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PREFACE to Vol. 4

PREFACE to Vol. 4
This is Vol. 4 of the book “Software Solutions to Problems on Heat Transfer”.

In Vol. 1, problems on various aspects of CONDUCTION heat transfer were solved with Mathcad, EES, 
FEHT and EXCEL.

Vol. 2 contained solved problems on the topics of CONVECTION (i.e. Forced convection, Natural or 
Free convection).

In Vol. 3, we gave solved problems on the topics of BOILING and CONDENSATION.

Present Vol. viz. HEAT EXCHANGERS contains problems solved on following topics:

Vol. 4. HEAT EXCHANGERS:

Heat Exchangers – Equation summary

4.A. Overall heat transfer coeff., Fouling factors etc

Problems solved with Mathcad (Prob. 4A.1 to 4A.2)

Problems solved with EES (Prob. 4A.3 to 4A.5) 

Problems solved with EXCEL (Prob. 4A.6 to 4A.7) 

4.B. LMTD method of HX analysis, LMTD correction factors etc.:

Problems solved with Mathcad (Prob. 4B.1 to 4B.10)

Problems solved with EES (Prob. 4B.11 to 4B.19) 

Problems solved with EXCEL (Prob. 4B.20 to 4B.23) 

4.C. ‘NTU-Effectiveness’ method of HX design, compact HX:

Problems solved with Mathcad (Prob. 4C.1 to 4C.6)

Problems solved with EES (Prob. 4C.7 to 4C.14) 

Problems solved with EXCEL (Prob. 4C.15 to 4C.19)

References 
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PREFACE to Vol. 4

Here also, problems are solved using the popular software, viz. “Mathcad”, “Engineering Equation 
Solver (EES)”, and MS EXCEL spreadsheet. Comments are included generously in the codes so that 
the logic behind the solutions is clear. An introductory chapter in Part-I gives a brief overview of 
the software used. 

When only graphs are available, but no equations (ex: LMTD correction factors, effectiveness or NTU 
for some type of HX, heat transfer and friction factor characteristics of cross flow HX), we have digitized 
the graphs using freely available digitizing software, curve-fitted, and produced Functions to get desired 
quantities by interpolation, so that calculations could be done without referring to the graphs.

As in Vol. I, II and III, emphasis is given not only to solving a given problem but also to parametric analysis 
and graphical representation of results. Advantage of using Software to solve a variety of problems thus 
becomes evident. Also, problems with EXCEL spreadsheet are solved in greater details with relevant screen 
shots for immediate help to students, since EXCEL is available in practically every Personal Computer.

Acknowledgements: Firstly, I thank my students, since it is they who inspired me and motivated me. Next, 
my thanks are due to the authorities at St. Joseph Engineering College, for their constant encouragement.

Also, my sincere thanks to Bookboon.com for publishing this book on the Internet. Ms. Sophie and her 
editorial staff have to be specially mentioned for their cooperation, suggestions and support.

Finally, my heart-felt appreciation to my wife, Kala, for her unfailing and thoughtful support and 
encouragement.

M. Thirumaleshwar

Author

August 2013

Download free eBooks at bookboon.com



Software Solutions to Problems on Heat 
Transfer: Heat Exchangers

8 

About the Author

About the Author
Dr. M. Thirumaleshwar graduated in Mechanical Engineering from Karnataka Regional Engineering 
College, Surathkal, Karnataka, India, in the year 1965. He obtained M.Sc (cryogenics) from University 
of Southampton, U.K. and Ph.D.(cryogenics) from Indian Institute of Science, Bangalore, India. 

He is a Fellow of Institution of Engineers (India), Life Member, Indian Society for Technical Education, 
and a Foundation Fellow of Indian Cryogenics Council.

He has worked in India and abroad on large projects in the areas involving heat transfer, fluid flow, 
vacuum system design, cryo-pumping etc.

He worked as Head of Cryogenics Dept. in Bhabha Atomic Research Centre (BARC), Bombay and 
Centre for Advanced Technology (CAT), Indore, from 1966 to 1992. 

He worked as Guest Collaborator with Superconducting Super Collider Laboratory of Universities 
Research Association, in Dallas, USA from 1990 to 1993. 

He also worked at the Institute of Cryogenics, Southampton, U.K. as a Visiting Research Fellow from 
1993 to 1994.

He was Head of the Dept. of Mechanical Engineering, Fr. Conceicao Rodrigues Institute of Technology, 
Vashi, Navi Mumbai, India for eight years. 

He also worked as Head of Dept. of Mechanical Engineering and Civil Engineering, and then as Principal, 
Vivekananda College of Engineering and Technology, Puttur (D.K.), India.

Presently, he is Professor and coordinator of Post-graduate program in the Dept. of Mechanical 
Engineering in St. Joseph Engineering College, Vamanjoor, Mangalore, India.

A book entitled “Fundamentals of Heat and Mass Transfer” authored by him and published by M/s 
Pearson Education, India (2006) has been adopted as a Text book for third year engineering students 
by the Visweswaraya Technological University (V.T.U.), Belgaum, India. 

Download free eBooks at bookboon.com



Software Solutions to Problems on Heat 
Transfer: Heat Exchangers

9 

About the Author

He has also written and published three book-lets entitled as follows:

1. Towards Excellence… How to Study (A Guide book to Students)
2. Towards Excellence… How to teach (A guide book to Teachers)
3. Towards Excellence… Seminars, GD’s and Personal Interviews  

(A guide book to Professional and Management students)

Dr. M. Thirumaleshwar has attended several National and International conferences and has more than 
50 publications to his credit. 

Download free eBooks at bookboon.com

Click on the ad to read moreClick on the ad to read moreClick on the ad to read more

81,000 km
In the past four years we have drilled

That’s more than twice around the world.

What will you be?

Who are we?
We are the world’s leading oilfield services company. Working 
globally—often in remote and challenging locations—we invent, 
design, engineer, manufacture, apply, and maintain technology  
to help customers find and produce oil and gas safely.

Who are we looking for?
We offer countless opportunities in the following domains:
n  Engineering, Research, and Operations
n Geoscience and Petrotechnical
n Commercial and Business

If you are a self-motivated graduate looking for a dynamic career, 
apply to join our team.  

careers.slb.com

http://s.bookboon.com/Schlumberger1


Software Solutions to Problems on Heat 
Transfer: Heat Exchangers

10 

About the Software used

About the Software used
Following three software are used while solving problems in this book:

1. Mathcad 2001 (Ref: www.ptc.com)
2. Engineering Equation Solver (EES) (Ref: www.fchart.com), and
3. Finite Element Heat Transfer (FEHT) (Ref: www.fchart.com)
4. MS EXCEL – (2007) Spreadsheet (Ref: Microsoft)

Trial versions of the first three software and detailed Instruction Manuals may be downloaded from 
the websites indicated. EXCEL is a very popular spreadsheet which comes bundled with MS OFFICE 
software, and is generally available in every computer.

See Part-I of this book for brief introduction to these four software. 

While the information given there is enough to get going, for detailed instructions one should consult 
the respective Instruction manuals.
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To the Student

To the Student
Dear Student:

I would like to remind you that Heat Transfer is an important subject useful in many branches of 
engineering. It is also a subject in which you can score high marks in the examinations, since the question 
paper generally consists of derivations and numerical problems, almost in the ratio 50:50. Therefore, it 
requires that: 

i) you are thorough with the derivations, and 
ii) skillful in solving numerical problems.

To be thorough with derivations, you should refer to well known, standard Text books on the subject of 
Heat Transfer (See References at the end of this book). And, to develop your skill in solving problems…. 
well, that is where I think that this book will help you.

This book contains solutions to problems on heat transfer using four popular softwares, viz. Mathcad, 
Engineering Equation Solver (EES), Finite Element Heat Transfer (FEHT), and EXCEL spreadsheet. Trial 
versions of Mathcad, EES and FEHT can be downloaded from the websites indicated. EXCEL, which is a 
part of MS OFFICE, is generally pre-installed in most of the Personal Computers. Problems are chosen 
from the University question papers and standard heat transfer Text books.

Use of Software in solving problems has many advantages:

1. It helps in logical thinking
2. Problems are solved quickly and accurately
3. Parametric solutions (or ‘what-if ’ solutions) are obtained easily
4. Solutions can be presented in tabular or graphical form, very easily and quickly
5. Once a particular type of problem is solved, solving a similar problem with different data 

input becomes very easy
6. Ease of getting solutions to problems in tabular or graphical form creates further interest 

and curiosity on the subject in the minds of students and encourages them to be creative 
and work further
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To the Student

How to use this Book? 

You need not worry if you don’t know about these softwares. Since each problem is solved systematically 
step by step, and is well commented, just reading through the solution will make the logic of the solution 
clear to you. That is the most important thing in solving the problems. Then, you must work out the 
problem yourself, by hand or using the software. Of course, use of software has the above-mentioned 
advantages. Simply reading the book won’t do. Have your favorite Text book nearby, in case you need to 
refer to it for any formulas or clarifications. There is no other ‘easy method’. 

As they say, ‘there is no gain without pain!’

Lastly, I would like to tell you how greatly I enjoyed solving the problems presented in this book using 
the softwares mentioned. 

I hope that you too will enjoy as much as I did in solving these problems and get benefitted.

Good Luck!

Author

Download free eBooks at bookboon.com

Click on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read more

Hellmann’s is one of Unilever’s oldest brands having been popular for over 100 years. 
If you too share a passion for discovery and innovation we will give you the tools and 
opportunities to provide you with a challenging career. Are you a great scientist who 
would like to be at the forefront of scientific innovations and developments? Then you will 
enjoy a career within Unilever Research & Development. For challenging job opportunities, 
please visit www.unilever.com/rdjobs.

Could you think of 101 new things
to do with eggs and oil?

http://www.unilever.com/rdjobs


Software Solutions to Problems on Heat 
Transfer: Heat Exchangers

13 

CONTENTS of Vol. 4

CONTENTS of Vol. 4
Preface 

About the Author 

About the Software used: See Vol. 1 of the book for useful introduction to these software:

About Mathcad 

1. About Engineering Equation Solver (EES
2. About Finite Element Heat Transfer (FEHT
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Chapter 2: CONVECTION:
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2A1. Forced convection:

2A1. Convection Equation summary

2A1.1. Boundary layer fundamentals, Flow over Flat plates, Momentum – heat transfer Analogy 

2A1.2. Flow across Cylinders and Spheres

2A1.3.Flow across Tube banks

2A1.4. Flow inside Tubes and ducts 

Part-II:
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CONTENTS of Vol. 1
Preface 

About the Author 

About the Softwares used: See Vol. 1 of the book for useful introduction to these software:

1. About Mathcad 
2. About Engineering Equation Solver (EES)
3. About Finite Element Heat Transfer (FEHT)
4. About MS EXCEL 

To the Student 

Vol. 1. CONDUCTION

1. Conduction Equation summary

1A. Fourier’s Law, heat conduction equation and Multi-mode heat transfer

1B. Thermal resistance concept, heat transfer in Slabs

1C. Heat transfer in Cylindrical and Spherical systems

1D. Critical radius problem 

1E. Heat transfer with Fins 

1F. Conduction with heat generation

1G. Transient conduction (Lumped system analysis, Heisler charts, Semi-infinite slabs etc.)

1H. Two-dimensional conduction – Shape factor 

1I. Numerical Methods in heat conduction 

•	 1IA. One dimensional Steady State Conduction
•	 1IB. Two dimensional Steady State Conduction
•	 1IC. One dimensional Transient Conduction
•	 1ID. Two dimensional Transient Conduction
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Heat Exchangers

4 Heat Exchangers
Learning objectives:

1. ‘Heat Exchanger’ is one of the most commonly used process equipments in industry and 
research. 

2. Function of a heat exchanger is to transfer energy; this transfer of energy may occur to a 
single fluid (as in the case of a boiler where heat is transferred to water) or between two 
fluids that are a different temperatures (as in the case of an automobile radiator where heat 
is transferred from hot water to air). 

3. Some typical examples of heat exchanger applications are:
i) Thermal power plants (boilers, super-heaters, steam condensers etc.)
ii) Refrigeration and Air-conditioning (evaporators, condensers, coolers)
iii) Automobile industry (radiators, all engine cooling and fuel cooling arrangements)
iv) Chemical process industry (variety of heat exchangers between different types of 

fluids, in combustors and reactors)
v) Cryogenic industry (condenser-re-boilers used in distillation columns, evaporators to 

produce gas from cryogenic liquids etc.)
vi) Research (‘regenerators’ used in Stirling engines, special ceramic heat exchangers used 

in ultra-low temperature devices, superconducting magnet systems etc.)
4. Important topics to be studied are: Overall heat transfer coefficient, Importance of ‘Fouling 

factor’, Analysis of heat exchangers by ‘Logarithmic Mean Temp Difference (LMTD)’ 
method, Correction factors for Cross-flow and Shell & Tube heat exchangers, Analysis of 
heat exchangers by ‘No. of Transfer Units (NTU – Effectiveness (ε)’ method, Compact heat 
exchangers etc.

5. Problems on above topics are worked out using Mathcad, EES and EXCEL software.

Formulas used:

Overall heat transfer coefficient:

In most of the practical cases of heat exchangers, temperature of the hot fluid (Ta) and that of the cold 
fluid (Tb) are known; then we would like to have the heat transfer given by a simple relation of the form

Q U A. T a T b. U A. ∆ T.
.....(4.21)

 …(4.21) 

where Q is the heat transfer rate (W), A is the area of heat transfer perpendicular to the direction of 
heat transfer, and (Ta – Tb) = ∆T is the overall temperature difference between the temperature of hot 
fluid (Ta) and that of the cold fluid (Tb) and U is the overall heat transfer coeff. 
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Heat Exchangers

In a normally used recuperative type of heat exchanger, the hot and cold fluids are separated by a solid 
wall. This may be a flat type of wall (as in the case of plate-fin type of heat exchangers), or, more often, 
a cylindrical wall (as in the case of a tube-in-tube type of heat exchangers).

Overall heat transfer coeff. is related to the total thermal resistance of the system, as follows:

U 1
A Σ R th.

W/(m2.C)....(4.23)

  W(m2.C)…(4.23) 

For plane wall: 

Remember that for a plane wall, thermal resistance is L/(k.A), and convective resistance is 1/(h.A), and 
since the resistances are in series, we get:U 1

A Σ R th.

U 1

A 1
h i A.

L
k A.

1
h o A.

.

i.e.
U 1

1
h i

L
k

1
h o

W/(m2.C)....(12.1)
 W/(m2.C)…(12.1) 
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Heat Exchangers

Now, if the thermal resistance of the wall is negligible compared to other resistances, we get:

U 1
1
h i

1
h o

W/(m2.C)....(12.2)

  W/(m2.C)…(12.2) 

For cylindrical wall: 

Remember that for a cylindrical wall, thermal resistance is:

ln
r o
r i

2 π. k. L.

and convective resistance is 1/(h.A) and the resistances are in series. However, the area to be considered 
has to be specified since the inner surface area and the outer surface area of the cylinder are different. 
Now, we have, the general relation for U:

U 1
A Σ R th.

W/(m2.C)....(4.23)

i.e.
U A. 1

Σ R th

  W/(m2.C)…(4.23) 

We can also write:

 

We can also write:

U i A i. U o A o. 1
Σ R th

....(12.3)
 …(12.3) 

Therefore, referred to outer surface area, U becomes:Therefore, referred to outer surface area, U becomes:

U o A o. 1

1
h i A i.

ln
r o
r i

2 π. k. L.
1

h o A o.

