.222

0.01782 

 
Which is close enough to 300 
 
From which  
 

�� � ���
�� � 4.�  ��� 
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Convection

3. Convection 
 
Example 3.1 
 
Calculate the Prandtl number (Pr = Cp/k) for the following 
 
a) Water at 20C:   = 1.002 x 103 kg/m s, Cp = 4.183 kJ/kg  K and k = 0.603 W/m K  
b) Water at 90C:   = 965 kg/m3,  = 3.22 x 107 m2/s, Cp = 4208 J/kg K and k = 0.676 W/m K  
c) Air at 20C and 1 bar:  R = 287 J/kg K,  = 1.563 x 105 m2/s, Cp = 1005 J/kg K and  

k = 0.02624 W/m K  

d) Air at 100C:   T
T







110
1046.1 236

  kg/m s   

  KkgkJTTC p /1098.31058.2917.0 284    (Where T is the absolute temperature in 

K) and   k = 0.03186 W/m K.  
e) Mercury at 20C:   = 1520 x 106 kg/m s, Cp = 0.139 kJ/kg K and k = 0.0081 kW/m K  
f) Liquid Sodium at 400 K:   = 420 x 106 kg/m s, Cp = 1369 J/kg K and k = 86 W/m K  
g) Engine Oil at 60C:   = 8.36 x 102 kg/m s, Cp = 2035 J/kg K and k = 0.141 W/m K  
 

Destination MMU
MMU is proud to be one of the most popular universities in the UK. 
Some 34,000 students from all parts of the globe select from its 
curricula of over 1,000 courses and qualifications. 

We are based in the dynamic yet conveniently compact city of Manchester, 
located at the heart of a sophisticated transport network including a major 
international airport on the outskirts. Parts of the campus are acclaimed for 
their architectural style and date back over 150 years, in direct contrast to 
our teaching style which is thoroughly  modern, innovative and 
forward-thinking. 

MMU offers undergraduate and postgraduate courses in 
the following subject areas: 

• Art, Design & Performance 
• Computing, Engineering & Technology 
• Business & Management 
• Science, Environmental Studies & Geography 
• Law, Education & Psychology 
• Food, Hospitality, Tourism & Leisure Studies 
• Humanities & Social Science 

For more details or an application form
please contact MMU International.
email: international@mmu.ac.uk
telephone: +44 (0)161 247 1022
www.mmu.ac.uk/international
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ConvectionSolution 
 
a)

  

95.6
603.0

418310002.1Pr
3







k
C p

 
 
b)

 

93.1
676.0

42081022.3965Pr
7







k
C

k
C pp 

 
 
c)

 

k
C p

Pr
 

 

3/19.1
293287

100000 mkg
RT
P




  

 

712.0
02624.0

100510563.119.1Pr
5







 

 
d)

 

  smkg
T
T /1018.2

373110
3731046.1

110
1046.1 5

2/36236














 
 

KkgJ
TTC p

/7.1007
3731098.33731058.2917.01098.31058.2917.0 284284



 

 

 

689.0
03186.0

7.10071018.2Pr
5







 

 
e)

 

0261.0
100081.0

139101520Pr 3

6








k
C p

 
 

Solution 
 
a)

  

95.6
603.0

418310002.1Pr
3







k
C p

 
 
b)

 

93.1
676.0

42081022.3965Pr
7







k
C

k
C pp 

 
 
c)

 

k
C p

Pr
 

 

3/19.1
293287

100000 mkg
RT
P




  

 

712.0
02624.0

100510563.119.1Pr
5







 

 
d)

 

  smkg
T
T /1018.2

373110
3731046.1

110
1046.1 5

2/36236














 
 

KkgJ
TTC p

/7.1007
3731098.33731058.2917.01098.31058.2917.0 284284



 

 

 

689.0
03186.0

7.10071018.2Pr
5







 

 
e)

 

0261.0
100081.0

139101520Pr 3

6








k
C p

 
 

Solution 
 
a)

  

95.6
603.0

418310002.1Pr
3







k
C p

 
 
b)

 

93.1
676.0

42081022.3965Pr
7







k
C

k
C pp 

 
 
c)

 

k
C p

Pr
 

 

3/19.1
293287

100000 mkg
RT
P




  

 

712.0
02624.0

100510563.119.1Pr
5







 

 
d)

 

  smkg
T
T /1018.2

373110
3731046.1

110
1046.1 5

2/36236














 
 

KkgJ
TTC p

/7.1007
3731098.33731058.2917.01098.31058.2917.0 284284



 

 

 

689.0
03186.0

7.10071018.2Pr
5







 

 
e)

 

0261.0
100081.0

139101520Pr 3

6








k
C p
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f)
 

0067.0
86

136910420Pr
6







k
C p

 
 
g)

 

1207
141.0

20351036.8Pr
2







k
C p

 
 
Comments:  
 

 Large temperature dependence for water as in a) and b); 
 small temperature dependence for air as in c) and d); 
 use of Sutherland’s law for viscosity as in part d); 
 difference between liquid metal and oil as in e), f) and g); 
 units of kW/m K for thermal conductivity; 
 use of temperature dependence of cp as in part a). 

 
Example 3.2 
 
Calculate the appropriate Reynolds numbers and state if the flow is laminar or turbulent for  
the following: 
 
a) A 10 m (water line length) long yacht sailing at 13 km/h in seawater  = 1000 kg/m3 and  

 = 1.3 x 103 kg/m s,       
b) A compressor disc of radius 0.3 m rotating at 15000 rev/min in air at 5 bar and 400C and  

 T
T







110
1046.1 236

  kg/m s 

c) 0.05 kg/s of carbon dioxide gas at 400 K flowing in a 20 mm diameter pipe.  For the viscosity 

take  T
T







233
1056.1 236

 kg/m s    

d) The roof of a coach 6 m long, travelling at 100 km/hr in air ( = 1.2 kg/m3 and  = 1.8 x 105 
kg/m s)  

e) The flow of exhaust gas (p = 1.1 bar, T = 500ºC, R = 287 J/kg K and  = 3.56 x 105 kg/m s) over 
a valve guide of diameter 10 mm in a 1.6 litre, four cylinder four stroke engine running at 
3000 rev/min (assume 100% volumetric efficiency an inlet density of 1.2 kg/m3 and an exhaust 
port diameter of 25 mm) 

 

f)
 

0067.0
86

136910420Pr
6







k
C p

 
 
g)

 

1207
141.0

20351036.8Pr
2







k
C p

 
 
Comments:  
 

 Large temperature dependence for water as in a) and b); 
 small temperature dependence for air as in c) and d); 
 use of Sutherland’s law for viscosity as in part d); 
 difference between liquid metal and oil as in e), f) and g); 
 units of kW/m K for thermal conductivity; 
 use of temperature dependence of cp as in part a). 