....(12.4)
 …(12.4) 

Now, for a cylindrical system, we have:Now, for a cylindrical system, we have: 

A i 2 π. r i. L.

and,
A o 2 π. r o. L.
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Heat Exchangers

Then,Then,

U o
1

A o
h i A i.

ln
r o
r i

2 π. k. L.
A o. 1

h o A o.
A o.

i.e. 
i.e.

U o
1

1
h i

r o
r i

.
r o
k

ln
r o
r i

. 1
h o

....(12.5)
 …(12.5) 

Similarly, referred to inner surface area, U becomes:Similarly, referred to inner surface area, U becomes:

U i A i. 1

1
h i A i.

ln
r o
r i

2 π. k. L.
1

h o A o.

....(12.6)
 …(12.6) 

and,and,

U i
1

1
h i

ln
r o
r i

2 π. k. L.
A i. 1

h o A o.
A i.

i.e. 
i.e.

U i
1

1
h i

r i
k

ln
r o
r i

. 1
h o

r i
r o

.

....(12.7)
 …(12.7) 

Again, if the thermal resistance of the wall is negligible compared to other resistances, (i.e. high value of 
thermal conductivity, k), or, wall thickness of the tube is very small (i.e. (ri/ro) ≈ 1), we get:

U 1
1
h i

1
h o

W/(m2.C)....(12.8)
  W/(m2.C)…(12.8) 

For many practical situations, this simple eqn. gives a quick estimate of overall heat transfer coeff., U. 
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Heat Exchangers

If fins are provided on a particular surface, then the total heat transfer area on that surface is:

A total A fin A unfinned
....(12.9)

 …(12.9) 

where Afin is the surface area of the fins and Aunfinned is the area of the un-finned portion of the tube.

For short fins of a material of high thermal conductivity, since there is practically no temperature drop 
along the length we can use the value of total area as given by eqn. (12.9) to calculate the convection 
resistance on the finned surface. 

However, for long fins where there is a temperature drop along the length of fin, we should use the total 
or effective area, given by:

A total A unfinned η fin A fin.
....(12.10)

 …(12.10) 

where ηfin is the ‘fin efficiency’. 

Sometimes, an ‘overall surface efficiency’ ηo is used. ηo is defined as:

η o A total. A unfinned η fin A fin.

i.e. ηo tells us how much of the total surface area is really effective in transferring heat.
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Heat Exchangers

Then, since the effective surface area is also equal to the unfinned area plus the effective area of fin, we 
can get an expression for overall surface efficiency as follows:

η o A total. A total A fin η fin A fin.

i.e.
η o 1

A fin
A total

η fin A fin.

A total

i.e.
η o 1

A fin
A total

1 η fin.
....(12.11)

η o A total. A total A fin η fin A fin.

i.e.
η o 1

A fin
A total

η fin A fin.

A total

i.e.
η o 1

A fin
A total

1 η fin.
....(12.11)

 …(12.11) 

Then, while determining U, we should use ηo .Atotal for the finned surface, whether it is inner surface 
area, outer surface area or both.
 

Fouling factor:

Effect of fouling is accounted for by a term called, ‘Fouling factor’, (or, ‘dirt factor’), defined as:

R f
1

U dirty

1
U clean

m2.K/W....(12.14)

 …(12.14) 

While taking into account the effect of fouling, the ‘fouling resistance’ (= Rf/area) should be added to 
the other thermal resistances. For example, for a tube, we can write:

U i A i. U o A o. 1
R th

1

1
h i A i.

R fi
A i

ln
r o
r i

2 π. k. L.
1

h o A o.

R fo
A o

....(12.15)

 …(12.15) 

where Rfi and Rfo are the fouling factors for the inside and outside surfaces respectively, and L is the 
length of tube. From eqn. (12.15), Ui or Uo can easily be calculated.

Based on experience, Tubular Exchanger Manufacturers’ Association (TEMA) have given suggested 
values of fouling factors.
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Heat Exchangers

The LMTD method for heat exchanger analysis:

Parallel flow heat exchanger:

 Fig.12.5:  Parallel flow heat exchanger
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Heat Exchangers

Counter-flow heat exchanger:

 

 Fig.12.6: Counterflow heat exchanger
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Note that the LMTD expressions for the parallel flow and the counter-flow heat exchangers (i.e. eqns. 
(12.25) and (12.35)) are the same.
 

For Condensers and Evaporators:

 

 

Fig.12.8(a) Both fluids have same capacity rates Fig.12.8(b) One of the fluids condensing (Ch => ∞)
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Fig.12.8(c) One of the fluids boiling (Cc => ∞)

 

Correction factors for multi-pass and cross-flow heat exchangers:

first, LMTD is calculated as if for a counter-flow heat exchanger with the inlet and exit temperatures 
for the two fluids as per the actual data, and next, a ‘correction factor (F)’ is applied to the calculated 
LMTD to get the mean temperature difference between the fluids. Now, heat transfer rate is calculated as:

Q U A. F LMTD.( ).
W......(12.39)

 W…(12.39) 

where, A is the area of heat transfer, U is the overall heat transfer coefficient referred to that area, and 
F is the correction factor.

Values of correction factor (F) for a few selected heat exchangers are given in graphical representation 
in Fig. 12.9. F varies from 0 to 1. In these graphs, correction factor F is plotted as function of two 
parameters, viz. P and R, defined as:

P
t 2 t 1
T 1 t 1

....(12.40)

R
T 1 T 2
t 2 t 1

C tube_side
C shell_side

....(12.41)

where C is the capacity rate = m.Cp. 

Also, for a Shell-and-tube heat exchanger, T and t represent the temperatures of fluids flowing through 
the Shell and tube sides, respectively. And, subscripts 1 and 2 refer to the inlet and exit, respectively.

For a condenser or boiler, F = 1.
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Following graphs for F are from Cengel (Ref. 2):

Note: To apply the correction factor F from these graphs, it is necessary that the end temperatures of 
both the fluids must be known.
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The Effectiveness – NTU method for heat exchanger analysis:

Effectiveness of a heat exchanger (ε):

ε
Q

Q max

.....(12.42)

where Q = actual heat transferred in the heat exhanger

Q
max

 = max. possible heat transfer in the heat exchanger

 …(12.42) ε
Q

Q max

.....(12.42)

where Q = actual heat transferred in the heat exhanger

Q
max

 = max. possible heat transfer in the heat exchanger

Capacity Ratio (C):

C
C min
C max

.....(12.43)
 …(12.43) 

Number of Transfer Units (NTU):

NTU U A.

C min

....(12.44)
 …(12.44) 

where U is the overall heat transfer coeff. and A is the corresponding heat transfer area. For given value 
of A and flow conditions, NTU is a measure of the area (i.e. size) of the heat exchanger. Larger the NTU, 
larger the size of the heat exchanger.
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Maximum possible heat transfer in a heat exchanger (Qmax):

If hot fluid has the minimum capacity rate, we write:

Q max C h T h1 T c1.
...if C

h
 is min. capacity rate, C

min

Instead, if cold fluid has the minimum capacity rate, we write:

Q max C c T h1 T c1.
...if C

c
 is min. capacity rate, C

min

 Q max C c T h1 T c1.
...if C

c
 is min. capacity rate, C

min

Or, more generally, we write:

Q max C min T h1 T c1.
...(12.45)

Therefore, we can write for effectiveness:

ε
Q

Q max

C h T h1 T h2.

C min T h1 T c1.

C c T c2 T c1.

C min T h1 T c1.

.....(12.46)

Now, if hot fluid is the ‘minimum fluid’ (i.e. Ch < Cc), we get from eqn. (12.46):

ε
T c2 T c1
T h1 T c1

..for C
c
 < C

h
.....(12.47, b)

 ε
T c2 T c1
T h1 T c1

..for C
c
 < C

h
.....(12.47, b)

And, if cold fluid is the ‘minimum fluid’ (i.e. Cc < Ch), we get from eqn. (12.46):

ε
T c2 T c1
T h1 T c1

..for C
c
 < C

h
.....(12.47, b)

 
ε

T c2 T c1
T h1 T c1

..for C
c
 < C

h
.....(12.47, b)

Now, for any heat exchanger, effectiveness can be expressed as a function of the NTU and capacity 
ratio, Cmin/Cmax. i.e.

ε f NTU
C mn
C max

,
....(12.47,c)

 
ε f NTU

C mn
C max

,
....(12.47,c)
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Table 12.5 gives the Effectiveness relations for a few types of heat exchangers; and Table 12.6 gives 
the NTU relations:

Flow geometry Relation

Double pipe: parallel flow 
ε

1 exp N 1 C( ).( )
1 C

Double pipe: counter flow
ε

1 exp N 1 C( ).( )
1 C exp N 1 C( ).( ).( )

Counter flow, C = 1
ε

N
1 N

Cross flow: both fluids unmixed
ε 1 exp exp N C. n.( ) 1

C n.

where
n N 0.22

Cross flow: both fluids mixed
ε

1
1 exp N( )

C
1 exp N C.( )

1
N

1

Cross flow: Cmax mixed, Cmin unmixed
ε

1
C

1 exp C 1 e N..

Cross flow: Cmax unmixed, Cmin mixed
ε 1 exp 1

C
1 exp N C.( )( ).

Shell and Tube:

One shell pass, 2,4,6 tube passes 

ε 2 1 C 1 C2

1
2 1 exp N 1 C2

1
2

.

1 exp N 1 C2

1
2

.

.

1

.

Multiple shell passes, 2n, 4n, 6n tube passes (εp = 
effectiveness of each shell pass, n = no. of shell passes)

ε

1 ε p C.

1 ε p

n

1

1 ε p C.

1 ε p

n

C

Special case for C= 1
ε

n ε p.

1 n 1( ) ε p.

All exchangers, with C = 0 (Condensers and Evaporators)
ε 1 e N

Table 12.5 Effectiveness relations for heat exchangers 
[N = NTU = U.A/Cmin, C = Cmin/Cmax ]
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Flow geometry Relation

Double pipe: parallel flow 
N ln 1 1 C( ) ε.( )

1 C

Double pipe: counter flow
N 1

C 1
ln ε 1

C ε. 1
.

Counter flow, C = 1
N ε

1 ε

Cross flow: Cmax mixed, Cmin unmixed
N ln 1 1

C
ln 1 C ε.( ).

Cross flow: Cmax unmixed, Cmin mixed
N 1

C
ln 1 C ln 1 ε( ).( ).

Shell and Tube:

One shell pass, 2,4,6 tube passes 

N 1 C2

1
2

ln

2
ε

1 C 1 C2

1
2

2
ε

1 C 1 C2

1
2

.

All exchangers, with C = 0 (Condensers and Evaporators) N ln 1 ε( )

Table 12.6 NTU relations for heat exchangers 
[N = NTU = U.A/Cmin, C = Cmin/Cmax , ε = effectiveness]

NTU-Effectiveness graphs: (from Ref. 2)
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4A. Problems on Overall heat transfer coeff., Fouling factors etc.

Prob.4A.1. Water at a mean temperature of Tm = 107 C and a mean velocity of um = 3.5 m/s flows 
inside a 1.0 cm ID, 1.4 cm OD, 5 m long Stainless Steel (k = 14.2 W/m.C) tube. Outer surface of the 
tube where boiling occurs has a heat transfer coeff of 8400 W/m^2.C. Calculate the overall heat transfer 
coeff. based on inner surface of the tube.

(b) If there is a Fouling factor of 0.0005 m^2.C/W on the inner surface, what will be the value of U_i?

(c) Plot U_i for Fouling factors varying from 0.0001 to 0.0008 m^2.C/W ….. (Ref.2)

Mathcad Solution:

Note that while solving this problem, we will need the properties of Sat. Water.
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But, we have already written Mathcad Functions for these properties.

So, we work out this problem using those Functions.
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Properties of water at mean temp. of 107 C:

Use the Mathcad Functions written earlier:

Surface areas:

We need to calculate the heat transfer coefficients for the inner and outer surfaces:

For the water side (i.e. inner surface):

Using Dittus-Boelter eqn. to determine heat transfer coeff. for inside surface:
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For the outer surface:

Thermal Resistances:

And, Overall heat transfer coeff., U_i, based on inside surface:

(b) When the Fouling factor on the inside surface is considered:

Now, first find out Total thermal resistance:
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And, Overall heat transfer coeff., U_i, based on inside surface:

 

To plot U_i against Fouling factor:

We write relevant quantities as functions of Fouling factor for convenience of plotting:

Therefore total resistance:
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We have, when fouling resist on the inside surface is considered:

Now, plot the graph:

=======================================================================
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Prob.4A.2. A steel tube (k = 50 W/m.K) of ID = 20 mm, OD = 26 mm is used to transfer heat from hot 
gases flowing over the tube (h_o = 200 W/m^2.K) to cold water flowing through the tube (h_i = 8000 
W/m^2.K). What is the cold side overall heat transfer coeff. U_i?

(b) To enhance heat transfer, 16 straight fins of rectangular profile are installed longitudinally along the 
outer surface of the tube. The fins are equally spaced around the tube, fin thickness being 2 mm and 
length = 15 mm. What is the corresponding overall heat transfer coeff. U_i?

Mathcad Solution:

a) Overall heat transfer coeff. U_i, referred to the inside surface, when there are no fins:

Considering the thermal resistance of tube wall, we write:

Download free eBooks at bookboon.com



Software Solutions to Problems on Heat 
Transfer: Heat Exchangers

39 

Heat Exchangers

First term in the denominator in RHS is the thermal resistance due to film coeff. on the inside, the 
second term is the thermal resistance of the tube material, and the third term is the thermal resistance 
due to film coeff. on the outside.

Then, we get:
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b) When there are fins on the outside surface:

Now, we have:

First term in the denominator in RHS is the thermal resistance due to film coeff. on the inside, the 
second term is the thermal resistance of the tube material, and the third term is the thermal resistance 
due to film coeff. on the outside.

Unfinned surface (or the base surface) on the outside is at the wall temp. and is fully effective for heat 
transfer whereas the finned surface is not fully effective because of temp. drop along the length of fins; 
therefore, effective area of fins is obtained by multiplying the total area of fins by the fin effectiveness, ηfin.

Therefore, we need to find out the fin efficiency.

Fin efficiency:

For a rectangular fin with adiabatic tip, the fin efficiency is given by:
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Then:

Areas:

Therefore, Overall heat transfer coeff. U_i, referred to the inside surface:

We have:
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Note: compare this to the earlier U value of 248.53 W/(m2.C). 

i.e. There is great improvement in value of U by providing fins.

=======================================================================

“Prob. 4A.3: A shell and tube counter-flow heat exchanger uses copper tubes (k = 380 W/(m.C)), 20 mm 
ID and 23 mm OD. Inside and outside film coefficients are 5000 and 1500 W/(m2.C) respectively. Fouling 
factors on the inside and outside may be taken as 0.0004 and 0.001 m^2.C/W respectively. Calculate the 
overall heat transfer coefficient based on: (i) outside surface, and (ii) inside surface.”