 
Example 3.2 
 
Calculate the appropriate Reynolds numbers and state if the flow is laminar or turbulent for  
the following: 
 
a) A 10 m (water line length) long yacht sailing at 13 km/h in seawater  = 1000 kg/m3 and  

 = 1.3 x 103 kg/m s,       
b) A compressor disc of radius 0.3 m rotating at 15000 rev/min in air at 5 bar and 400C and  

 T
T







110
1046.1 236

  kg/m s 

c) 0.05 kg/s of carbon dioxide gas at 400 K flowing in a 20 mm diameter pipe.  For the viscosity 

take  T
T







233
1056.1 236

 kg/m s    

d) The roof of a coach 6 m long, travelling at 100 km/hr in air ( = 1.2 kg/m3 and  = 1.8 x 105 
kg/m s)  

e) The flow of exhaust gas (p = 1.1 bar, T = 500ºC, R = 287 J/kg K and  = 3.56 x 105 kg/m s) over 
a valve guide of diameter 10 mm in a 1.6 litre, four cylinder four stroke engine running at 
3000 rev/min (assume 100% volumetric efficiency an inlet density of 1.2 kg/m3 and an exhaust 
port diameter of 25 mm) 
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Solution 
 

a) 7
3

3
3

1078.2
103.1

10
3600

101310
Re 







 

uL
                            (turbulent) 

 
b) KT 673273400    
 

  smkg /1026.3
673110

6731046.1 5
236








  

 

srad /15712
60

15000
   

 
smru /3.4713.01571   

 

3/59.2
673287

100000 mkg
RT
P




  

 
  

Develop the tools we need for Life Science
Masters Degree in Bioinformatics

Bioinformatics is the  
exciting field where biology, 
computer science, and  
mathematics meet.  

We solve problems from 
biology and medicine using 
methods and tools from  
computer science and  
mathematics.

Read more about this and our other international masters degree programmes at www.uu.se/master
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Characteristic length is r not D 
 

7
5 1012.1

1026.3
33.47159.2Re 




 
uD

                   (turbulent) 

 

c)
4

2DuuAm    

2

4
D
mu






 







D
m

D
DmuD  44Re 2 


  

 

  smkg /1097.1
400233

4001056.1 5
236








  

 

5
5 106.1

1097.102.0
05.04Re 




 
                (turbulent) 

 

d) smu /8.27
3600

10100 3




  

7
5 101.11

108.1
68.272.1Re 




 
uL

         (turbulent) 

 
e) Let m  be the mass flow through the exhaust port 

m = inlet density   X   volume of air used in each cylinder per 
second 

 

skgm /012.0
2
1

60
3600

4
106.12.1

3







   

 

 2

4
D
mu


   

 


ud

d Re    
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6869
025.01056.3

012.001.04Re 5 



 

     (laminar) 

 
Comments: 
 

 Note the use of D to obtain the mass flow rate from continuity, but the use of d for the 
characteristic length 

 Note the different criteria for transition from laminar flow (e.g. for a pipe 2300Re  plate 
5103Re  ) 

 
Example 3.3 
 
Calculate the appropriate Grashof numbers and state if the flow is laminar or turbulent for the following: 
 
a) A central heating radiator, 0.6 m high with a surface temperature of 75C in a room at 18C ( = 

1.2 kg/m3 , Pr = 0.72 and  = 1.8 x 105 kg/m s)] 
b) A horizontal oil sump, with a surface temperature of 40C, 0.4 m long and 0.2 m wide containing 

oil at 75C ( = 854 kg/m3 , Pr = 546,  = 0.7 x 103 K1  and  = 3.56 x 102 kg/m s) 
c) The external surface of a heating coil, 30 mm diameter, having a surface temperature of 80C in 

water at 20C ( = 1000 kg/m3, Pr = 6.95,  = 0.227 x 103K1 and  = 1.00 x 10-3kg/m s) 
d) Air at 20ºC ( = 1.2 kg/m3 , Pr = 0.72 and  = 1.8 x 105 kg/m s) adjacent to a 60 mm diameter 

vertical, light bulb with a surface temperature of 90C 
 
Solution 
 

a) 2

32


 LTgGr 

  

 
KT 571875   

 

 
1

291
1

27318
11 


 K
T

  

 

 
9

23

32

1084.1
108.1291

6.05781.92.1





Gr  

 
99 103.172.01084.1Pr Gr                 (mostly laminar)  

 

b)   mL 0667.0
2.04.02

2.04.0
Perimeter

Area





  
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KT 354075   
 

 
4

22

332

2

32

101.4
1056.3

0667.035107.081.9854















 LTgGr  

74 1024.2546101.4Pr Gr  
           
Heated surface facing downward results in stable laminar flow for all PrGr  

 
c)  

 
 
 

SSTSTSTSTTUUDUDDYY Y IINN SSWWWEDEN 
––  HHOHOOMMEMEE O OOFF THE NOBEL PRIZE
CLOSE COLLABORATION WITH FUTURE 
EMPLOYERS SUCH AS ABB AND ERICSSON

WWEWWEWEELLCLCCOOMOME E TTOO 
OOOUOUURR WWOORRLLDD
OOFOFF T TEAACCHCHINNG!G!
INNOVATION, FLAT HIERARCHIES 
AND OPEN-MINDED PROFESSORS

SASHA SHAHBAZI 
LEFT IRAN FOR A 

MASTERS IN PRODUCT 
AND PROCESS 

DEVELOPMENT AND 
LOTS OF INNEBANDY
HE’LL TELL YOU ALL ABOUT IT AND 

ANSWER YOUR QUESTIONS AT 
MDUSTUDENT.COM

www.mdh.se
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http://bookboon.com/count/advert/1e56a3f8-101f-46a8-99f9-9fa4008d2606


Download free ebooks at bookboon.com

Heat Transfer: Exercises

 
42 

Convection

KT 602080   
 

 
6

23

332

2

32

106.3
101

03.06010227.081.91000















 LTgGr  

 
66 102595.6106.3Pr Gr    (laminar) 

 

d)
44Perimeter

Area 2 D
D

DL 



 

 
KT 702090   

 

 
1

293
1

27320
11 


 K
T

  

 

 
4

25

32

2

32

105.3
108.1293

015.0708.92.1











 LTgGr    

 
44 105.272.0105.3Pr Gr                            (laminar) 

 
Comments:  
 

 Note evaluation of     for a gas is given by T/1  

 For a horizontal surface  pAL /  
 
Example 3.4 
 
Calculate the Nusselt numbers for the following: 
 
a) A flow of gas (Pr = 0.71,  = 4.63 x 105 kg/m s and Cp = 1175 J/kg K) over a turbine blade of 

chord length 20 mm, where the average heat transfer coefficient is 1000 W/m2 K. 
b) A horizontal electronics component with a surface temperature of 35C, 5 mm wide and 10 mm 

long, dissipating 0.1 W by free convection from one side into air where the temperature is 20C 
and k = 0.026 W/m K.  

c) A 1 kW central heating radiator 1.5 m long and 0.6 m high with a surface temperature of 80ºC 
dissipating heat by radiation and convection into a room at 20C (k = 0.026 W/m K assume black 
body radiation and  = 56.7 x 109 W/m K4)  

d) Air at 4C (k = 0.024 W/m K) adjacent to a wall 3 m high and 0.15 m thick made of brick with k = 
0.3 W/m K, the inside temperature of the wall is 18C, the outside wall temperature 12C
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Solution 
 

a)
k
C p

Pr  

 