EES Solution:

“Data:”

D_i = 0.02 [m]

D_o = 0.023 [m]

L = 1 [m]

k = 380 [W/m_C]

h_i = 5000 [W/m^2-C] “…heat tr coeff on the inside”
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h_o = 1500 [W/m^2-C] “…heat tr coeff on the outside”

R_fi = 0.0004 [m^2-C/W] “…Fouling factor on the inside”

R_fo = 0.001 [m^2-C/W] “…Fouling factor on the outside”

“Calculations:”

“Areas:”

A_o = pi * D_o * L “[m^2]”

A_i = pi * D_i * L “[m^2]”

“We have:

U_i * A_i = U_o * A_o = 1 / R_total

where R_total = total thermal resistance, 

And,

R_toal = R_conv_in + R_c_in + R_cond_wall + R_conv_out + R_c_out, where

R_conv_in = conv. resist. on the inside surface

R_c_in = Fouling resistance on inside

R_cond_wall = cond. resist of the tube wall

R_conv_out = conv. resist. on outside, and

R_c_out = Fouling resist on the outside”

R_conv_in = 1/(h_i * A_i) “[C/W]”

R_c_in = R_fi / A_i “[C/W]”

R_cond_wall = ln(D_o / D_i) / (2 * pi * k * L) “[C/W]”

R_conv_out = 1 / (h_o * A_o) “[C/W]”

R_c_out = R_fo / A_o “[C/W]”

R_total = R_conv_in + R_c_in + R_cond_wall + R_conv_out + R_c_out “[C/W]”

U_i * A_i = 1 / R_total “…determine U _i”

U_o * A_o = 1 / R_total “…determine U _o”
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Results:

Thus:

U_i = 487.1 W/m^2.C …..Ans.

U_o = 423.6 W/m^2.C …. Ans.
 

Plot the variation of total thermal resistance, R_total as k varies from 10 to 400 W/m.C:

First, construct the parametric table:
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Now, plot the result:

=======================================================================
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“Prob. 4A.4: Consider a type 302 SS tube (k = 15.10 W/(m.C)), 22 mm ID and 27 mm OD, inside which 
water flows at a mean temp T_m = 75 C and velocity u_m = 0.5 m/s. Air at 15 C and at a velocity of 
V_o = 20 m/s flows across this tube. Fouling factors on the inside and outside may be taken as 0.0004 
and 0.0002 m^2.C/W respectively. Determine the overall heat transfer coefficient based on the outside 
surface, U_o 

(b) Plot U_o as a function of cross flow velocity, V_o in the range: 5 < V_o < 30 m/s (Ref. 3).”

EES Solution:

We note that h_i and h_o have to be found out.

Water flows inside the tube; find out the Reynolds No. and apply Dittus-Boelter eqn to get Nusselts No. 
(and, h_i therefrom) for turbulent flow, i.e. if Re > 4000.

Air flows across the cylinder. Apply Churchill_Bernstein eqn to get Nusselts No. and h_o therefrom.

However, we have to get properties of Air at film temp T_f = (T_s + T_m_air) / 2. But, T_s is not known. 
We calculate T_s by trial and error applying the concept of:

Heat Current = Temp Potential / Thermal Resistance, is the same through the circuit in steady state. It 
is very easy in EES, as will be seen below.

First, write a PROCEDURE in EES for calculations for cross flow of Air or any other fluid across a 
cylinder using Churchill – Bernstein eqn:
 

$UnitSystem SI Pa C J

PROCEDURE ForcedConv_AcrossCylinder (Fluid$,P_infinity, T_infinity, U_infinity, L, D, T_s: Re_D, 
Nusselt_D_bar, h_bar, Q)

“Ref: Incropera, 5th Ed. pp. 411, Eqn. (7.57)”

“Churchill and Bernstein eqn….for entire range of Re_D and a wide range of Pr”

“Finds various quantities for flow of Air or any Fluid across a cylinder:”

“Inputs: Pa, C, m/s, m”

“Outputs: W/m^2.C, W, W”

T_f := (T_infinity + T_s)/2 “ mean film temp, C”
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“Properties of Air (Ideal gas) or other Fluid at T_f :”

IF Fluid$ = ‘Air’ Then

rho:=Density(Fluid$,T=T_f,P=P_infinity)
mu:=Viscosity(Fluid$,T=T_f)
k:=Conductivity(Fluid$,T=T_f)
Pr:=Prandtl(Fluid$,T=T_f)
cp:=SpecHeat(Fluid$,T=T_f)

ELSE

rho:=Density(Fluid$,T=T_f,P=P_infinity)
mu:=Viscosity(Fluid$,T=T_f,P=P_infinity)
k:=Conductivity(Fluid$,T=T_f,P=P_infinity)
Pr:=Prandtl(Fluid$,T=T_f,P=P_infinity)
cp:=SpecHeat(Fluid$,T=T_f,P=P_infinity)

ENDIF

Re_D := D * U_infinity * rho/mu “Finds Reynolds No.”

 “To find h accurately: Use Churchill and Bernstein eqn.”

Nusselt_D_bar := 0.3 + ((0.62 * Re_D^0.5 * (Pr)^(1/3))/(1 + (0.4/Pr)^(2/3))^(1/4)) * (1 + 
(Re_D/282000)^(5/8))^(4/5)
h_bar :=Nusselt_D_bar * k / D “Finds h_bar”
Q := h_bar * (pi * D * L) * (T_s – T_infinity) “W…. heat tr”

END

“=====================================================================”

Now, solve the above problem:

“EES Solution:”

“Data:”

D_i = 0.022 [m]

D_o = 0.027 [m]

L = 1 [m]
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k_ss = 15.1 [W/m-C]

T_m_water = 75 [C]

U_m_water = 0.5 [m/s]

P_1 = 1.01325E05 [Pa]

T_m_air = 15 [C]

V_o_air = 20 [m/s]}

“Properties of Water at T_m:”

rho_w=Density(Steam_IAPWS,T=T_m_water,P=P_1)
mu_w=Viscosity(Steam_IAPWS,T=T_m_water,P=P_1)
cp_w=SpecHeat(Steam_IAPWS,T=T_m_water,P=P_1)
k_w=Conductivity(Steam_IAPWS,T=T_m_water,P=P_1)
Pr_w=Prandtl(Steam_IAPWS,T=T_m_water,P=P_1)

“Calculations:”

“To determine inside heat transfer coeff. h_i:”
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Re_water = D_i * U_m_water * rho_w / mu_w “…finds Reynolds No. for water”

“Re_water = 28388 > 4000; So, apply Dittus – Boelter eqn to find out Nusselts No.:”

Nusselts_w = 0.023 * Re_water^0.8 * Pr_w^0.4 “…gives Nusselts No.”

Nusselts_w = h_i * D_i /k_w “….finds h_i, heat tr coeff on the inside “

“To determine outside heat transfer coeff. h_o:”

“It is cross flow of air across a cylinder. So, use the EES PROCEDURE written above to find out h_o, 
using the Churchill – Bernstein eqn for cross flow of a fluid over a cylinder:”

Fluid$ = ‘Air’

P_infinity = P_1
T_infinity = T_m_air
U_infinity = V_o_air
D = D_o

{T_s = 70 “[C] …. assumed, will be corrected later”}

CALL ForcedConv_AcrossCylinder (Fluid$,P_infinity, T_infinity, U_infinity, L, D, T_s: Re_D, 
Nusselt_D_bar, h_o, Q)

R_fi = 0.0004 [m^2-C/W] “…Fouling factor on the inside”

R_fo = 0.0002 [m^2-C/W] “…Fouling factor on the outside”

“Areas:”

A_o = pi * D_o * L “[m^2]”

A_i = pi * D_i * L “[m^2]”

“We have:

U_i * A_i = U_o * A_o = 1 / R_total

where R_total = total thermal resistance, 

And,

R_toal = R_conv_in + R_c_in + R_cond_wall + R_conv_out + R_c_out, where

R_conv_in = conv. resist. on the inside surface
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R_c_in = Fouling resistance on inside

R_cond_wall = cond. resist of the tube wall

R_conv_out = conv. resist. on outside, and

R_c_out = Fouling resist on the outside”

“Thermal resistances:”

R_conv_in = 1/(h_i * A_i) “[C/W]”

R_c_in = R_fi / A_i “[C/W]”

R_cond_wall = ln(D_o / D_i) / (2 * pi * k_ss * L) “[C/W]”

R_conv_out = 1 / (h_o * A_o) “[C/W]”

R_c_out = R_fo / A_o “[C/W]”

R_total = R_conv_in + R_c_in + R_cond_wall + R_c_out + R_conv_out “[C/W]…. total thermal 
resistance”

“To find T_s, the surface temp of cylinder:”

(T_s – T_m_air) / R_conv_out = (T_m_water – T_s) / (R_conv_in + R_c_in + R_cond_wall + R_c_out) 

U_i * A_i = 1 / R_total “…determine U _i”

U_o * A_o = 1 / R_total “…determine U _o”
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Results:
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Thus:

T_s = 68.31 C ….surface temp on the fouling layer on the outer surface of the tube … Ans.

U_o = 91.8 W/m^2-C ….Overall heat tr coeff based on outer surface… Ans.
 

Plot U_o for various values of Air velocity across the cylinder:

First, construct the parametric table:
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Now, draw the graph:

=======================================================================

“Prob. 4A.5: In Prob.4A.4 when the cross flow fluid is Water (instead of Air) flowing at a temp of 15 C 
and velocity of 1 m/s, determine the overall heat transfer coefficient based on the outside surface, U_o 
(b) Plot U_o as a function of mean water velocity, U_m_water, in the range: 0.5 < U_m_water < 2.5 
m/s. (Ref. 3)”

EES Solution:

We will now use the EES PROCEDURE written above to calculate h_o, using water as the Fluid.

There is no change in the procedure to calculate h_i.

Following is the EES code:

“Data:”

D_i = 0.022 [m]

D_o = 0.027 [m]

L = 1 [m]

k_ss = 15.1 [W/m-C]

T_m_water = 75 [C]

U_m_water = 0.5 [m/s]

Download free eBooks at bookboon.com



Software Solutions to Problems on Heat 
Transfer: Heat Exchangers

54 

Heat Exchangers

P_1 = 1.01325E05 [Pa]

T_m_air = 15 [C]

{V_o_air = 20 [m/s]}

“Properties of Water at T_m:”

rho_w=Density(Steam_IAPWS,T=T_m_water,P=P_1)
mu_w=Viscosity(Steam_IAPWS,T=T_m_water,P=P_1)
cp_w=SpecHeat(Steam_IAPWS,T=T_m_water,P=P_1)
k_w=Conductivity(Steam_IAPWS,T=T_m_water,P=P_1)
Pr_w=Prandtl(Steam_IAPWS,T=T_m_water,P=P_1)

“Calculations:”

“To determine inside heat transfer coeff. h_i:”

Re_water = D_i * U_m_water * rho_w / mu_w “…finds Reynolds No. for water”

“Re_water = 28388 > 4000; So, apply Dittus – Boelter eqn to find out Nusselts No.:”

Nusselts_w = 0.023 * Re_water^0.8 * Pr_w^0.4 “…gives Nusselts No.”

Nusselts_w = h_i * D_i /k_w “….finds h_i, heat tr coeff on the inside”
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“To determine outside heat transfer coeff. h_o:”

“It is cross flow of air across a cylinder. So, use the EES PROCEDURE written above to find out h_o, 
using the Churchill – Bernstein eqn for cross flow of a fluid over a cylinder:”

Fluid$ = ‘Steam_IAPWS’

{Fluid$ = ‘Air’}

P_infinity = P_1
T_infinity = 15[C]
U_infinity = 1[m/s]
D = D_o

{T_s = 70 “[C] …. assumed, will be corrected later”}

CALL ForcedConv_AcrossCylinder (Fluid$,P_infinity, T_infinity, U_infinity, L, D, T_s: Re_D, 
Nusselt_D_bar, h_o, Q)

R_fi = 0.0004 [m^2-C/W] “…Fouling factor on the inside”
R_fo = 0.0002 [m^2-C/W] “…Fouling factor on the outside”

“Areas:”

A_o = pi * D_o * L “[m^2]”

A_i = pi * D_i * L “[m^2]”

“We have:

U_i * A_i = U_o * A_o = 1 / R_total

where R_total = total thermal resistance, 

And,

R_toal = R_conv_in + R_c_in + R_cond_wall + R_conv_out + R_c_out, where

R_conv_in = conv. resist. on the inside surface

R_c_in = Fouling resistance on inside

R_cond_wall = cond. resist of the tube wall

R_conv_out = conv. resist. on outside, and

R_c_out = Fouling resist on the outside”
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“Thermal resistances:”

R_conv_in = 1/(h_i * A_i) “[C/W]”

R_c_in = R_fi / A_i “[C/W]”

R_cond_wall = ln(D_o / D_i) / (2 * pi * k_ss * L) “[C/W]”

R_conv_out = 1 / (h_o * A_o) “[C/W]”

R_c_out = R_fo / A_o “[C/W]”

R_total = R_conv_in + R_c_in + R_cond_wall + R_c_out + R_conv_out “[C/W]…. total thermal 
resistance”

{(T_s – T_m_air) / R_conv_out = (T_m_water – T_s) / (R_conv_in + R_c_in + R_cond_wall + R_c_out) 
“….finds T_s, the surface temp of cylinder”}

(T_s – 15[C]) / R_conv_out = (T_m_water – T_s) / (R_conv_in + R_c_in + R_cond_wall + R_c_out)

U_i * A_i = 1 / R_total “…determine U _i”

U_o * A_o = 1 / R_total “…determine U _o”

Results:
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Thus:

T_s = 23.63 C ….surface temp on the fouling layer on the outer surface of the tube … Ans.

U_o = 704.6 W/m^2-C ….Overall heat tr coeff based on outer surface… Ans.
 

Plot U_o for various values of water velocity inside the cylinder:

Parametric Table:
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Plot:

=======================================================================
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Prob.4A.6. Water at a mean temperature of Tm = 90 C and a mean velocity of um = 0.10 m/s flows 
inside a 2.5 cm ID, thin-walled copper tube. Outer surface of the tube dissipates heat to atmospheric 
air at Ta = 20 C, by free convection. Calculate the tube wall temperature (Ts), overall heat transfer coeff. 
and heat loss per metre length of tube. Use following simplified expression for air to determine heat 
transfer coeff. by free convection:

h a 1.32
T s T a

D

0.25

.

EXCEL Solution:

To calculate the heat transfer coeff for flow inside the tube, we will apply the Dittus-Boelter eqn to get 
the Nusselts No. and h_i there-from. We need properties of Sat. water. But, we have already written VBA 
Functions for properties of sat. water. We shall use them.

Following are the steps in EXCEL Solution:

1. Set up the EXCEL worksheet, enter data and name the cells:

Note that we have assumed a value for T_s; it will be corrected later.

2. Calculate the fluid properties using the VBA Functions already written:
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3. Now, perform the calculations. First, find out the inside heat transfer coeff h_i:

4. Now, calculate the surface temp T_s by heat balance, i.e. heat lost by water = heat gained by 
air, thermal cond of wall being negligible. i.e. their difference should be equal to zero. 

However, it will not be zero as it is, since initially we had assumed a value for T_s. Now, get the correct 
value of T_s by applying Goal Seek to to make cell D242 equal to zero by changing cell D211 (i.e. value 
of T_s):

Go to Data-WhatIf Analysis-Goal Seek:

Click on Goal Seek. Fill up the window that pops up as shown:
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Click OK:

Goal Seek has found a solution. Again, click OK and see the value of T_s in cell D211:

i.e. the surface temp is: 89.36 C … Ans.