KmW
C

k p /0766.0
71.0

11751063.4
Pr

5







 

 

261
0766.0

02.01000





k
LhNu  

 

b)
k
L

T
q

k
LhNu


  

 

2/2000
005.001.0

1.0 mW
A
Qq 


  

 
CT  152035  

 

mmmL 001667.0
3
5

30
50

Perimeter
Area

  

 

5.8
026.015
001667.02000






k
LhNu    

 

c)
k
L

T
qNu c


  

 
In this case, q must be the convective heat flux – radiative heat flux 
 

KTs 35327380   

 
KT 29327320   

 
     WTTAQ sR 4162933536.05.1107.56 44944  

  

 
KT 602080   

             
WQQQ Rc 5844161000   

 

Solution 
 

a)
k
C p

Pr  

 

KmW
C

k p /0766.0
71.0

11751063.4
Pr

5







 

 

261
0766.0

02.01000





k
LhNu  

 

b)
k
L

T
q

k
LhNu


  

 

2/2000
005.001.0

1.0 mW
A
Qq 


  

 
CT  152035  

 

mmmL 001667.0
3
5

30
50

Perimeter
Area

  

 

5.8
026.015
001667.02000






k
LhNu    

 

c)
k
L

T
qNu c


  

 
In this case, q must be the convective heat flux – radiative heat flux 
 

KTs 35327380   

 
KT 29327320   

 
     WTTAQ sR 4162933536.05.1107.56 44944  

  

 
KT 602080   

             
WQQQ Rc 5844161000   
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2/649
6.05.1

584 mW
A

Qq c
c 


  

249
026.0
6.0

60
649





k
L

T
qNu c  

 
d) KT 8412   
 

 
C

W
TTkq b 


 6021            

(assuming 1-D conduction)  
 

  2/12
18.0

12183.0 mWq 


   

188
024.0
3

8
12





k
L

T
qNu c  

 
Comments: 
 

 Nu is based on convective heat flux; sometimes the contribution of radiation can be significant 
and must be allowed for. 

 The value of k is the definition of  Nu is the fluid (not solid surface property). 
 Use of appropriate boundary layer growth that characterises length scale. 
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Example 3.5 
 
In forced convection for flow over a flat plate, the local Nusselt number can be represented by the 
general expression n

xx CNu Re1 . In free convection from a vertical surface the local Nusselt number 

is represented by m
xx GrCNu 2 , where C1, C2, n and m are constants  

 
a) Show that the local heat transfer coefficient is independent of the surface to air temperature 

difference in forced convection, whereas in free convection, h, depends upon (Ts  T)m 
 
b) In turbulent free convection, it is generally recognised that m = 1/3. Show that the local heat 

transfer coefficient does not vary with coordinate x. 
 
Solution 
 

a)
k
xhNu x        

 


 xu

x Re  

 
For forced convection:  n

xx CNu Re1  

 

Hence      
n

xuC
x
kh 













1  

 
This shows that the heat transfer coefficient for forced does not depend on temperature difference. 
 
For free convection     m

xx GrCNu 2  

2

32


 xTgGrx


  

 

Hence      
m

xTgC
x
kh 







 
 2

32

2 


                      (1) 

 
So for free convection, heat transfer coefficient depends on mT  

 
b) From (1), with m = 1/3 for turbulent free convection: 
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3/1

2

32

2 






 



 xTgC

x
kh  

 

xTgC
x
kh

3/1

2

2

2 






 





 

 
3/1

2

2

2 






 



 TgkCh  

 
Hence the convective heat transfer coefficient does not depend on x 

 
Example 3.6 
 
An electrically heated thin foil of length L = 25 mm and width W = 8 mm is to be used as a wind 
speed metre. Wind with a temperature T and velocity U blows parallel to the longest side. The foil 

is internally heated by an electric heater dissipating Q (Watts) from both sides and is to be operated in 

air with smKkgkJCCT p /10522.1,/005.1,20 25
    3/19.1 mkg and 72.0Pr 

. The surface temperature, T of the foil is to be measured at the trailing edge – but can be assumed to 

be constant. Estimate the wind speed when CT  32  and WQ 5.0 . 
 
 
Solution 
 
Firstly, we need to 
estimate if the flow is 
laminar or 
turbulent. 
 
Assuming a critical (transition) Reynolds number of 5103Re  the velocity required would be: 
 

sm
LL

uturb /304
1025

10522.1103103103
3

5535











 

 


 

 
Wind speed is very unlikely to reach this critical velocity, so the flow can be assumed to be laminar. 
                    

3/12/1 PrRe331.0 xxNu   

 

 kTT
Lq

Nu
s

av
Lav


 3/12/1 PrRe662.0  
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  3/1
2/1

Pr662.0
Re




 kTT
Lq

s

av
L  

  

2/1250
008.0025.0

2/5.0 mWqav 


  

 

   
5.173

72.0662.00253.02032
025.01250Re 3/1

2/1 



L  

 
4103Re L  

 

sm
L

u L /3.18
1025

10522.1103Re
3

54





 






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Example 3.7 
 
The side of a building of height H = 7 m and length W = 30 m is made entirely of glass. Estimate the 
heat loss through this glass (ignore the thermal resistance of the glass) when the temperature of the air 
inside the building is 20C, the outside air temperature is -15C and a wind of 15 m/s blows parallel to 
the side of the building.  Select the appropriate correlations from those listed below of local Nusselt 
numbers to estimate the average heat transfer coefficients. For air take: ρ= 1.2 kg / m3, μ = 1.8 x 10-5 
kg / m s, Cp = 1 kJ / kg K and Pr = 0.7. 
 

 Free convection in air, laminar (Grx < 109): Nux = 0.3 Grx
1/4 

 Free convection in air, turbulent (Grx > 109): Nux = 0.09 Grx
1/3 

 Forced convection, laminar (Rex < 105): Nux = 0.33 Rex
0.5 Pr1/3 

 Forced convection, turbulent (Rex > 105): Nux = 0.029 Rex
0.8 Pr1/3 

 

 

Solution 
 

k
C p

Pr                       gives:   KmW
C

k p /026.0
7.0

1000108.1
Pr

5







 

 
First we need to determine if these flows are laminar or turbulent. 
 
For the inside (Free convection): 
 

 
1

293
1

27320
11 


 K
T

  
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  293108.1
781.92.1

25

32

2

32











TLTgGr



 

 
TGr  10101.5  

 
(Flow will be turbulent over most of the surface for all reasonable values of T ) 
 
For the outside (Forced convection) 
 

7
5 103

108.1
30152.1Re 




 



 Lu

L  

 
(Flow will be turbulent for most of the surface apart from the first 0.3 m) 
 
Hence we use the following correlations: 
 
On the inside surface:           3/109.0 GrNu x   

 
On the outside surface:        3/18.0 PrRe029.0 xxNu   

 
For the inside: 
 

  3/1

2

32

09.0 






 



 xTTg

k
xhNu si

x         

  constant constant  
3/13


x
xh  

 
Hence heat transfer coefficient is not a function of x 
 

Lxav hh                                                 (1) 

 
For the outside: 
 

3/1
8.0

Pr029.0 










 xu

k
xhNux          

 

  2.0
8.0

constant   xC
x

xh  
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8.0
1 

0

2.0

0

Lx
Lx

x

Lx

x
av

hdxx
L
Cdxh

L
h 










                         (2) 

 
Write a heat balance: 
 
Assuming one-dimensional heat flow and neglecting the thermal resistance of the glass 
 

 sii TThq   

 
 oso TThq   

 
   ososii TThTTh                                                      (3) 

 
From equation 1 
 

         
  3/1

2

32

09.0 











i

sii

T
HTTg

k
Hh



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 
 

026.0
293108.1

81.92.1
09.0 25

1
2



















s
i

TTh  

 

  3/124.1 sii TTh                                                            (4) 

 
From equation 2: 
 

3/1
8.0

Pr
8.0

029.0











 Wu

k
Who     

 

3/1
8.0

5 7.0
108.1

30152.1
8.0

029.0
30
026.0












 oh  

 
KmWho

2/7.26                                                        (5) 

 
From (3)  with (4) and (5) 
 

   ossi TTTT  7.2624.1 3/4  

 

   157.262024.1 3/4  ss TT  

 

  15200464.0 3/4  ss TT                                (6) 

 
To solve this equation for sT an iterative approach can be used 

 
First guess:  CTs  10  

 
Substitute this on the right hand side of equation 6: 
 

   CTs  7.101510200464.0 3/4  

 
For the second iteration we use the result of the first iteration: 
 

   CTs  6.10157.10200464.0 3/4  

 
The difference between the last two iterations is C1.0 , so we can consider this converged. 
 

CTs  6.10  
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From which:   
 

    2/117156.107.26 mWTThq oso   

 
kWWqAQ 6.2424600730117   

 
Example 3.8 
 
The figure below shows part of a heat exchanger tube. Hot water flows through the 20 mm diameter 
tube and is cooled by fins which are positioned with their longest side vertical. The fins exchange heat 
by convection to the surrounds that are at 27C. 
 
Estimate the convective heat loss per fin for the following conditions. You may ignore the contribution 
and effect of the cut-out for the tube on the flow and heat transfer. 
 
a) natural convection, with an average fin surface temperature of 47C; 
b) forced convection with an air flow of 15 m / s blowing parallel to the shortest side of the fin and 

with an average fin surface temperature of 37C. 
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pharma and biotech industries.
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Even though it was a bit hard at fi rst, I can feel over 
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The following correlations may be used without proof, although you must give reasons in support of 
your choice in the answer. 
 
Nux = 0.3 Rex

1/2 Pr1/3 Rex < 3 x 105 
Nux = 0.02 Rex

0.8 Pr1/3 Rex   3 x 105 
Nux = 0.5 Grx

1/4 Pr1/4  Grx < 109 
Nux = 0.1 Grx

1/3 Pr1/3  Grx   109 
 
For air at these conditions, take: Pr = 0.7, k = 0.02 W / m K, μ = 1.8 x 10-5 kg /m s and ρ = 1.0 kg / m3 

 
Solution 

 
 
On the outside of the water tube, natural convections means that we need to evaluate Gr number to see 
if flow is laminar ot turbulent 
 

2

32


 LTgGr 

  

 
KT 202747   

 

1

300
1

27327
1 


 K  

 

 
6

25

32

102
300108.1

1.02081.91








Gr                 (Laminar) 

 
(L here is height because it is in the direction of the free convection boundary layer) 
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So we use: 
 

  4/1Pr5.0 xx GrNu   

 

 
LL

av dxxdxh
L

h
0

4/1

0

constant 1
 

 
 

4/3
Lx

av
hh   

 

  4/1Pr
3
2

Lav GrNu   

 

  237.0102
3
2 4/16 avNu  

 

KmW
L

kNuh av
av

2/6.4
1.0

02.023



  

 
Thq avav   

205.01.0206.4  TAhAqQ avav       (Last factor of 2 is for both sides) 

 
WQ 92.0  

 
For forced convection, we need to evaluate Re to see if flow is laminar or turbulent 
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4
5 1017.4

108.1
05.0151Re 




 
 Lu

                  (Laminar) 

 
(L here is the width because flow is along that direction) 
 

3/12/1 PrRe3.0 xxNu 

 
L

Lx
av

hhdx
L

h
0 2/1

1
 

 

  1097.01017.46.0PrRe6.0 3/12/143/12/1 


LavNu  

 

KmW
L

kNu
h av

av
2/5.43

05.0
02.0109




  

 
205.01.0105.43  TAhAqQ avav                  CT  10  

 
WQ 35.4  

 
Example 3.9 
 
Consider the case of a laminar boundary layer in external forced convection undergoing transition to a 
turbulent boundary layer. For a constant fluid to wall temperature difference, the local Nusselt 
numbers are given by: 

 
Nux = 0.3 Rex

1/2 Pr1/3 (Rex < 105) 
Nux = 0.04 Rex

0.8 Pr1/3 (Rex ≥ 105) 
 

Show that for a plate of length, L, the average Nusselt number is: 
 

Nuav = (0.05 ReL
0.8 - 310) Pr1/3 
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Solution 

L
kh

Nu av
av   

 
Where for a constant surface-to-fluid temperature: 
 













 
L

x

x

av

L

L

dxhdxh
L

h turbulent
0

laminar
1
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Since for laminar flow ( 510Re x ): 

 
3/12/1 PrRe3.0 xxNu    

 

3/12/1
2/1

Pr3.0 xu
x
khlam 








 




 

 

2/12/13/1
2/1

Pr3.0  







 xCxukh lamlam 


 

 
Where lamC does not depend on x  

 
Similarly: 
 

2.0 xCh turbturb  

 
Where 
 

3/1
8.0

Pr04.0 







 


 ukCturb  

 
Hence 
 













  
L

x
turb

x

lamav

L

L

dxxCdxxC
L

h 2.0

0

2/11
 

 
































L

x
turb

x

lamav

L

L xCxC
L

h
8.02/1

1 8.0

0

2/1

 

 

L
kh

Nu av
av   

 

 8.08.02/1

8.0
2 L

turb
L

lam
av xL

k
C

x
k

C
Nu   

 

3/1
8.08.0

3/12/1
2/1

Pr05.0Pr6.0





































 








 L

Lav
xuLuxuNu  
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But     510


 Lxu

     (The transition Reynolds number) 

 
So 
 

    8.058.02/153/1 1005.0Re05.0106.0Pr  LavNu  

 
  3/18.0 Pr310Re05.0  LavNu  

Example 3.10 

A printed circuit board dissipates 100 W from one side over an area 0.3m by 0.2m. A fan is used to 
cool this board with a flow speed of 12 m / s parallel to the longest dimension of the board. Using the 
average Nusselt number relationship given in Example 3.9 to this question, calculate the surface 
temperature of the board for an air temperature of 30 ºC.  
 