5. Now, calculate overall heat transfer coeff. U and heat transferred, Q:

Note that formulas used are also shown in the above worksheets, for clarity.

Thus: U = 9.493 W/m^2. C …. Ans.

And, Q = 52.192 W … Ans.

=======================================================================
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Prob.4A.7. A double pipe HX is made of copper (k = 380 W/m.C) inner tube of 1.2 cm ID, 1.6 cm OD 
and an outer tube of 3 cm ID. Heat transfer coeff on the inside and outside of inner tube are 700 and 
1400 W/m^2.C respectively. Fouling factors on inside and outside are 0.0005 and 0.0002 m^2.C/W 
respectively. Determine: (a) thermal resistance of HX per unit length 

(b) overall heat transfer coefficients U_i and U_o.

EXCEL Solution:

Following are the steps in EXCEL Solution:

1. Set up the EXCEL worksheet, enter data and name the cells:

2. Do the calculations, as shown.

Thus: Total thermal resistance per unit length = 0.06946 C/W … Ans.

Download free eBooks at bookboon.com



Software Solutions to Problems on Heat 
Transfer: Heat Exchangers

63 

Heat Exchangers

3. After calculating the total thermal resistance, overall heat transfer coeffs based on inner and 
outer areas are easily calculated:

Note that formulas used are also shown in the worksheet.

Thus: 

U_i = 381.91 W/m^2.C …. Ans.

And, U_o = 286.44 W/m^2.C …. Ans.
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4. Now, plot R_total and U_i, U_o for different values of thermal conductivity, k (varying 
from 20 to 420 W/m.C):

First, set up a Table as shown below:

Here, we enter the range of k desired in cells D271 and D272 as shown. 

Table has 9 rows; so increment will be: Inc = (final value – initial value) / 8 = 5

Now, we will have a control button to operate our VBA program. 

So, go to: Developer-Insert-ActiveX controls:
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Click on first, left button under ActiveX Controls, and locate the button at the required place in the 
worksheet and adjust its size:

Now, in Developer tab, click VisualBasic (extreme left) and we see under Sheet 1, the VBA program for 
this control button:
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Now, modify this program to:

generate the valus of k within the desired range and get the values of R_total, U_i and U_o for each case, 
and write them all to appropriate places in the Table.

Following is the program:
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In the above program, read the comments given to see what each line does.

Now, click on the CommandButton1 and we get:

Now, plot the graph:
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And,
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Note: If we need R_total, U_i and U_o values for some other range of k values, simply plug in the 
desired upper and lower values of k in the cells D271 and D272 and click on the commandButton1, and 
immediately the Table values get up-dated.
 

5. Now, plot R_total and U_i, U_o for different values of h_i (varying from 200 to 1500 W/
m^2.C):

Again, we can write a VBA program to do this. 

However, we can calculate the values in the usual way in the EXCEL spreadsheet without a VBA program.

First, set up a Table as shown below:

Enter the formulas for R_conv1, R_total, U_i and U_o in the first row, i.e. in row no. 339 as shown, 
remembering to use ‘relative reference’ to h_i (i.e. cell B339) in the equations. See in the Formula bar 
the eqn entered for R_conv1 in cell C339.

Download free eBooks at bookboon.com



Software Solutions to Problems on Heat 
Transfer: Heat Exchangers

70 

Heat Exchangers

Now, simply select cells C339 to F339 and ‘drag copy’ to the end of the Table (i.e. up to cell F352) and 
immediately, the calculations are made and the Table is filled up:

Now, plot the graphs a desired:
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And,
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6. Also, plot R_total and U_i, U_o for different values of h_0 (varying from 1000 to 2500 
W/m^2.C):

First, set up a Table as shown below:

Enter the formulas for R_conv2, R_total, U_i and U_o in the first row, i.e. in row no. 392 as shown, 
remembering to use ‘relative reference’ to h_o (i.e. cell B392) in the equations. See in the Formula bar 
the eqn entered for R_conv2 in cell C392.

Now, simply select cells C392 to F392 and ‘drag copy’ to the end of the Table (i.e. up to cell F407) and 
immediately, the calculations are made and the Table is filled up:
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Now, plot the graphs a desired:

And,

=======================================================================
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4B.  Problems on LMTD method of heat exchanger design, Use of Correction 
factor (F) etc. 

Prob. 4B.1. Water at a rate of 4080 kg/h is heated from 35 C to 75 C by an oil of Cp = 1.9 kJ/(kg.K). 
The HX is of counter-flow, double pipe design. The oil enters at 110 C and leaves at 75 C. Determine: 

(i) mass flow rate of oil (ii) area of HX necessary to handle this load, if overall heat transfer coeff., 
U = 320 W/(m2.K). [M.U.]

 

 Fig. Prob.4B.1
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Mathcad Solution:
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Consider following extension to this problem:

If after 3 years there is scale formation on the water side, and the outlet temp is 60 C for the same inlet 
temperatures and flow rates, find out: (i) heat transferred (ii) outlet temp of oil (iii) overall heat transfer 
coeff, and (iv) water side fouling factor, R_fw.
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=======================================================================

Prob. 4B.2. A water pre-heater of ID:3.2 cm, OD:3.52 cm, is heated by steam at 180 C. Water flows 
through pipe at a velocity of 1.2 m/s. ‘h’ on steam side:11000 W/m2.K; water is heated from 25 C to 95 
C. k of pipe material:59 W/m.K. Properties of water at 60 C are given. Calculate the length required. 
Use appropriate empirical relation. 

Given: µ = 4.62 × 10-4 kg/m.s; k = 0.653 W/m.K; Cp = 4200 J/kg.K. [M.U.]
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 Fig. Prob.4B.2.

Mathcad Solution:
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In the above expression for Rt, first term on the RHS is the internal convective resistance, second term is 
the external convective resistance and the third term is the conductive resistance of the tube wall.
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Consider the following extension of this problem:

Overall heat transfer coeff, U depends mostly on the smaller of the two heat transfer coeffs, i.e. on the 
water side heat transfer coeff, hc. Plot the variation of L when hc varies from 1000 to 10000 W/m^2.C:

Express relevant quantities as functions of hc:
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To plot the graph:

Part of the parametric table is shown below:
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Prob. 4B.3. Calculate surface area required for a HX to cool 55000 kg/h of Alcohol from 66 C to 40 C 
using 40000 kg/h of water entering at 5 C. Assume U based on outside area of tubes as 570 W/m^2.K. 
cp of Alcohol is 3.8 kJ/kg.K and for water 4.187 kJ/kg.K, for the following arrangements:

(i) counter-flow tube & shell (ii) Parallel flow tube & shell (iii) Reversed current HX with 2 shell passes 
and 12 tube passes with Alcohol flow in the shell. Assume LMTD correction factor as 0.96 (iv) cross 
flow with one tube pass with shell side fluid assumed to be mixed with LMTD correction factor as 0.91. 
[M.U. 1997] 

 Fig. Prob.4B.3(a). Counter-flow arrangement

 Fig. Prob.4B.3(b). Parallel flow arrangement
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Mathcad Solution:
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Mathcad Function for LMTD correction factor – F for Shell & Tube HX:

Shell &Tube heat exchangers are very commonly used in Industry.
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While designing Shell & Tube heat exchangers, we have to first calculate the LMTD as if it is a simple 
counter-flow HX and then apply a correction factor, F. F depends upon the types of HX, i.e. the no. of 
shell passes, no. of tube passes in the case of Shell & Tube HX, and whether it is a cross flow HX and if 
the fluids are ‘mixed’ (i.e. not confined in a channel) or ‘unmixed’ (i.e. confined to a channel) etc. F is 
given in graphs as a function of R and P, where P = (t2 – t1) / (T1 – t1) where T, t stand for Shell side 
and tube side flows, and 1, 2 stand for inlet and exit of the flows; R = (T1 – T2) / (t2 – t1) , i.e. ratio of 
temp drops of Shell side and tube side flows. F is generally read from graphs such as those given in the 
beginning of this chapter.

However, while designing with computer software, it is preferable to use equations to determine F, since it 
will be more accurate and avoid interpolating in the graphs.

In Shell & Tube HX, generally the hot fluid flows in the shell and the cold fluid, in the tubes. 

We have the following formula to determine the LMTD correction Factor, F:

Schematic, with usual notations:

Equations:
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If R is not equal to 1:

If R = 1:

In the above, N is the no. of simple shells or no. of shell passes.

It should be noted that LMTD correction factors lower than 0.8 indicate inefficient heat exchanger 
design. Heat Exchanger Design Handbooks suggest that the minimum value should be 0.75.

Now, let us write a Mathcad Function to determine LMTD correction factor, F for Shell & Tube 
Heat Exchangers:

Following program takes care of the cases R = 1 and R other than 1.

In the Function given below:

Input: Tshell1 (Inlet temp of Shell side fluid, C), Tshell2 (exit temp of shell side fluid, C), Tube1 and 
Ttube2 (inlet and exit temp of rube side fluid, C), N is the no. of simple shells or no. of shell passes.

Output: LMTD correction Factor, F…..given in an array of LMTD for counter-flow, P, R and F.
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LMTDCorrectionFactor_ShellTubeHX_F Tshell1 Tshell2, Ttube 1, Ttube 2, N,( ) LMTD
Tshell1 Ttube 2− Tshell2 Ttube 1−−

ln
Tshell1 Ttube 2−

Tshell2 Ttube 1−









←

F 1←

"LMTD_CounterFlow"

LMTD

"Correction_Factor F"

F








return

Tshell1 Tshell2 Ttube 1 Ttube 2∨if

P
Ttube 2 Ttube 1−

Tshell1 Ttube 1−
←

R
Tshell1 Tshell2−

Ttube 2 Ttube 1−
←

X
P

N N P⋅− P+( )
←

F
X 2⋅

1 X−( ) ln
2 1 X−( )⋅ X 2⋅+

2 1 X−( )⋅ X 2⋅−









⋅

←

"LMTD_CounterFlow"

LMTD

"P"

P

"R"

R

"Correction_Factor F"

F








return

R 1if

X
1

R P⋅ 1−

P 1−






1

N
−

R
R P⋅ 1−

P 1−






1

N
−

←

F

R2 1+

R 1−
ln

1 X−

1 R X⋅−






⋅

ln

2
X

1− R− R2 1++

2
X

1− R− R2 1+−













←

"LMTD_CounterFlow"

LMTD

"P"

P

"R"

R

"Correction_Factor F"

F








return

otherwise

:=

To demonstrate the use of above Mathcad Function, let us work out the following problem:

Prob. 4B.4. A Shell & Tube HX has 2 shell passes and 12 tube passes. Water (cp = 4180 J/kg.C) is heated 
in the tubes from 20 C to 70 C at a rate of 4.5 kg/s. Heating is one by hot oil (cp = 2300 J/kg.C) which 
enters the shell at 170 C at a rate of 10 kg/s. On the tube side, hc = 600 W/m^2.C. Determine the heat 
transfer area.
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Mathcad Solution:

 Fig. Prob.4B.4. Temp profile for Counter-flow arrangement
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From the Mathcad Function:
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If mc varies from 2 to 5 kg/s, plot the variation of Q and A with mc:

Note that here, we are assuming Th1, Tc1, Tc2, mh and U to remain constant, and calculate Th2, 
LMTD_Counterflow, F and A as mc varies.

First, express the relevant quantities as functions of mc, so that it is convenient to plot the results:

If we need only the LMTD_Counterflow from the output, we extract it from the output matrix, 
remembering that in Mathcad, by default, Matrix rows and columns are numbered from zero. i.e. 
LMTD_Counterflow is the element in the 1st row and zeroth column:

Download free eBooks at bookboon.com



Software Solutions to Problems on Heat 
Transfer: Heat Exchangers

93 

Heat Exchangers

i.e.
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To plot the graph:

Now, plot the graphs:
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Prob. 4B.5. A Shell & Tube HX has to be designed to heat 2.5 kg/s of water from 15 to 85 C, by passing 
hot engine oil (unused) at 160 C through the shell side of the HX. Average convection coeff on the oil 
side is hh = 400 W/m^2.C on the outside of the tubes. Ten tubes pass the water and each tube is thin-
walled of diameter 25 mm and makes 8 passes through the shell. If the oil leaves the exchanger at 100 
C, what is its flow rate? How long must the tubes be to accomplish the desired heating? [VTU-M.Tech. 
May/June 2010]

Mathcad Solution:

 Fig. Prob.4B.5. Temp profile for Counter-flow arrangement
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Plot the variation of oil flow rate and tube length L as water flow rate (mc) varies from 1 to 5 kg/s:
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=======================================================================

Prob. 4B.6. A Shell & Tube HX has to be designed to heat 2 kg/s of air from 20 to 80 C, by passing 3 
kg/s of hot oil (cp = 2100 J/kg.C) at 100 C through the tubes of the HX. There are 6 tube passes for oil 
and one shell pass for air. Overall heat transfer coeff U = 200 W/m^2.C. Calculate the area required.
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Mathcad Solution:

 Fig. Prob.4B.6. Temp profile for Counter-flow arrangement
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=======================================================================

Prob. 4B.7. A Shell & Tube HX is used to condense Ammonia vapours at 50 C. Water enters the tubes 
(single pass) at 20 C and leaves at 40 C. Overall heat transfer coeff is U = 100 W/m^2.C. If the surface 
area of the HX is 9 m^2, determine the water flow rate required and the Ammonia condensation rate.

Mathcad Solution:

Note that this is a condenser where condensing fluid (i.e. Ammonia) is at a constant temp.

So, LMTD correction factor, F = 1.

 Fig. Prob.4B.7.
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And, for a Condenser (or Evaporator), F = 1
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Plot the variation of Ammonia condensation rate (mcond) as water flow rate (mc) varies from 500 
to 1000 kg/h:
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Prepare a Table:

Now, plot the graph:

=======================================================================
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LMTD Correction Factors for Cross-flow Heat Exchangers:

Here, each of the fluids may be ‘mixed’, or one fluid ‘mixed’ and the other ‘unmixed’ or both the fluids 
‘unmixed’. Graphs are available to calculate the LMTD correction factors (F) for different types of cross-
flow HX (see at the beginning of this chapter).

For example, an automobile radiator has water flowing through the tubes (i.e. flow unmixed) and air 
flowing across the tubes but confined between the fins (i.e. flow unmixed), i.e. it is a cross-flow HX with 
both flows ‘unmixed’.

Though charts are available to get F, it is preferable that we have Functions to calculate F while using a 
computer.

We have the following relations for LMTD correction factor and No. of Transfer Units (NTU). 

(Ref: ‘Compact Heat Exchangers’ by Kays & London). 
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We shall use those relations to write Mathcad Functions to determine LMTD correction factor (F) for 
cross-flow HX:

where, is the area of HX under consideration, Acounterflow is the area of a true- reference counter-flow HX.

Also:

P and R (refer to the graphs at the beginning of this chapter) are related to effectiveness (ε) by:

And,

 

From Kays & London, for a Cross-flow HX with one fluid ‘mixed’, we have following relation for NTU:

Also, from Kays & London, for a Counter-flow HX, we have following relation for NTU:
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Now, we shall write a Mathcad Function to determine F for a Cross-flow HX with One fluid mixed 
(and the other unmixed):
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In the above program:

Line 1: defines the Function. Here, the Inputs are: Inlet and exit Temps of mixed and Unmixed fluids, 
Capacity rates (Cmix and Cunmix) of the mixed and unmixed fluids (i.e. Capacity rate = mass flow rate × 
sp. heat). Also, note that rest of the program is to the right of this line, but is shown below, to split it 
and show clearly.