Take an ambient pressure of 1 bar, R = 287 J / kg K,  
 
Cp = 1 kJ / kg K, k = 0.03 W / m K and μ = 2 x 10-5 kg/m s 

 
 
Solution 

2/7.1666
3.02.0

100 mW
A
Qqav 



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667.0
03.0

10102Pr
35







k
CP


 Lu

L
Re

3
5

/15.1
303287

10 mkg
RT
P






5
5 1007.2

102
3.01215.1Re 




 L  

 
Using the formula for Nusselt Number obtained in Example 3.9: 
 

  3/18.0 Pr310Re05.0  LavNu

     511667.03101007.205.0 3/18.05  
avNu

Tk
Lq

L
kh

Nu avav
av 



C
kNu

Lq
T

av

av 



 6.32
03.0511

3.07.1666

TTTs  

CTs  6.626.3230  
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4. Radiation 
 
Example 4.1 
 
In a boiler, heat is radiated from the burning fuel bed to the side walls and the boiler tubes at the top. 
The temperatures of the fuel and the tubes are T1 and T2 respectively and their areas are A1 and A2. 
 
a) Assuming that the side walls (denoted by the subscript 3) are perfectly insulated show that the 

temperature of the side walls is given by: 

  
41

131232

4
2232

4
1131

3 











FAFA

TFATFAT  

  where F13 and F23 are the appropriate view factors. 
 
b) Show that the total radiative heat transfer to the tubes, Q2, is given by: 

   4
2

4
1

131232

232131
1212 TT

FAFA
FAFAFAQ 










   
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c) Calculate the radiative heat transfer to the tubes if T1 = 1700C, T2 = 300C, A1 = A2 = 12m2 and 
the view factors are each 0.5? 

 
 
Solution 
 
a) 23212   QQQ       (1) 

 
Since the walls are adiabatic   
 

3123   QQ                                                 (2) 

 
From (2) 
 

   4
3

4
1131

4
2

4
3323 TTFATTFA    

 

131323

4
2323

4
11314

3 FAFA
TFATFAT




   

 
4/1

131232

4
2232

4
1131

3 











FAFA

TFATFA
T        since  jijiji FAFA   

 
b) From (1) 
 

   4
2

4
3323

4
2

4
11212 TTFATTFAQ    

 
   4

2
4

3232
4

2
4

11212 TTFATTFAQ    
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  












 4
2

131323

4
2323

4
1131

232
4

2
4

11212 T
FAFA

TFATFAFATTFAQ      

 

  












131323

4
2131

4
2323

4
2323

4
1131

232
4

2
4

11212 FAFA
TFATFATFATFAFATTFAQ      

 

  











131323

4
2131

4
1131

232
4

2
4

11212 FAFA
TFATFAFATTFAQ           

 

    










131323

1314
2

4
1232

4
2

4
11212 FAFA

FATTFATTFAQ    

 

    










131323

1312324
2

4
1

4
2

4
11212 FAFA

FAFATTTTFAQ   

 

  










131232

131232
121

4
2

4
12 FAFA

FAFAFATTQ   

 

c)
131232

4
2232

4
1131

131323

4
2323

4
11314

3 FAFA
TFATFA

FAFA
TFATFAT








  

 

KT 1662
5.0125.012

5735.01219735.012 44
4

3 



  

 

  WQ 6449
2 1068.7

66
6665731973107.56 










   

 
Example 4.2 
 
Two adjacent compressor discs (Surfaces 1 and 2) each of 0.4 m diameter are bounded at the periphery 
by a 0.1 wide shroud (Surface 3). 
 
a) Given that F12 = 0.6, calculate all the other view factors for this configuration.  
 
b) The emissivity and temperature of Surfaces 1 and 2 are 1 = 0.4, T1 = 800 K, 2 = 0.3, T2 = 700K 

and Surface 3 can be treated as radiatively black with a temperature of T3 = 900 K. Apply a grey 
body radiation analysis to Surface 1 and to Surface 2 and show that: 

 
2.5 J1 – 0.9 J2 = 45545    W/m2  
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and  
   
3.333 J2 – 1.4 J1 = 48334  W/m2. 
 
The following equation may be used without proof: 

 
c) Determine the radiative heat flux to Surface 2 

 

 
 
Solution 

a) mrrr 2.021   
 

ma 1.0  

2
1.0
2.02 

a
r

 

 

5.0
2.0
1.0

1


r
a

 

 
6.012 F    (Although this is given in the question, it can be obtained from    appropriate tables 

with the above parameters) 

)(
1 1

,
,

j

N

j
iji

i

i

iiB JJF
JE










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011 F    (As surface 1 is flat, it cannot see itself) 

 

4.06.0113 F    (From the relation 1 ijF in an enclosure) 

 
6.021 F    (Symmetry) 

 
022 F  

 
4.023 F  

 

4.04.0
1.02.02

2.0 2

13
3

1
31 






F

A
AF  

 
4.032 F    (Symmetry) 

 
2.04.04.0133 F  
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b)  




 n

j
ijji

i

i

iib FJJ
JE

1

,

1



 

 
Apply to surface 1,   (i = 1) 
 

Let   1
1

11








 

 
      31132112111, JJFJJFJEb    

 
  3131212113112111, 1 JFJFFFJEb    

 
4

11, TEb   

 
4

33 TJ     (Radiatively black surface) 

 

5.1
4.0

4.011

1

1
1 










  

 
4

321
4

1 6.09.05.2 TJJT    

 
49

21
49 900107.566.09.05.2800107.56   JJ  

 
2

21 /455459.05.2 mWJJ            (1) 
 
Applying to surface 2    (i = 2) 
 

  3232121223221222, 1 JFJFFFJEb    

 
4

22, TEb   

 

333.2
3.0

3.011

2

2
2 










  

 
4

312
4

2 9333.04.1333.3 TJJT    

 
2

12 /483344.1333.3 mWJJ                                          (2) 
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c) From (2): 
 

4.1
48334333.3 2

1



JJ  

 
Substituting in (1) 
 

2
2

2 /455459.0
4.1

48334333.35.2 mWJJ



  

 
2

2 /26099 mWJ   
 
The net radiative flux to surface 2 is given by 
 

23
49

2

2

22,
2 /10351.5

3.0
3.01

26099700107.56
1

mW
JE

q b 














 

 
The minus sign indicates a net influx of radiative transfer as would be expected from 
consideration of surface temperatures. 
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Example 4.3 
 
The figure below shows a simplified representation of gas flame inside a burner unit. The gas flame is 
modelled as a cylinder of radius r1 = 10 mm (Surface 1). The burner comprises Surface 2 (a cylinder of 
radius r2 = 40 mm and height h = 40 mm), concentric with Surface 1 and a concentric base (Surface 3), 
of radius r3 = 40 mm. The end of the cylinder, Surface 4, opposite to the base is open to the 
surrounding environment. 
 
a) Given that F21 = 0.143 and F22 = 0.445 use the dimensions indicated on the diagram to calculate 

all the other relevant view factors.  
 
b) The flame, base and surroundings can be represented as black bodies at constant temperatures T1, 

T3 and T4, respectively. The emissivity of the inside of Surface 2 is ε2 = 0.5. Apply a grey body 
radiation analysis to Surface 2 and show that the radiosity is given by: 

 

The following equation may be used without proof: 
 

   





 N

j
jiij

ii

iib JJF
JE

1

,

1 
  

 
c) The temperatures T1 and T3 are found to be: T1 = 1800K and T3 = 1200K, and the surrounds are at 

500 K. Estimate the temperature T2, using a radiative heat balance on the outer surface of Surface 
2, where the emissivity is ε0 = 0.8 

 

 
 
Solution 
 
a) hrA 11 2  
 

242321

4
424

4
323

4
121

4
2

2 1
)(

FFF
TFTFTFTJ






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hrA 22 2  
 

 2
1

2
243 rrAA    

 
011 F  

 

1413 FF   

 
114131211  FFFF  

 
but 
 

212121 FAFA   
 

57352.014338.0
10
40

21
1

2
21

1

2
12  F

r
rF

A
AF  

 
Thus 
 

21324.0
2
57352.01

1413 


 FF  

 
124232221  FFFF  

 

20574.0
2

44515.014338.01
2

1 2221
2423 







FFFF  

 
134333231  FFFF  

 
033 F  

 

313131 FAFA   

 

  11373.021324.0
01.004.0

04.001.022
22132

1
2

2

1
13

3

1
31 







 F
rr
hrF

A
AF




 

 

323232 FAFA   
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  43891.020574.0
01.004.0

04.004.022
22232

1
2

2

2
23

3

2
32 







 F
rr
hrF

A
AF




 

 
44736.043891.011373.0134 F  

 
Similarly (using symmetry) 
 

11373.03141  FF  

 
43891.03242  FF  

 
44736.03443  FF  

 
044 F  

 

b)  




 n

j
ijji

i

i

iib FJJ
JE

1

,

1


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For surface 2, i = 2,  j = 1, 3, 4 
 

     422432231212

2

2

22,

1
JJFJJFJJF

JEb 






 

 

5.02  ,     1
5.0

5.01



 

 

1,1 bEJ  ,  3,3 bEJ  ,  4,4 bEJ      (1, 3, 4 are black) 

 
     4,2243,2231,21222, bbbb EJFEJFEJFJE   

 
  24

4
423

4
321

4
1

4
22423212 1 FTFTFTTFFFJ    

 

 
1242321

24
4

423
4

321
4

1
4

2
2 




FFF
FTFTFTTJ 

 

 

c)
 

120574.02057457352.0
20574.050020574.0120057352.01800107.56 4444

2
9

2 



 TJ  

 

709131047.36 4
2

9
2   TJ  

 
On the outside of surface 2: 
 

 4
4

4
20,22 TTq    

 
Also  
 

709131047.36
1

4
2

94
2

2

2

22,
2 




  TT
JE

q b 




 

 
 44

2
94

2
9 5008.0107.56709131023.20   TT  

 
KT 10292   
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Example 4.4 
 
The figure below shows a schematic diagram, at a particular instant of the engine cycle, of a cylinder 
head (Surface 1), piston crown (Surface 2) and cylinder liner (Surface 3). 
 
a) Using the dimensions indicated on the diagram, and given that F12 = 0.6, calculate all the other 

relevant view factors. 

b) The cylinder head can be represented as a black body at a temperature T1 = 1700 K and the 
emissivity of the piston crown is 75.02  . Apply a grey body radiation analysis to the piston 
crown (Surface 2) and show that the radiosity is given by: 

 
   J2 = 42.5 x 10-9 T2

4 + 71035 + 0.1 J3 
      

The following equation may be used without proof: 
 

      





 N

j
jiij

ii

iib JJF
JE

1

,

1 
 

 
c) Similar analysis applied to the cylinder liner gives: 
   J3 = 107210 + 0.222 J2 

 
If the surface temperature of the piston crown is, T2 = 600 K, calculate the radiative heat flux into 
the piston crown. 

           
d) Briefly explain how this analysis could be extended to make it more realistic 
 

 
 
Solution 
 

a) 222
21 250050 mmrAA    
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2
3 250025100 mmDLA    

 
011 F    (Flat surface) 

 
6.012 F   (Given) 

 
4.06.00.10.1 1213  FF  

 
By Symmetry: 
 

6.01221  FF  
 

4.03223  FF  

 
022 F  

 

4.013
3

1
31  F

A
AF    Since 31 AA   
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4.032 F    (By symmetry) 

 
2.04.04.00.10.1 323133  FFF  

 
b) For surface 2,  i = 2 
 

   32231221

2

2

22,

1
JJFJJF

JEb 






 

 
4

11 TJ     (Black body) 
 

75.02  ,    
3
1

75.0
75.01




 

 
4

22, TEb   

 

   3223
4

1221
2

4
2

3/1
JJFTJFJT







 

 

 

 2321

323
4

121
4

2

2

3
11

3
1

FF

JFTFT
J







 

 

 

 4.06.0
3
11

4.01700107.566.0
3
1107.56 3

494
2

9

2






 JT
J  

 

3
4

2
9

2 1.071035105.42 JTJ    

 
We are also given that 
 

23 222.0107210 JJ                                     

 

23 0222.0107211.0 JJ   

 
Hence 
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2
49

2 0222.01072171035600105.42 JJ    
 

81756550897778.0 2 J  
 

2
2 /89247 mWJ   

 
Also 
 

23
49

2

2

22,
2 /10246

3/1
89247600107.56

1
mW

JE
q b 












 

 
Negative sign indicates 22,2 EEJ b  , so net flux is into the piston crown. 

 
c) To make the analysis more realistic, it needs to be extended by including convection from the 

piston crown, and cylinder liner. Radiation from the piston underside also needs to be included. 
We then carry out analysis over a complete engine cycle. 

 
Example 4.5 
 
The figure below shows the variation of view factor Fi,j with geometric parametres h / L and W / L for 
the case of two rectangular surfaces at right angles to each other. This plot is to be used to model the 
radiative heat transfer between a turbocharger housing and the casing of an engine management 
system. The horizontal rectangle, W = 0.12 m and L = 0.2 m, is the engine management system and is 
denoted Surface 1. The vertical rectangle, h = 0.2 m and L = 0.2 m, is the turbocharger casing and 
denoted by Surface 2. The surrounds, which may be approximated as a black body, have a temperature 
of 60C.  
 
a) Using the graph and also view factor algebra, evaluate the view factors: F1,2, F2,1, F1,3 and  F2,3 
 
b) By applying a grey-body radiation analysis to Surface 1 with ε1 = 0.5, show that the radiosity  

J1 is: 
 
J1 = 28.35 x 10-9 T1

4 + 0.135 J2 + 254 (W/m2) 
 
The following equation may be used without proof: 
 

      





 N

j
jiij

ii

iib JJF
JE

1

,

1 
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c) A similar analysis is applied to Surface 2 with ε2 = 0.4 obtained the result: 
 
J2 = 22.7 x 10-9 T2

4 + 0.097 J1 + 350 (W/m2). 
 
Use this to estimate the surface temperature of the engine management system when the turbocharger 
housing has a surface temperature of T2 = 700K. 
 