Line 2: Calculate LMTD for a Counter-flow HX

Lines 3, 4: Calculate P and R (see the graphs at the beginning of this chapter for definitions of P and R)

Lines 5, 6, 7: If it is a condenser or Evaporator, then F = 1

Lines 8 to 14: When Cunmix < Cmix, find out F using the formulas from Kays & London, given above 

Lines 15 to 21: When Cunmix > Cmix, find out F using the formulas from Kays & London, given above 

Line 22: Return the results in a 2 × 5 matrix. It gives P and R values also, so that we can make a check 
with the graph provided.
 

Now, let us use this Function in the following Problem: 

Prob. 4B.8 . Consider a cross flow HX where oil flowing through the tubes is heated by steam flowing 
across the tubes. Oil (cp = 1900 J/kg.C) is heated from 15 C to 85 C and steam (cp = 1860 J/kg.C) enters 
at 130 C and leaves at 110 C with a mass flow rate of 5.2 kg/s. Overall heat transfer coeff U = 275 W/
m^2.C. Calculate the surface area required for this HX.

Mathcad Solution:

This is a cross-flow HX.

Steam is the ‘mixed’ fluid and oil is the ‘unmixed’ fluid.

 Fig. Prob.4B.8
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Now, from the Mathcad Function for LMTD correction factor, F: 
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Note: The Mathcad Function also returns parameters P and R.

We see that P = 0.609, and R = 0.286.
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Then, see the graphs at the beginning of this chapter to get F from the graphs:

For P = 0.609, and R = 0.286, we get: F = 0.95 approx.

Note that it is more accurate to use the Mathcad Function than interpolate from the graph.

=======================================================================

Mathcad Function to determine LMTD correction factor, F for Cross Flow HX, both fluids 
‘mixed’: 

This is not a very common type of arrangement.

However, Kays & London give an equation to determine Effectiveness (ε) as a function of Capacity ratio 
(C = Cmin / Cmax). We use that eqn to write a Mathcad Function to get NTU and then use it in a Function 
to get F for Cross-flow HX with both the flows ‘mixed’.

Now, write a Function for NTU when epsilon is given:
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Above Function gives NTU as a function of C and epsilon.

 

Now, use the above Function for NTU to write a Function to get LMTD Correction Factor, F for 
Cross Flow HX, both fluids ‘mixed’: 
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As an example, work out the previous problem if both fluids are ‘mixed’:

We have:

Then, using the Mathcad Function,we get:

i.e.

LMTD Correction Factor, F = 0.944 …. Ans.

=======================================================================

Mathcad Function to determine LMTD correction factor, F for Cross Flow HX, when both fluids 
are ‘unmixed’: 

Well known automobile radiator falls in this category.

Here, we adopt another method:

We use the F vs P (for various values of R) given at the beginning of this chapter and digitize those 
graphs to get x, y coordinates, and then curve-fit them to get F vs P equations. We use those equations 
to write a Mathcad Program to calculate F for given P and R:

So, we have the following graph for LMTD correction Factor F:

Download free eBooks at bookboon.com



Software Solutions to Problems on Heat 
Transfer: Heat Exchangers

119 

Heat Exchangers

There are various curves for R = 4, 3, 2 …etc. x coordinate is P and y coordinate is F.

We digitize each of the curves for R = 4, 3 … etc. i.e. we get x-y coordinates for each curve. Then, it is 
an easy job to get curve-fit equations for each curve.

First, to digitize each curve:

We use the software ‘CurveSnap’, which is available for free from:

http://xoofee.com/2012/12/curvesnap/

Just download the zip file, unzip it and keep in a suitable folder. No installation is required.

Folder looks as follows:
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Double click on CurveSnap (blue rectangle in Fig. above). We get:
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Now, open the required file (in jpg format) by going to: File-Open:

Click Open and choose the file to be opened:
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Click Open: We get:

Now, we are ready to digitize.

First, calibrate. i.e. fix the origin and the scales of x, y axes.

Press P1 as shown below:
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Then, cursor becomes a + sign, and click at the origin. See the red cross at the top of y-axis. A window 
pops up; fill the coordinates of top of y-axis as shown:

Press OK. Coordinates of origin are shown on the left top corner.

Now, press P2:
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Locate the cursor cross on the right extreme right of x-axis of the graph. Fill up the coordinates of that 
extreme point as shown below:

Press OK. We get:

Now, we can digitize the graph,

Start with the curve for R = 4:

Press ‘Choose single data point’ (i.e. button with ‘++’) as shown below:
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And go on clicking on the curve R = 4: We see the curve marked with red crosses:
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Now, click on the last button on tool bar:
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We get:

Press ‘copy’ and paste the copied data to EXCEL:
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Next, we copy the x-y data to CurveExpert software to get curve-fit equations:

The result, transferred to EXCEL is shown below:

i.e. At R = 4, the equation for F as a function of P is:

y=(a+bx)/(1+cx+dx^2) where y is F, in our case, and x is P.

a, b, c, and d are the coefficients in the equation.

Now, use this coefficient data in Mathcad to write a Function for F:

 

Cross Flow HX with both fluids Unmixed: 

LMTD Correction Factors for different R and P:
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Repeat a similar procedure for other curves in the plot, i.e. for R = 3, 2, 1.5, 1, 0.8, 0.6, 0.4 and 0.2. And 
for these curves Mathcad Functions are:
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Now, write a final Function to get F for any given P and R (within the range of this plot):
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F is calculated by linear interpolation for intermediate R values i.e. at R values other than shown in the plot.

=======================================================================

Now, let us work out a problem to show the use of this Mathcad Function:

Prob. 4B.9. In an automobile radiator, hot water enters the tubes at 90 C at a rate of 0.6 kg/s and leaves 
at 60 C. Air flows across the radiator through the space between fins, and air is heated from 20 C to 40 
C. Determine the overall heat transfer coeff. U(based on inner surface area of tubes), if the total inside 
area of tubes is 0.4 m^2.

Mathcad Solution:

This is a cross-flow HX with both fluids unmixed.

 Fig. Prob.4B.9.
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Note: Verify the value of F by referring to the graph, with the calculated P and R values.

=======================================================================

Prob. 4B.10. A cross flow HX in which both fluids are unmixed is used to heat water with an engine oil. 
Water enters at 30 C and leaves at 85 C at a rate of 1.5 kg/s, while the engine oil with cp = 2300 J/kg.C 
enters at 120 C with a mass flow rate of 3.5 kg/s. The heat transfer surface area is 30 m^2. Calculate the 
overall heat transfer coeff. using the LMTD method. [VTU – June/July 2009]
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Mathcad Solution:

 Fig. Prob.4B.10.
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Note: check this value of F from the graph, with P = 0.611 and R = 0.779.
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Consider following extension to the above problem:

If oil flow rate (mh) varies from 2.5 kg/s to 5 kg/s, with the temperatures Th1, Tc1 and Tc2 remaining 
const., plot the variation of Th2, F and U with mh:

As mh varies, Th2 will vary; then, LMTD, F and, therefore, U will also vary.

To facilitate plotting the graph, express relevant quantities which depend on mh as functions of mh:

We have:
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Now, Q = U * A * (LMTD * F), where F is the LMTD Correction factor
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Now, plot the graphs:-
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Another Mathcad Function to determine LMTD correction factor, F for Cross Flow HX, when 
both fluids are ‘unmixed’: 

As we said earlier, to get LMTD correction factor, F, we have no analytic solution is available for NTU 
of such a heat exchanger.

However, Incropera gives the following expression for Effectiveness (ε) of a Cross Flow HX, when both 
fluids are ‘unmixed’: 

We shall use this eqn to get an expression for NTU when C and ε are given:

First, to get ε as a function of NTU and C:

 

Now, use the above Function to write another function to get NTU when ε and C are given:

Cross Flow HX, with both fluids Unmixed:

Function to find NTU when epsilon and C are given:
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Mathcad Function for LMTD correction factor, F for cross flow HX, both fluids unmixed:
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Now, let us work out the Prob. 4B.10 with this Function:

Prob. 4B.10. A cross flow HX in which both fluids are unmixed is used to heat water with an engine oil. 
Water enters at 30 C and leaves at 85 C at a rate of 1.5 kg/s, while the engine oil with cp = 2300 J/kg.C 
enters at 120 C with a mass flow rate of 3.5 kg/s. The heat transfer surface area is 30 m^2. Calculate the 
overall heat transfer coeff. using the LMTD method. [VTU – June/July 2009]

 Fig. Prob.4B.10.

Here, we have (Refer to this problem worked out earlier):

And, using the new Mathcad Function:

i.e. F = 0.866.

Note that earlier we got F = 0.872.
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i.e. the difference is:

%688.0
872.0

100*)866.0872.0(
=

−
 ….quite OK.

=======================================================================

Prob. 4B.11. Sat. steam at 120 C is condensing on the outer surface of a single pass HX. The overall heat 
transfer coeff is 1600 W/m^2.C. Determine the surface area of the HX required to heat 2000 kg/h of 
water from 20 C to 90 C. Also determine the rate of condensation of steam (kg/h). Assume latent heat 
of steam as 2195 kJ/kg. [VTU – Aug. 2001]

Fig. Prob.4B.11.

EES Solution:

“Data:”

m_c = 2000 [kg/h] * convert (kg/h, kg/s) “….cold fluid – water”
T_h = 120 [C]
T_c_i = 20 [C]
T_c_o = 90 [C]
cp_c = 4180 [J/kg-C]
U= 1600 [W/m^2-C]

“LMTD for a condenser:”

DELTAT_1 = T_h – T_c_i “Temp diff at inlet”
DELTAT_2 = T_h – T_c_o “Temp diff at exit”

LMTD = (DELTAT_1 – DELTAT_2)/ln(DELTAT_1/DELTAT_2) “C…determines LMTD”

Q = m_c * cp_c * (T_c_o – T_c_i) “W….finds heat tr, Q”
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Q = U * A * LMTD “Finds Area, A for condenser”

h_fg = 2195000 [J/kg] “…latent heat for steam condensing”

m_h * h_fg = Q “kg/s…determines mass of steam condensed”

m_steam_perhour = m_h * convert (kg/s, kg/h)

Results:

Thus:

Area of HX = A = 1.747 m^2 …. Ans.
Rate of condensation of steam = 266.6 kg/h … Ans.

=======================================================================
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“Prob. 4B.12. Following data pertains to an oil cooler of the form of tubular HX where oil is cooled 
by a large pool of stagnant water. Temp of stagnant water = 20 C. Inlet and outlet temps of oil are 80 
C and 30 C. Inside dia and length of tube carrying oil are: 20 mm and 3 m. Sp. heat and sp. gravity of 
oil are: 2.5 kJ/kg.C and 0.85. Average velocity of oil = 0.55 m/s. Calculate the overall heat transfer coeff 
obtainable from the system. [VTU – July–Aug 2003]”

Fig. Prob.4B.12

EES Solution:

“Data:”

d = 0.02[m] “…dia of tube”
L = 3[m] “..length of tube”

T_c = 20 [C]
T_h_i = 80 [C]
T_h_o = 30 [C]
cp_h = 2500 [J/kg-C] “…sp. heat of oil”
rho = 0.85 * 1000 [kg/m^3] “…density of oil”
v = 0.55[m/s] “….velocity”
m_h = rho * (pi*d^2/4) * v “kg/s….mass flow rate of oil”
A = pi * d * L “m^2….area of heat transfer”

“LMTD for this HX:”

DELTAT_1 = T_h_i – T_c “Temp diff at inlet”
DELTAT_2 = T_h_o – T_c “Temp diff at exit”

LMTD = (DELTAT_1 – DELTAT_2)/ln(DELTAT_1/DELTAT_2) “C…determines LMTD”

Q = m_h * cp_h * (T_h_i – T_h_o) “W….finds heat tr, Q”

Q = U * A * LMTD “Finds U for HX”

Download free eBooks at bookboon.com



Software Solutions to Problems on Heat 
Transfer: Heat Exchangers

151 

Heat Exchangers

Results:

Thus:

Overall heat tr coeff. = U = 3490 W/m^2.C …. Ans.

=======================================================================

“Prob. 4B.13. A copper pipe (k = 350 W/m.K) of 17.5 mm ID and 20 mm OD conveys water and the oil 
flows through the annular passage between this pipe and a steel pipe. On the water side, the film coeff 
is 4600 W/m^2.K and the fouling factor is 0.00034 m^2.K/W. The corresponding values for the oil side 
are: 1200 W/m^2.K and 0.00086 m^2.K/W. Calculate the overall heat transfer coefficient between the 
water and oil based on outside surface area of inner pipe. [VTU – Feb. 2002]:”

EES Solution:

“Data:”

h_h = 4600[W/m^2-C] “…water side…flows inside the tube”
h_c = 1200[W/m^2-C] “…oil side… flows on annular side”
d_i = 0.0175[m]
d_o = 0.02[m]
k = 350 [W/m-C]
R_f_i = 0.00034[m^2-C/W]
R_f_o = 0.00086[m^2-C/W]
L = 1[m]“…assumed”
A_i = pi * d_i * L “[m^2]….inside surface area of pipe”
A_o = pi * d_o * L “[m^2]….outside surface area of pipe”

“Thermal resistances:”

R_conv_inner = 1/(h_h *A_i) “C/W….inner conv resistance”

R_conv_outer = 1/(h_c*A_o) “C/W….outer conv resistance”

R_cond = ln(d_o/d_i)/(2 * pi * k *L) “C/W….pipe wall conduction resistance”

R_fouling_in = R_f_i/A_i “C/W….inner fouling resistance”
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R_fouling_out = R_f_o/A_o “C/W….outer fouling resistance”

“Total thermal resistance:”

R_tot = R_conv_inner +R_fouling_in +R_cond + R_fouling_out + R_conv_outer “determines R_tot”

“Overall heat transfer coeff.:”

1/(U_o * A_o) = R_tot “determines U_o, overall U based on outer area”

Results:

Thus:

Overall heat transfer coeff, Uo = 428.4 W/m^2.K …. Ans.
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Plot the variation of Uo as Rfi varies from 0.0001 to 0.0008 m^2.C/W:

First, calculate the parametric table:

And, plot the results:

=======================================================================
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“Prob. 4B.14. A simple HX consisting of two concentric passages is used for heating 1110 kg/h of oil (cp = 
2.1 kJ/kg.K) from 27 C to 49 C. The oil flows through the inner pipe made of copper (OD = 2.86 cm, 
ID = 2.54 cm, k = 350 W/m.K) and the surface heat transfer coeff on the oil side is 635 W/m^2.K. The 
oil is heated by hot water supplied at a rate of 390 kg/h with an inlet temp of 93 C. The water side heat 
transfer coeff. is 1270 W/m^2.K. The fouling factors on the oil and water sides are 0.0001 and 0.0004 
m^2.K/W respectively. What is the length of HX required for (i) parallel flow, and 

(ii) counter-flow? [VTU – Jan–Feb. 2006]”

Fig. Prob.4B.14(a). Counter-flow arrangement

Fig. Prob.4B.14(b). Parallel flow arrangement
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EES Solution:

“Data:”

m_h = 390 [kg/h] * convert (kg/h, kg/s) “…hot fluid---water”
m_c = 1110 [kg/h] * convert (kg/h, kg/s) “….cold fluid – oil – flows through inner pipe”
T_h_i = 93 [C]“…inlet temp of hot fluid”
T_c_i = 27 [C]“…inlet temp of cold fluid”
T_c_o = 49[C] “…outlet temp of cold fluid”
cp_h = 4180 [J/kg-C]
cp_c = 2100 [J/kg-C]
h_h = 1270[W/m^2-C]
h_c = 635[W/m^2-C]
d_i = 0.0254[m]
d_o = 0.0286[m]
k = 350 [W/m-C]
R_f_i = 0.0001[m^2-C/W]
R_f_o = 0.0004[m^2-C/W]
L = 1[m]”…assumed”
A_i = pi * d_i * L “[m^2]….inside surface area”
A_o = pi * d_o * L “[m^2]….outside surface area”

Download free eBooks at bookboon.com

Click on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read more

http://s.bookboon.com/GTca


Software Solutions to Problems on Heat 
Transfer: Heat Exchangers

156 

Heat Exchangers

“Calculations:”

“Thermal resistances:”

R_conv_inner = 1/(h_c *A_i) “C/W….inner conv resistance”

R_conv_outer = 1/(h_h*A_o) “C/W….outer conv resistance”

R_cond = ln(d_o/d_i)/(2 * pi * k *L) “C/W….pipe wall conduction resistance”

R_fouling_in = R_f_i/A_i “C/W….inner fouling resistance”

R_fouling_out = R_f_o/A_o “C/W….outer fouling resistance”

“Total thermal resistance:”

R_tot = R_conv_inner +R_fouling_in +R_cond + R_fouling_out + R_conv_outer “determines R_tot”

“Overall heat tr coeff.”

1/(U_i * A_i) = R_tot “determines U_i, overall U based on inner area”

m_h * cp_h * (T_h_i – T_h_o) = m_c * cp_c * (T_c_o – T_c_i) “C…determines T_h_o”

“LMTD for a counter-flow HX:”

DELTAT_1 = T_h_i – T_c_o “Temp diff at inlet of HX – for counter flow HX”

DELTAT_2 = T_h_o – T_c_i “Temp diff at exit of HX – for counter flow HX”

LMTD_cflow = (DELTAT_1 – DELTAT_2)/ln(DELTAT_1/DELTAT_2) “C…determines LMTD”

Q = m_h * cp_h * (T_h_i – T_h_o) “W…total heat tr.”

Q = U_i * A_cflow * LMTD_cflow “Finds A_cflow for counter-flow HX”

A_cflow = pi* d_i * L_cflow “finds L_cflow, Length for cflow HX”

“LMTD for a parallel flow HX:”

DT_1 = T_h_i – T_c_i “Temp diff at inlet of HX – for parallel flow HX”

DT_2 = T_h_o – T_c_o “Temp diff at exit of HX – for parallel flow HX”

LMTD_pflow = (DT_1 – DT_2)/ln(DT_1/DT_2) “C…determines LMTD”

Q = U_i * A_pflow * LMTD_pflow “Finds A_pflow for parallel-flow HX”

A_pflow = pi* d_i * L_pflow “finds L_pflow, Length for pflow HX”
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Results:

Thus:

Length of HX for parallel flow HX = 15.16 m …. Ans.
Length of HX for counter-flow HX = 12.49 m … Ans.
 

“Prob. 4B.15. A HX is required to cool 55000 kg/h of alcohol from 66 C to 40 C using 40000 kg/h of 
water entering at 5 C. Calculate the following: (i) the exit temp of water (ii) surface area required for 
parallel flow and counter-flow HXs. Take U = 580 W/m^2.K, cp for alcohol = 3760 J/kg.K, cp for water = 
4180 J/kg.K. [VTU – May–June 2006]”

Fig. Prob.4B.15(a). Counter-flow arrangement

Download free eBooks at bookboon.com



Software Solutions to Problems on Heat 
Transfer: Heat Exchangers

158 

Heat Exchangers

Fig. Prob.4B.15(b). Parallel flow arrangement

EES Solution:

“Data:”

m_h = 55000 [kg/h] * convert (kg/h, kg/s) “…hot fluid – alcohol”
m_c = 40000 [kg/h] * convert (kg/h, kg/s) “….cold fluid – water”
T_h_i = 66 [C]
T_c_i = 5 [C]
T_h_o = 40 [C]
cp_h = 3760 [J/kg-C]
cp_c = 4180 [J/kg-C]
U= 580 [W/m^2-C]

“Calculations:”

“Exit temp of cold fluid:”

m_h * cp_h * (T_h_i – T_h_o) = m_c * cp_c * (T_c_o – T_c_i) “C…determines T_c_o”

“LMTD for a counter-flow HX:”

DELTAT_1 = T_h_i – T_c_o “Temp diff at inlet of HX --- for counter flow HX”

DELTAT_2 = T_h_o – T_c_i “Temp diff at exit of HX --- for counter flow HX”

LMTD_cflow = (DELTAT_1 – DELTAT_2)/ln(DELTAT_1/DELTAT_2) “C…determines LMTD“

Q = m_h * cp_h * (T_h_i – T_h_o) “W…heat tr.”

Q = U * A_cflow * LMTD_cflow “Finds A_cflow for counter-flow HX”

“LMTD for a parallel flow HX:”

DT_1 = T_h_i – T_c_i “Temp diff at inlet of HX – for parallel flow HX”

DT_2 = T_h_o – T_c_o “Temp diff at exit of HX – for parallel flow HX”

LMTD_pflow = (DT_1 – DT_2)/ln(DT_1/DT_2) “C…determines LMTD”

Q = U * A_pflow * LMTD_pflow “Finds A_pflow for parallel-flow HX”
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Results:

Thus:

Exit temp of water = 37.16 C … Ans.

Area for parallel flow HX = 135.8 m^2 …. Ans.

Area for counter-flow HX = 80.92 m^2 …. Ans.
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“Prob. 4B.16. The flow rate of hot and cold fluid streams running through a parallel flow HX are 0.2 
kg/s and 0.5 kg/s respectively. The inlet temps on the hot and cold sides are 75 C and 20 C respectively. 
The exit temp of hot water is 45 C. If the individual heat transfer coeffs on both sides are 650 W/m^2.C, 
calculate the area of heat transfer. [VTU – Dec. 2009–Jan. 2010]:”

Fig. Prob.4B.16. Parallel flow arrangement

EES Solution:

“Data:”

m_h = 0.2 [kg/s]

m_c = 0.5 [kg/s]

T_h_i = 75 [C]

T_c_i = 20 [C]

T_h_o = 45 [C]

h_h = 650 [W/m^2-C]

h_c = 650 [W/m^2-C]

cp_h = 4180 [J/kg-C]

cp_c = 4180 [J/kg-C]

“Calculations:”

1/U = 1/h_h + 1/h_c “Finds Overall heat tr coeff. U”

m_h * (T_h_i – T_h_o) = m_c * (T_c_o – T_c_i) “…determines T_c_o; sp. heats are same for both 
streams…”

DELTAT_1 = T_h_i – T_c_i “Temp diff at inlet of HX – for parallel flow HX”

DELTAT_2 = T_h_o – T_c_o “Temp diff at exit of HX – for parallel flow HX”
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LMTD = (DELTAT_1 – DELTAT_2)/ln(DELTAT_1/DELTAT_2) “C…determines LMTD“

Q = m_h * cp_h * (T_h_i – T_h_o) “W…heat tr.”

Q = U * A * LMTD “…finds area, A”

Results:

Thus:

Area required = A = 2.65 m^2 … Ans.
 

Consider the following extension to the above problem:

If the cold fluid flow rate (mc) varies from 0.3 to 1 kg/s, plot the variation of Area of HX (A) with 
mc:

First, prepare the Parametric Table:
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And, now plot the graph:

=======================================================================
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“Prob. 4B.17. A cross-flow HX in which both fluids are unmixed is used to heat water with engine oil. 
Water enter at 30 C and leaves at 85 C at a rate of 1.5 kg/s, while the engine oil with cp = 2.3 kJ/kg.C 
enters at 120 C with a mass flow rate of 3.5 kg/s. The heat transfer surface area is 30 m^2. Calculate the 
overall heat transfer coefficient by using the LMTD method. [VTU – June–July 2009]”

Fig. Prob.4B.17.

Note: This Prob. Is the same as Prob. 4B.10, which was solved with Mathcad.

Now, we shall solve it with EES and demonstrate the use of 2D Interpolation in a Table:

Note: Here, since it is a cross flow HX, we need to apply the correction factor for LMTD.

Recollect that prior to solving Problem 4B.9, we wrote a Mathcad program to determine F as a Function 
of P and R. Using that Function, generate a Table of F values for different R and P values and copy that 
Table to EES as a “Lookup Table”, named “F_crossFlowHX_bothUnmixed”. 

Now, with this Look up Table, use the EES built-in 2D Interpolation Function Interpolate2DM(‘F_
crossFlowHX_bothUnmixed’,R,P) to get value of at given R and P.

Part of the Lookup Table is shown below:
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EES Solution:

“Data:”

m_h = 3.5 [kg/s] “…hot fluid – oil”

m_c = 1.5 [kg/s] “….cold fluid – water”

T_h_i = 120 [C]

T_c_i = 30 [C]

T_c_o = 85 [C]

cp_h = 2300 [J/kg-C]

cp_c = 4180 [J/kg-C]

A = 30 [m^2]

m_h * cp_h * (T_h_i – T_h_o) = m_c * cp_c * (T_c_o – T_c_i) “C…determines T_h_o”

“LMTD for a counter-flow HX:”

DELTAT_1 = T_h_i – T_c_o “Temp diff at inlet of HX – for counter flow HX”

DELTAT_2 = T_h_o – T_c_i “Temp diff at exit of HX – for counter flow HX”

LMTD = (DELTAT_1 – DELTAT_2)/ln(DELTAT_1/DELTAT_2) “C…determines LMTD“

“To find LMTD Correction factor F for a cross-flow HX…. 

either from the graph for a single pass HX with both fluids unmixed:, OR:

Use the Interpolation Function to read F value from the ‘Look up Table’:”

R = (T_h_i – T_h_o)/(T_c_o – T_c_i) “R = 0.7789, to be used in the graph to get F”

P = (T_c_o – T_c_i)/(T_h_i – T_c_i) “P = 0.6111, to be used in the graph to get F”

F=Interpolate2DM(‘F_crossFlowHX_bothUnmixed’,R,P) “….finds F from the Lookup Table by 2 D 
Interpolation…we get: F = 0.8772”

{Note: F = 0.9 approx. “From graph, for above values of R and P”}

Q = m_h * cp_h * (T_h_i – T_h_o) “W…heat tr.”

Q = U * A * LMTD * F “… Finds U”
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Results:

Thus:

Overall heat transfer coeff. U = 323.2 W/m^2.C….Ans.

=======================================================================

Consider following extension to the above problem:

If oil flow rate (mh) varies from 2.5 kg/s to 5.25 kg/s, with the temperatures Th1, Tc1 and Tc2 remaining 
const., plot the variation of Th2, F and U with mh:
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First, construct the Parametric Table:

Now, plot the graphs:
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Note: Compare these values with those obtained in Prob. 4B.10, which was solved with Mathcad.

They match quite well.

=======================================================================
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LMTD correction factor F for a Cross-flow HX with one fluid ‘mixed’ and the other ‘unmixed’:

We follow the same method as we did for the case of cross-flow HX with both fluids ‘unmixed’.

i.e. First, digitize the following graph (Ref: Cengel):

Now, prepare a Table of F values for different R and P values and copy that Table to EES as a “Lookup 
Table”, named “F_crossFlowHX_OneUnmixed”. 

Now, with this Look up Table, use the EES built-in 2D Interpolation Function Interpolate2DM(‘F_
crossFlowHX_OneUnmixed’,R,P) to get value of at given R and P.

Download free eBooks at bookboon.com

Click on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read more

AXA Global 
Graduate Program

Find out more and apply

http://s.bookboon.com/AXA


Software Solutions to Problems on Heat 
Transfer: Heat Exchangers

169 

Heat Exchangers

Part of the Lookup Table is shown below:

 

 

=======================================================================

Let us work out a problem to demonstrate the use of this Function for F for a cross flow HX with 
one fluid unmixed:

“Prob. 4B.18. Consider a cross flow HX in which oil (cp = 1900 J/kg.K) flowing inside tubes is heated 
from 15 C to 85 C by steam blowing across the tubes. Steam enters at 130 C and leaves at 110 C, with a 
mass flow rate of 5.2 kg/s. Overall heat transfer coeff, U is 275 W/m^2.K. For steam, cp = 1860 J/kg.K. 
Calculate the surface area of the HX.”

Fig. Prob.4B.18
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EES Solution: 

“Data:”

m_h = 5.2 [kg/s] “…hot fluid – steam”
T_h_i = 130 [C] “inlet temp of hot fluid – steam”
T_h_o = 110 [C] “exit temp of hot fluid – steam”
T_c_i = 15 [C] “inlet temp of cold fluid – oil”
T_c_o = 85 [C] “exitt temp of cold fluid – oil”
cp_h = 1860 [J/kg-C]
cp_c = 1900 [J/kg-C]
U = 275 [W/m^2-C]

“Calculations:”

m_h * cp_h * (T_h_i – T_h_o) = Q “[W]…determines Q = heat transferred”

“LMTD for a counter-flow HX:”

DELTAT_1 = T_h_i – T_c_o “Temp diff at inlet of HX – for counter flow HX”

DELTAT_2 = T_h_o – T_c_i “Temp diff at exit of HX – for counter flow HX”

LMTD_CF = (DELTAT_1 – DELTAT_2)/ln(DELTAT_1/DELTAT_2) “C…determines LMTD“

“To find LMTD Correction factor F for a crossflow HX…. 

either from the graph for a single pass HX with both fluids unmixed:, OR:

use the built-in Interpolation Function in EES to read F value from the ‘Look up Table’:”

R = (T_h_i – T_h_o)/(T_c_o – T_c_i) “R = 0.2857, to be used in the graph to get F”

P = (T_c_o – T_c_i)/(T_h_i – T_c_i) “P = 0.6087, to be used in the graph to get F”

F=Interpolate2DM(‘F_crossFlowHX_OneUnmixed’,R,P) “….finds F from the Lookup Table by 2 D 
Interpolation. We get: F = 0.9439 “

{F = 0.9 “ From graph, for above values of R and P”}

Q = U * A * LMTD_CF * F “… Finds A”

Results:
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Thus:

LMTD correction factor, F = 0.9439
Area of HX, A = 11.14 m^2 …. Ans.

=======================================================================

EES PROCEDURE to determine the LMTD correction factor F for Shell & Tube Heat Exchangers:

Let us write a EES PROCEDURE to find LMTD_CF and F for a Shell & Tube HX:

We recollect:

Equations:
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If R is not equal to 1:

If R = 1:

In the above, N is the no. of simple shells or no. of shell passes.
 