 
 
Solution 
 

1
2.0
2.0


L
h

,          6.0
2.0

12.0


L
W

 

 
From the figure:   27.012 F  
 

212121 FAFA   
 

162.027.0
2.0
12.0

1212
2

1
21  F

h
wF

A
AF  

 
1131211  FFF  

 
011 F  
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73.027.011 1213  FF  

 
1232221  FFF  

 
022 F  

 
838.0162.011 2123  FF  

 
For a grey body radiative heat transfer in an enclosure (n surfaces) 
 

 




 n

j
ijji

i

i

iib FJJ
JE

1

,

1



  

 
Applying for surface 1,  i = 1  (the casing)  
 

  

Maersk.com/Mitas

�e Graduate Programme  
for Engineers and Geoscientists

Month 16
I was a construction

supervisor in  
the North Sea  

advising and  
helping foremen  

solve problems

I was a

he
s

Real work  
International opportunities 

�ree work placements
al Internationa
or�ree wo

I wanted real responsibili� 
 I joined MITAS because  
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   31132112

1

1

11,

1
JJFJJF

JEb 






 

 
4

11, TEb   

 
4

33 TJ   

 

0.1
5.0

5.011

1

1 







 

 
So 
 

1312

4
313212

4
1

1 1 FF
TFJFTJ







 

 

73.027.01
333107.5673.027.0107.56 49

2
4

1
9

1 



 JTJ  

 
2

2
4

1
9

1 /254135.01035.28 mWJTJ                              (1) 
 
c) 
 

Given:   2
1

4
2

9
2 /3500972.01068.22 mWJTJ    

 
2

1
49

2 /3500972.07001068.22 mWJJ    
 

12 0972.05796 JJ                          (2) 
 
Substituting from equation 2 into equation 1: 
 

  2
1

4
1

9
1 /2540972.05796135.01035.28 mWJTJ    

 
Which gives: 
 

24
1

9
1 /1050107.28 mWTJ    

 
Applying a heat balance to surface 1 
 

outin qq   
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1050107.28109.57
1

4
1

94
1

9

1

1

11, 






















  TT
JE

q b
in




 
 

105010.28 4
1

9   Tqin

 
 

 

Combining and solving for T1, gives: 
 

KT 3961 

 
Note that   qin = - q   since  q   is out of the surface when q > 0   . 

   44
1

944
11 333107.565.0  

 TTTqout 
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5. Heat Exchangers 

 
Example 5.1 
 
A heat exchanger consists of numerous rectangular channels, each 18 mm wide and 2.25 mm high. In 
an adjacent pair of channels, there are two streams: water k = 0.625 W/m K and air k = 0.0371 W/m 
K, separated by a 18 mm wide and 0.5 mm thick stainless steel plate of k = 16 W/m K. The fouling 
resistances for air and water are 2 x 104 m2 K/W and 5 x 104 m2 K/W, respectively, and the Nusselt 
number given by NuDh = 5.95 where the subscript 'Dh' refers to the hydraulic diameter. 
 
a) Calculate the overall heat transfer coefficient ignoring both the thermal resistance of the 

separating wall and the two fouling resistances. 
b) Calculate the overall heat transfer coefficient with these resistances. 
c) Which is the controlling heat transfer coefficient? 
 
Solution: 
 
Hydraulic Diameter = 4 x Area / Wetted perimetre 
 

3
3

33

104
10)1825.2(

10181025.24 



 



hD
 

 

h

D

D
kNuh 

 
 

KmWha water
2

3 /930
104

625.095.5          )( 



 
 

 

KmWhair
2

3 /186.55
104

0371.095.5





 
 

 

KmWU 2
1

/1.52
186.55
1

930
1





 



 

 

b)
KmWU 2

1
44

3

/2.50105
186.55
1102

930
1

16
105.0



















 
 

c) The controlling heat transfer coefficient is the air heat transfer coefficient. 
 

5. Heat Exchangers 

 
Example 5.1 
 
A heat exchanger consists of numerous rectangular channels, each 18 mm wide and 2.25 mm high. In 
an adjacent pair of channels, there are two streams: water k = 0.625 W/m K and air k = 0.0371 W/m 
K, separated by a 18 mm wide and 0.5 mm thick stainless steel plate of k = 16 W/m K. The fouling 
resistances for air and water are 2 x 104 m2 K/W and 5 x 104 m2 K/W, respectively, and the Nusselt 
number given by NuDh = 5.95 where the subscript 'Dh' refers to the hydraulic diameter. 
 
a) Calculate the overall heat transfer coefficient ignoring both the thermal resistance of the 

separating wall and the two fouling resistances. 
b) Calculate the overall heat transfer coefficient with these resistances. 
c) Which is the controlling heat transfer coefficient? 
 
Solution: 
 
Hydraulic Diameter = 4 x Area / Wetted perimetre 
 

3
3

33

104
10)1825.2(

10181025.24 



 



hD
 

 

h

D

D
kNuh 

 
 

KmWha water
2

3 /930
104

625.095.5          )( 



 
 

 

KmWhair
2

3 /186.55
104

0371.095.5





 
 

 

KmWU 2
1

/1.52
186.55
1

930
1





 



 

 

b)
KmWU 2

1
44

3

/2.50105
186.55
1102

930
1

16
105.0



















 
 

c) The controlling heat transfer coefficient is the air heat transfer coefficient. 
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Example 5.2 
 
A heat exchanger tube of D = 20 mm diameter conveys 0.0983 kg/s of water (Pr = 4.3, k = 0.632 W/m 
K,  = 1000 kg/m3,  = 0.651 x 103 kg/ms) on the inside which is used to cool a stream of air on the 
outside where the external heat transfer coefficient has a value of ho = 100 W/m2 K. Ignoring the 
thermal resistance of the tube walls, evaluate the overall heat transfer coefficient, U, assuming that the 
internal heat transfer coefficient is given by the Dittus-Boelter relation for fully developed turbulent 
pipe flow:   
 . 

4.08.0 PrRe023.0 DDNu   
 
Solution: 
 

VAm   

A
mV




 

9613
10651.002.0

0983.044Re 3 



 


D
mVD

D


 
 

633.49613023.0 4.08.0 DNu  
 

k
hDNuD 

 
 

KmW
D

kNuh D 2/2000
02.0

632.03.63





 
 

KmWU 2
1

/2.95
100

1
2000

1




 



 
 
Example 5.3 
 
a) Show that the overall heat transfer coefficient for a concentric tube heat exchanger is given by the 

relation: 
 

1-
1ln 


















oii

o

i

oo
o hrh

r
r
r

k
rU
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With the terminology given by the figure below 
 
b) A heat exchanger made of two concentric tubes is used to cool engine oil for a diesel engine. The 

inner tube is made of 3mm wall thickness of stainless steel with conductivity k  = 16 W/m K . The 
inner tube radius is 25mm and has a water flow rate of 0.25 kg/s. The outer tube has a diameter of 
90mm and has an oil flow rate of 0.12 kg/s. Given the following properties for oil and water: 

 
oil:   
 

K   W/m138.0     ,s kg/m  1025.3     K, J/kg   2131 2   kC p   
 
Water: 
 

K    W/m625.0      ,s kg/m   10725     ,K J/kg    4178 6   kC p   
 
Using the relations: 
 

6.5DNu                                 2300Re D  
4.08.0 PrRe023.0 DDNu               2300Re D  
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Calculate the overall heat transfer coefficient.    
 