Following is the EES Procedure:

$UnitSystem SI Pa C J

PROCEDURE Shell_and_TubeHX_LMTD_F(Tshell_1,Tshell_2,Ttube_1,Ttube_2,N : R,P,F,LMTD_
CF,LMTD_corrected)

“Gives R, P, F, LMTD_CF and LMTD_corrected as output:”

“Input: Inlet and exit temps of Shell side and Tube side fluids, and N is the no. of simple shells or no. 
of Shell passes”

DT1 := Tshell_1 – Ttube_2

DT2 := Tshell_2 – Ttube_1

LMTD_CF := ABS(DT1 – DT2) / ABS (ln (DT1/DT2))

P := (Ttube_2 – Ttube_1) / (Tshell_1 – Ttube_1)

R := (Tshell_1 – Tshell_2) / (Ttube_2 – Ttube_1)
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IF (Tshell_1 = Tshell_2) OR (Ttube_1 = Ttube_2) THEN

 F := 1

  LMTD_corrected := F * LMTD_CF

 RETURN

ENDIF

IF ( R = 1) THEN

   X := P / (N – N * P + P)

 F := (X * sqrt(2)) / ((1 – X) * ln( (2 * (1 – X) + x * sqrt(2)) / (2 * (1 – X) – x * sqrt(2))))

ENDIF

 IF ( R <> 1) THEN

 X :=(1 – ((R * P -1) / (P – 1))^ (1/N)) / (R – ((R * P -1)/(P – 1))^(1/N))

  F := (sqrt(R^2 + 1) / (R – 1)) * ln ((1 – X) / (1 – R * X)) / ln ((2/X – 1 – R + sqrt(R^2 + 1)) / 
(2/X – 1 – R – sqrt(R^2 + 1)))

ENDIF

LMTD_corrected := F * LMTD_CF

END

“ ”

Let us use this PROCEDURE to solve the following problem:

Prob. 4B.19. In a Shell & Tube HX, water, making one Shell pass, at a rate of 1 kg/s is heated from 
35 to 75 C by an oil of sp. heat 1900 J/kg.C. Oil flows at a rate of 2.5 kg/s through the tubes making 2 
passes and enters the Shell at 110 C. If the overall heat transfer coeff. U is 350 W/m^2.C, calculate the 
area required.”
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Fig. Prob.4B.19. Temp profile for Counter-flow arrangement

EES Solution:

“Data:”

Tshell_1 = 35[C]“….inlet temp of water”
Tshell_2 = 75 [C]“….exit temp of water”
Ttube_1 =110 [C]“….inlet temp of oil”
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m_water = 1 [kg/s]
cp_water = 4180 [J/kg-C]

m_oil = 2.5 [kg/s]
cp_oil = 1900 [J/kg-C]

U = 350 [W/m^2-C]
N = 1

“Calculation:”

“Total heat transferred, Q:”

Q = m_water * cp_water * (Tshell_2 – Tshell_1) “[W]”

Q = m_oil * cp_oil * (Ttube_1 – Ttube_2)“[C]…finds exit temp of oil, Ttube_2”

“Also:”

Q = U * A * F * LMTD_CF “…where F is the LMTD correction factor, and LMTD_CF is the LMTD 
for a true counter-flow HX”

“Get F and LMTD by calling the EES PROCEDURE written above:”

CALL Shell_and_TubeHX_LMTD_F(Tshell_1,Tshell_2,Ttube_1,Ttube_2,N : R,P,F,LMTD_CF,LMTD_
corrected)

Results:
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Thus:

F = 0.8 … LMTD correction factor

A = 15.99 m^2 …. Area required for the HX …. Ans.

Note: Since values of R and P are also returned by the program, check the value of F from the graph 
(given at the beginning of this chapter).
 

Consider the following variation:

If the oil flow rate varies from 1 to 5 kg/s, plot the variation of Ttube_2 and A with m_oil:
Remember that in each case Ttube_2 will also change, i.e. LMTD_CF and F will also change.
This parametric calculation is done very easily in EES:

First, prepare the Parametric Table:
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Now, plot the graphs:
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=======================================================================

Prob. 4B.20. In a double pipe, parallel flow HX, water flowing at a rate of 5000 kg/h gets cooled from 
95 C to 65 C while cooling water flowing at a rate of 50000 kg/h enters at 30 C. Overall heat transfer 
coefficient is 2270 W/m^2.C. Determine the heat transfer area required.

(b) Plot the variation of exit temp of cooling water and the area of HX required as the flow rate of 
cooling water varies.
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Fig. Prob.4B.20. Parallel flow arrangement

EXCEL Solution:

Let us solve this problem with EXCEL.

Following are the steps in EXCEL solution:

1. Set up the EXCEL worksheet, enter data and name the cells:
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2. Calculate LMTD and Area required for the HX:

Note that in the above two screen shots, formulas used in calculations are also shown for clarity.

Thus, LMTD = 23.392 C, and Area of HX, A = 32.933 m^2 …. Ans.

3. Now, to plot the variation of Tc_2 and A with m_c:

First, set up a Table, with m_c varying from 12 to 20 kg/s. Enter formulas for Tc_2, DELTAT_2, LMTD 
and A in the first row below the captions, taking care to see that m_c is referred to by relative reference. 
See the formula entered for Tc_2 in the Formula bar in the screen shot below. Similarly for DELTAT_2, 
LMTD and A:
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Now, select cells from D28 to G28 and drag – copy up to the end of Table, i.e. up to cell G36. Immediately, 
all calculations are made and the Table is filled up:
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4. Now, plot the graphs in EXCEL:

=======================================================================

Prob. 4B.21. Saturated, dry steam at 10 bar at a flow rate of 800 kg/min enters the tubes of a counter-
flow HX and leaves at 350 C. It is heated by gas entering at 650 C with a flow rate of 1350 kg/min. The 
tubes are 30 mm in dia and 3 m long. Determine the no. of tubes required. Given: T_sat of steam at 10 
bar = 180 C, cp_steam = 2710 J/kg.C, and heat transfer coeff on steam side, h_s = 600 W/m^2.C. Also, 
cp_gas = 1000 J/kg.C and heat transfer coeff on gas side, h_g = 250 W/m^2.C.

(b) Plot the variation of exit temp of gas and the number of tubes required as the flow rate of gas varies.

Fig. Prob.4B.21. Counter-flow arrangement
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EXCEL Solution:

Following are the steps in EXCEL solution:

1. Set up the EXCEL worksheet, enter data and name the cells:

2. Perform calculations as shown .i.e. first, calculate q, then Th_2 by heat balance, and then, 
LMTD; then get U, and then, area required, A. From area A, get the no. of tubes, N_calc; 
then, round it off to get an integer no. of tubes. Formulas are shown in worksheet, for 
clarity:

Note the use of EXCEL built-in function CEILING to round off the no. of tubes.
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Thus, No. of tubes required = N_actual = 503 …. Ans.

3. Plot Th_2 and N as m_h varies from 15 to 25 kg/s:

First, prepare a Table as shown, and fill up the first row below the captions. Remember to enter m_h by 
relative reference. See the Formula bar in the screen shot below, for the formula entered for Th_2 in cell 
D42. Similarly, for other items shown under respective captions:
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Now, select the cells D42 to I42, and drag-copy till the end of Table, i.e. up to cell I52. Immediately, all 
calculations are done and the Table gets filled up, as shown below:

4. Now, plot the graphs in EXCEL:

 

=======================================================================
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Prob. 4B.22. In a Shell & Tube HX, hot oil (cp = 1900 J/kg.C) is used to heat water from 45 C to 85 C. 
Water flows in the Shell at a rate of 0.1 kg/s and oil enters the tubes at 110 C and leaves at 70 C. If the 
overall heat transfer coeff is U = 350 W.m^2.C, find the oil mass flow rate (m_h) and the heat transfer 
area, if oil makes two tube passes and water makes one shell pass.

(b) Also plot the variation of Th_2, F and A as m_h is varied from 0.15 to 0.3 kg/s.

Fig. Prob.4B.22. Counter-flow arrangement

EXCEL Solution:

Note that this is a Shell & Tube HX. So, we need to use a LMTD correction Factor, F.

For a Shell & Tube HX:

We recollect:

Equations:
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If R is not equal to 1:

If R = 1:

In the above, N is the no. of simple shells or no. of shell passes.
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Let us write a VBA Function to calculate LMTD correction factor F when R and P are known:

In EXCEL, go to Developer – Visual Basic _ Module1, and write the following code:
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Now, the above Function will be available in EXCEL like any other built-in Function. 

We shall use this Function in solving the above Problem:

Following are the steps:

1. Set up the EXCEL worksheet, enter data:

2. Do the calculations as indicated. Formulas are shown in the worksheet:
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See the Function for calculation of F in the Formula bar, in the above screen shot. (Check the value of 
F from the graph.)

Thus: mass flow rate of hot fluid = 0.1886 kg/s and, Area of HX = A = 1.114 m^2 … Ans.

 

(b) Also plot the variation of Th_2, F and A as m_h is varied from 0.15 to 0.3 kg/s:

First, prepare a Table as shown, and fill up the first row below the captions. Remember to enter m_h by 
relative reference wherever it appears in the formula. See the Formula bar in the screen shot below, for 
the formula entered for Th_2 in cell D765. Similarly, for other items shown under respective captions:

LMTD Correction factor F is obtained by using the VBA Function for given R and P. See formula bar 
in the screen shot below:
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Now, select the cells D765 to K765, and drag-copy till the end of Table, i.e. up to cell K780. Immediately, 
all calculations are done and the Table gets filled up, as shown below:
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Now, plot the graphs in EXCEL:

=======================================================================
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Prob. 4B.23. Consider a cross-flow HX with both fluids unmixed. Water (cp = 4181 J/kg.C), flowing at a rate of 
1 kg/s, is heated from 40 C to 80 C. Hot engine oil (cp = 1900 J/kg.C) enters at a temp of 100 C and at a flow 
rate of 2.6 kg/s. If the overall heat transfer coeff. is 780 W/m^2.C, find out the exit temp of oil and the area 
required for the heat exchanger.(b) Also plot the variation of Th_2 and A as m_h is varied from 2 to 5 kg/s.

EXCEL Solution: Note that this is a cross-flow HX with both fluids unmixed.

So, we have to find out LMTD correction factor, F.

Following graph for F (from Cengel) as a function of R and P was given at the beginning of this chapter:

For computer solution, we can have the graphs in terms of curve-fit equations or Tables.
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Here, we have digitized the various curves in the above graph, got the curve-fit equations and prepared 
the following Table. To get F when R and P are given, we have to do two-way interpolation in the Table. 
We shall write a VBA Function to perform this interpolation.

First, the Table of F as a function of R and P:
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Following is the VBA program to do two-way interpolation to get F when R and P are given:
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Read the comments in the above program to see what each line does.
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Now, let us use this Function in solving the above Problem.

 Fig. Prob.4B.23.

Following are the steps in EXCEL Solution:

1. Set up the EXCEL worksheet, enter data:
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2. Do the calculations as indicated below. Formulas are shown in the worksheet:

In the above screen shot, F is determined using the VBA Function written above; see the Formula bar.

(Check the value of F from the graph.)

Thus, exit temp of hot fluid, Th_2 = 66.1 C, Area of HX = A = 11.54 m^2 …. Ans.
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(b) Also plot the variation of Th_2, F and A as m_h is varied from 0.15 to 0.3 kg/s:

First, prepare a Table as shown, and fill up the first row below the captions. Remember to enter m_h by 
relative reference wherever it appears in the formula. See the Formula bar in the screen shot below, for 
the formula entered for Th_2 in cell D878. Similarly, for other items shown under respective captions:

LMTD Correction factor F is obtained by using the VBA Function for given R and P. See formula bar 
in the screen shot below:
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Now, select the cells D878 to K878, and drag-copy till the end of Table, i.e. up to cell K893. Immediately, 
all calculations are done and the Table gets filled up, as shown below:

Now, plot the graphs in EXCEL:
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4C.  Problems on ‘NTU – Effectiveness (ε)’ method of heat exchanger design: 

It should be noted that LMTD method is very convenient to use when all the four ‘end temperatures’ are 
known, or can easily be calculated. But, it becomes difficult to use and requires a trial and error solution 
when only inlet temperatures of the two fluids are known. Then, NTU-ε method is more convenient to use.

Also, when the performance of a given heat exchanger is to be assessed at off-design conditions, analysis 
is easier if we adopt the NTU – ε method.

Formulas are for ε as a function of NTU and ‘Capacity ratio, C’ (i.e. C = Cmin / Cmax) for different types 
of heat exchangers, and also for NTU as a function of ε and C are given at the beginning of this Chapter.

 

Prob. 4C.1. Consider a HX for cooling oil at 180 C, with water entering at 25 C. Mass flow rates of oil 
and water are: 2.5 and 1.2 kg/s. respectively. Area of HX: 16 m^2. Calculate the outlet temperatures of 
both the fluids for a (i) counter-flow HX, and (ii) for a parallel flow HX. Sp. heat data for oil and water 
are: 1900 J/kg.C and 4184 J/kg.C respectively. Overall U = 285 W/m^2.C. [M.U. 1995]

 Fig. Prob.4C.1(a). Counter-flow arrangement

 Fig. Prob.4C.1(b). Parallel flow arrangement
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Mathcad Solution:
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Let us consider an extension to this problem:

Considering the HX to be of Counter-flow type:

Plot the variation of exit temps of two fluids and the effectiveness of HX against the mass flow rate of 
water (i.e. cold fluid) as it varies from 1.2 to 5 kg/s, assuming other conditions to remain the same:
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First, write the related quantities as function of mwater:

Therefore: exit temp of hot fluid:

Tho mwater( ) Thi εCF mwater( ) Thi Tci−( )⋅−:=

And, exit temp of cold fluid:

Tco mwater( )
Coil Thi Tho mwater( )−( )⋅

Cwater mwater( ) Tci+:=
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To plot exit temps of fluids as a function of mwater:
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To plot Effectiveness as a function of mwater:
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To demonstrate the ease with which we can draw Effectiveness – NTU graphs with Mathcad:

Draw Effectiveness vs NTU graph for Counter-flow HX:

We write a Mathcad Function for effectiveness of a Counter-flow HX:

And, now draw the graphs:
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Also, draw Effectiveness vs NTU graph for Parallel flow HX:

We write a Mathcad Function for effectiveness of a Parallel flow HX:

Now, draw the graphs:

=======================================================================
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Prob.4C.2. A One shell, 2 tube pass steam condenser has 2000 tubes of 20 mm dia. Cooling water enters 
the tubes at 20 C, with a flow rate of 3000 kg/s; Overall heat transfer coeff. U = 6890 W/m^2.K. Total 
heat to be transferred, Q=2.331*10^8 W. Steam condenses at 50 C. Determine tube length per pass using 
NTU method. [M.U. 1994]

 Fig. Prob.4C.2. Steam Condenser

Mathcad Solution:
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Now, we prepare a Table to show the variation of different parameters as m varies, and then plot 
the results:

We get:
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And, plot the results:
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In addition, plot Effectiveness vs NTU for a Condenser (C = 0):

=======================================================================

Prob.4C.3. A steam condenser, condensing at 70 C is to have a capacity of 100 kW. Water at 20 C is 
used and the outlet water temp is limited to 45 C. If the overall heat transfer coeff. is 3100 W/m^2.K, 
determine the area required. 