Which is the controlling heat transfer coefficient?   
 
If the heat exchanger is used to cool oil from 90oC to 55oC, using water at 10oC calculate the length of 
the tube for a parallel flow heat exchanger 
 

 
 
Solution:
 
a) 
 
For the convection inside 
 

)( 1TThAQ iii   

 
)(2 1TTLhrQ iii                          (1)       

 
For the convection outside  
 

)( 1TThAQ ooo   

 
)(2 1TTLhrQ ooo                   (2) 

 
For conduction through the pipe material  
 

dr
dTkrQ 2  
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r
dr

Lr
QdT 










2
                  (3) 

 
Integrating between 1 and 2: 
 



















i

o

r
r

Lr
QTT ln

212 
         (4)        

 
From 1 and 2 
 











ii
i Lhr

QTT
21                      (5) 

 











oo
o Lhr

QTT
22                     (6) 

 
Adding 4, 5 and 6 
 

 










ooii

io
oi rhrhk

rr
L

QTT 11/ln
2  

 
Rearranging 
 

 oio

oii

o

i

oo

oi

o

TTU

hrh
r

r
r

k
r

TT
Lr

Q
























1ln

2

 
 
Therefore, overall heat transfer coefficient is 
 

1
1ln






















oii

o

i

oo
o hrh

r
r
r

k
rU

 
 
b) 
 
i) To calculate the overall heat transfer coefficient, we need to evaluate the convection heat transfer 
coefficient both inside and outside. 
 

http://bookboon.com/


Download free ebooks at bookboon.com

P
le

as
e 

cl
ic

k 
th

e 
ad

ve
rt

Heat Transfer: Exercises

 
84 

Heat Exchangers


 hmDV

Re
 

 
For water: 
 

4
,

2DA
A

mVm







 
 

8781
1072505.0

25.044Re 6 



 D

m

 
 

85.4
625.0

417810725Pr
6







k
C p

 
 
Re > 2300    (turbulent flow) 
 

Therefore:  6285.48781023.0PrRe023.0 4.08.04.08.0  DDNu  
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From which:    KmW
D

kNuh D
i

2/775
05.0

625.062



  

 
For oil: 
 

mrr
rr
rr

Perimeter
AreaD ab

ab

ab
h 034.0)025.0045.0(2)(2

)(2
)(44 22









 

 

  33
1025.3028.0045.0

12.02
)(

2
)(
)(2Re 222 











 


abab

abhm

rr
m

rr
rrmDV 

 
 
Re < 2300  (Laminar flow) 
 
Therefore:   6.5DNu  
 

 7.22
034.0

138.06.5





h

D
o D

kNuh        W/m2 K 

 

84.21
7.22

1
025.0725

028.0
25
28ln

16
028.0

1






















oU        W/m2 K 

 
ii) The controlling heat transfer coefficient is that for oil,   ho because it is the lower one. Changes in  
ho will cause similar changes in the overall heat transfer coefficient while changes in hi  will cause 
little changes. You can check that by doubling one of them at a time and keep the other fixed and 
check the effect on the overall heat transfer coefficient. 
 
iii)   CThi  90 , CTci 10 , CTho  55  

 

coT  is unknown. This can be computed from an energy balance 

 
For the oil side: 
 

8950)3590(213112.0)(  hohiphh TTCmQ  W 

 
8950)10(417825.0)(  cocicopcc TTTCmQ  W 

  
Therefore   CTco  56.18  

 
Evaluate LMTD 
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CT  8010901  
 

CT  44.3656.18552  
 

C
TT
TTTlm 







 1.56
)80/44.36ln(

8044.36
)/ln( 12

12

 
 

lmoolm TLrUTUAQ  2  
 

m
TrU

QL
lmoo

5.41
1.56028.0284.21

8950
2








  

 
Example 5.4 
 
Figure (a) below shows a cross-sectional view through part of a heat exchanger where cold air is 
heated by hot exhaust gases.  Figure (b) shows a schematic view of the complete heat exchanger which 
has a total of 50 channels for the hot exhaust gas and 50 channels for the cold air. The width of the 
heat exchanger is 0.3m 
 
Using the information tabulated below, together with the appropriate heat transfer correlations, 
determine: 
 

i. the hydraulic diameter for each passage; 
ii. the appropriate Reynolds number; 

iii. the overall heat transfer coefficient; 
iv. the outlet temperature of the cold air; 
v. and the length L 

 
Use the following relations: 
 
Using the relations: 

6.4DNu                                 2300Re D  
3/18.0 PrRe023.0 DDNu               2300Re D  
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Data for example 4.4 
Hot exhaust inlet temperature 100oC
Hot exhaust outlet temperature 70oC
Cold air inlet temperature 30oC
Hot exhaust total mass flow 0.1 kg/s 
Cold air total mass flow 0.1 kg/s 
Density for exhaust and cold air 1 kg/m3

Dynamic viscosity, exhaust and cold air  1.8x10-5 kg/m s 
Thermal conductivity, exhaust and cold air 0.02 W/m K 
Specific heat capacity, exhaust and cold air 1 kJ/kg K 
Heat exchanger wall thickness 0.5 mm 
Heat Exchanger wall thermal conductivity 180 W/m K 
Hot exhaust side fouling resistance 0.01 K m2/W
Cold air side fouling resistance 0.002 K m2/W
 
Solution: 
 


VL

Re
 

 

hDL        (Hydraulic diameter) 

 

    mm
Hw
HwDh 94.5

3.0003.02
3.0003.04

2
4

perimenter
area sectional cross  4












  
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For a single passage: 
 

 
    sm

wH
mV /22.2

13.0003.0
50/1.050/











 

 

733
108.1

1094.522.21Re 5

3





 



 
 

2300Re     (laminar flow) 
 

6.4DNu  
 

KmW
D

kNuh
h

D 2
3 /5.15

1098.5
02.06.4





 
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Since the thermal properties are the same and the mass flow rate is the same then the hot stream and 
cold stream heat transfer coefficients are also the same. 
 

 
 
 
 
 
 
 

 
Note that if the third term in the brackets that includes the resistance through the metal is neglected, it 
will not affect the overall heat transfer coefficient because of the relatively very small thermal 
resistance. 
 

)()( ,,,, ocicpohihp TTCmTTCmQ  
 

 

CTTTT o
ohihicoc 60)70100(30)( ,,,,   

 
Also 
 

lmTUAQ   
 

lmT is constant in a balanced flow heat exchanger 

 
CTlm  40307060100  

 

    passage/60701001000
50

1.0
,, wTTCmQ ohihp    

 
Area of passage: 
 

2211.0
401.7

60 m
TU

QA
lm








 

 

And since:  LwA   
 

mL 704.0
3.0

211.0


 
 

KmW

R
hk

tR
h

U cf
c

hf
h

2

131

,,

/1.7

002.0
5.15

1
180

105.001.0
5.15

111


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



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
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