(b) If the inlet water temp is increased to 30 C, determine the increased flow rate of water to maintain 
the same outlet temp. [M.U. Dec. 1998]

 Fig. Prob.4B.11.
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Mathcad Solution:
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=======================================================================

Cross flow HX with both fluids unmixed:

Mathcad Function for Effectiveness of a Cross-flow HX with both fluids unmixed:

Formula for effectiveness is given at the beginning of this chapter.
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Following is the NTU-e graph for this HX: (Ref: Cengel)

 

Mathcad Function for NTU of a Cross-flow HX with both fluids unmixed:

Since no explicit equation is available for NTU of a Cross flow HX when C and ε are known, let us 
write a Function for NTU using the Solve block of Mathcad:
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Now, let us solve a problem to demonstrate the use of these Mathcad Functions:

Prob.4C.4. An automobile radiator may be considered as a HX with both fluids unmixed. Water, with a 
flow rate of 0.5 kg/s, enters the radiator at 400 K and leaves at 330 K. Water is cooled by air which enters 
at 300 K at a rate of 0.75 kg/s. If the overall heat transfer coeff. is 200 W/m^2.K, what is the required 
heat transfer area? [Ref: 3]

 Fig. Prob.4C.4.

Download free eBooks at bookboon.com

Click on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read more

http://s.bookboon.com/GTca


Software Solutions to Problems on Heat 
Transfer: Heat Exchangers

225 

Heat Exchangers

Mathcad Solution:
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To plot the graphs:

And, the plot:

=======================================================================

Download free eBooks at bookboon.com



Software Solutions to Problems on Heat 
Transfer: Heat Exchangers

229 

Heat Exchangers

Prob. 4C.5. Consider a cross flow HX where oil flowing through the tubes is heated by steam flowing 
across the tubes. Oil (cp = 1900 J/kg.C) is heated from 15 C to 85 C and steam (cp = 1860 J/kg.C) enters 
at 130 C and leaves at 110 C with a mass flow rate of 5.2 kg/s. Overall heat transfer coeff U = 275 W/
m^2.C. Calculate the surface area required for this HX.

Note: This problem is the same as Prob. 4B.18, which was solved by LMTD method.

Now, we shall solve it by NTU-ε method:

Steam is the ‘mixed’ fluid and oil is the ‘unmixed’ fluid.
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Mathcad Solution:

This is a cross-flow HX, with one fluid mixed and the other unmixed.

For such a HX, we have the graph: (Ref: Cengel)

First, let us write Mathcad Functions for Effectiveness and NTU. 

Relevant equations are given at the beginning of this Chapter.

For Effectiveness:
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For NTU:
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Now, let us solve the above problem:
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Note: compare this value of A with the value of A = 10.6 m^2, obtained in Prob. 4B.8, by LMTD method.

=======================================================================

Prob.4C.6. A parallel flow HX has hot and cold water streams running through it and has following 
data: mh = 10 kg/min. mc = 25 kg/min, cph = cpc = 4180 J/kg.K, Th1 = 70 C, Th2 = 50 C, Tc1 = 25 C. 
Individual heat transfer coeff on both sides = 60 W/m^2.K. Calculate:

i) area of HX 
ii) exit temps of hot and cold fluids if hot water flow is doubled. [M.U., May 2000]:

 Fig. Prob.4C.6. Parallel flow arrangement

Mathcad Solution:

This is the case where calculations have to be made for an existing HX when operating conditions 
are changed. So, NTU method is more convenient to use:
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=======================================================================

“Prob. 4C.7. A water to water HX of a counter-flow arrangement has a heating surface area of 2 m^2. 
Mass flow rates of hot and cold fluids are 2000 kg/h and 1500 kg/h respectively. Temperatures of hot and 
cold fluids at inlet are 85 C and 25 C respectively. Determine the amount of heat transferred from hot 
to cold water and their temps at the exit if the overall heat transfer coeff. U = 1400 W/m^2.K. [VTU – 
May–June 2010]:

(b) Plot the variation of Q, Th_o and Tc_o as the mass flow rate of cold fluid, m_c varies from 0.1 to 0.5 
kg/s. Assume other conditions to remain the same.”
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 Fig. Prob.4C.7. Counter-flow arrangement

EES Solution:

“Data:”

m_h = 2000 [kg/h]* convert(kg/h, kg/s)

m_c = 1500 [kg/h] * convert(kg/h, kg/s)

T_h_i = 85 [C]

T_c_i = 25 [C]
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cp_h = 4180 [J/kg-C]
cp_c = 4180 [J/kg-C]

U = 1400 [W/m^2-C]

A = 2 [m^2]

“Calculations:”

C_h = m_h * cp_h “W/C…=2322”

C_c = m_c * cp_c “W/C… = 1742”

C_min = C_c

C_max = C_h

C_r = C_min/C_max “…capacity ratio”

epsilon = (T_c_o – T_c_i) / (T_h_i – T_c_i) “…by definition, taking the min fluid… calculates Tc_o”

“For counter-flow HX:”

NTU = U * A/C_min “…calculates NTU”

We have, for effectiveness of counter-flow HX:

In EES, it is entered:

epsilon = (1 – exp ( – NTU * (1 – C_r)))/(1 – C_r * exp( – NTU * (1 – C_r))) “Effectiveness of Counter-
flow HX.”

Q = m_h * cp_h * (T_h_i – T_h_o) “W…heat transferred… calculates Th_o”

Q= m_c * cp_c * (T_c_o – T_c_i) “W… calculates Q”
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Results:

Thus:

Q = 69418 W, Th_o = 55.11 C, Tc_o = 64.86 C .. Ans.
 

Plot the variation of Q, Th_o and Tc_o as the mass flow rate of cold fluid, m_c varies from 0.1 to 
0.5 kg/s. Assume other conditions to remain the same:

First, calculate the Parametric Table:
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Now, plot the graphs:
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“Prob. 4C.8. A counter-flow HX is employed to cool 0.55 kg/s (cp = 2.45 kJ/kg.K) of oil from 115 C to 
40 C by the use of water. The inlet and outlet temps of cooling water are 15 C and 75 C respectively. The 
overall heat transfer coeff. is 1450 W/m^2.C. Using the NTU method, calculate the following: 

i) mass flow rate of water 
ii) effectiveness of HX, and 
iii) surface area required. [VTU – Dec. 2010:]”

 Fig. Prob.4C.8. Counter-flow arrangement

Download free eBooks at bookboon.com



Software Solutions to Problems on Heat 
Transfer: Heat Exchangers

244 

Heat Exchangers

EES Solution:

“Data:”

m_h = 0.55 [kg/s]
T_h_i = 115 [C]
T_h_o = 40 [C]
T_c_i = 15 [C]
T_c_o = 75 [C]
cp_h = 2450 [J/kg-C]
cp_c = 4180 [J/kg-C]
U = 1450 [W/m^2-C]

“Calculations:”

Q = m_h * cp_h * (T_h_i – T_h_o) “W…determines heat tr.”

Q= m_c * cp_c * (T_c_o – T_c_i) “W … determines m_c”

C_h = m_h * cp_h “W/C…capacity rate of hot fluid =1348”

C_c = m_c * cp_c “W/C…capacity rate of cold fluid = 1684”

C_min = C_h

C_max = C_c

C_r = C_min/C_max “…capacity ratio”

epsilon = (T_h_i – T_h_o) / (T_h_i – T_c_i) “…by definition, considering the fluid with min. capacity 
rate”

“For counter-flow HX:”

In EES, we enter:

epsilon = (1 – exp ( – NTU * (1 – C_r)))/(1 – C_r * exp( – NTU * (1 – C_r))) “Effectiveness of Counter-
flow HX … determines NTU”

NTU = U * A/C_min “…determines A”
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Results:

Thus:

Mass flow rate of water = m_c = 0.403 kg/s …. Ans.

Effectiveness of hX = 0.75 … Ans.

Area of HX = A = 2.184 m^2 … Ans.
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“Prob. 4C.9. A certain HX has a total outside area of 15.82 m^2. It is to be operated for cooling oil at 
110 C (cp = 1900 J/kg.K) flowing at a rate of 170.9 kg/min. Water at a rate of 68 kg/min is available at 
35 C as a cooling agent. If the overall heat transfer coeff. is 320 W/m^2.K, calculate the outlet temp of 
oil and water for a counter-flow arrangement. [VTU – Dec. 06–Jan. 2007:]

(b) Plot the variation of ε, Th_o and Tc_o as the mass flow rate of cold fluid, m_c varies from 0.15to 1.2 
kg/s. Assume other conditions to remain the same.”

 Fig. Prob.4C.9. Counter-flow arrangement

EES Solution:

“Data:”

m_h = 170.9 * convert(kg/min, kg/s) 
m_c = 68 * convert(kg/min, kg/s) 

T_h_i = 110 [C]
T_c_i = 35 [C]

cp_h = 1900 [J/kg-C]
cp_c = 4180 [J/kg-C]

U = 320 [W/m^2-C]

A = 15.82 [m^2]
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“Calculations:”

C_h = m_h * cp_h “W/C…= 5412…. capacity rate of hot fluid”

C_c = m_c * cp_c “W/C… = 4737… capacity rate of cold fluid”

C_min = C_c “..min. capacity rate”

C_max = C_h “..max. capacity rate”

C_r = C_min/C_max “…capacity ratio”

“Therefore:”

NTU = U * A /C_min

“For counter-flow HX:”

In EES, we enter:

epsilon = (1 – exp ( – NTU * (1 – C_r)))/(1 – C_r * exp( – NTU * (1 – C_r))) “Effectiveness of Counter-
flow HX …”

epsilon = (T_c_o – T_c_i)/(T_h_i – T_c_i) “…determines T_c_o”

Q= m_c * cp_c * (T_c_o – T_c_i) “W … determines Q”

Q = m_h * cp_h * (T_h_i – T_h_o) “W…determines T_h_o.”

Results:

Thus:

Th_o = 74.98 C, Tc_o = 75 C … Ans.
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Plot the variation of ε, Th_o and Tc_o as the mass flow rate of cold fluid, m_c varies from 0.15to 
1.2 kg/s. Assume other conditions to remain the same:

First, calculate the Parametric Table:

Download free eBooks at bookboon.com

Click on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read moreClick on the ad to read more

http://www.pgs.com/careers


Software Solutions to Problems on Heat 
Transfer: Heat Exchangers

249 

Heat Exchangers

Now, plot the results:

=======================================================================
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“Prob. 4C.10. 3000 kg/h of furnace oil is heated from 10 C to 90 C in a Shell & Tube HX. The oil is to 
flow inside the tube while the steam at 120 C is to flow in the shell. Tubes of 1.65 cm ID and 1.9 cm 
OD are used. The heat transfer coefficients for oil and steam sides are 85 W/m^2.K and 7420 W/m^2.K 
respectively. Find the number of passes and no. of tubes in each pass, if the length of the tube is limited 
to 2.85 m due to space limitations. The velocity of oil is limited to 5 cm/s to keep the pressure drop low. 
Take rho = 900 kg/m^3, and cp (oil) = 1970 J/kg.K [VTU – Jan.–Feb. 2004]”

 Fig. Prob.4C.10. Condenser

EES Solution:

“Data:”

m_oil = 3000*convert(kg/h, kg/s) “…mass flow rate of oil”
Toil_in = 10[C]“Oil…inlet temp”
Toil_out = 90 [C]“….oil … exit temp”
T_steam = 120“…Temp of condensing steam”
rho_oil = 900 [kg/m^3]“…density of oil”
cp_oil = 1970 [J/kg-C]“…sp. heat of oil”
d_i = 0.0165 [m]“….tube ID”
d_o = 0.019 [m]“…tube OD”
h_oil = 85 [W/m^2-C]“…heat transfer coeff on oil side”
h_steam = 7420 [W/m^2-C] “…heat transfer coeff on steam side”

vel_oil = 0.05 [m/s] “…velocity of oil”

L_tube = 2.85 [m]“…length of tube”

“Calculations:”

Q =m_oil * cp_oil * (Toil_out – Toil_in) “W….heat transferred”

U = 1/(1/h_steam + (d_o/d_i)*(1/h_oil)) “Finds overall heat transfer coeff. U, W/m^2.C”
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“Since it is a condenser, steam is the ‘max. fluid’ with its capacity rate = infinity. 

Oil, which is being heated, is the ‘min. fluid’, and the capacity ratio C_r = 0

First, find effectiveness, remembering that oil is the min. fluid:”

C_oil = m_oil * cp_oil “[W/C] … capacity rate of oil = C_min”

C_min = C_oil

C_r = 0 “….capacity ratio = (C_min/C_max)”

“Then: Effectiveness of a condenser, where oil is the ‘min. fluid’:”

epsilon = (Toil_out – Toil_in) / (T_steam – Toil_in) “.finds effectiveness….by definition of effectiveness”

“Therefore: NTU of the condenser, when C = 0: (see eqns given at the beginning of chapter).”

NTU = -ln(1 – epsilon) “…finds NTU, when epsilon is known”

“But:”

NTU = U * A / C_min “…by definition of NTU …. finds Area, A of HX”

“Also:”
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n = ceil(m_oil / (pi * d_i^2/4 * vel_oil *rho_oil)) “…finds no. of tubes per pass, from limitation of 
velocity, rounded off to next higher integer value”

a_per_tube = pi * d_o * L_tube “m^2, surface area per tube, given the length L_tube:”

p = ceil (A / (n * a_per_tube))“….finds no. of passes, rounded off to next higher integer value”

Results:

Thus:

No. of tubes per pass = n = 87 …. Ans.

No. of passes = p = 2 …. Ans.

=======================================================================

Consider the following variation to the above problem:

If m_oil varies from 0.5 to 1 kg/s, plot variation of Q and A:

As mass flow rate of oil changes, h_oil will change, and the U changes. C_min also changes with m_oil. 
However, effectiveness, and therefore NTU remain the same since temperature conditions are maintained 
the same as earlier. New values of NTU, n (i.e. no. of tubes per pass) and p (i.e. no. of passes) are 
calculated as shown below:

Add the following code at the end of the previous EES program:
 

“If m_oil varies from 0.5 to 1 kg/s, plot variation of Q and A:”

{m_oil_new = 1[kg/s]}
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Q_new =m_oil_new * cp_oil * (Toil_out – Toil_in) “W….new heat transferred”

h_oil_new = h_oil * (m_oil_new / m_oil)^0.8 “…new heat transfer coeff on oil side, as mass flow rate 
changes”

“Therefore, new U:”

U_new = 1/(1/h_steam + (d_o/d_i)*(1/h_oil_new)) “Finds new overall heat transfer coeff. U, W/m^2.C”

C_min_new = m_oil_new * cp_oil “[W/C] … capacity rate of oil = C_min_new”

NTU = U_new * A_new / C_min_new “…by definition of NTU …. finds Area, A_new of HX”

n_new = ceil(m_oil_new / (pi * d_i^2/4 * vel_oil *rho_oil)) “…finds no. of tubes per pass, from limitation 
of velocity, rounded off to next higher integer value”

p_new = ceil (A_new / (n_new * a_per_tube))“….finds no. of passes, rounded off to next higher integer 
value”
 

And, now, prepare the Parametric Table:
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And, plot the results:

=======================================================================
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“Prob. 4C.11. Water enters a counter-flow double pipe HX at 15 C, flowing at a rate of 1300 kg/h. It is 
heated by oil (cp = 2000 J/kg.K) flowing at a rate of 550 kg/h which has an inlet temp of 94 C. For an 
area of 1 m^2 and an overall heat transfer coeff of 1075 W/m^2.K, determine the total heat transfer and 
outlet temps of oil and water. Take cp of water as 4186 J/kg.K. [VTU – Feb. 2002]”

(b) Also, plot the variation of Q, Th_o and Tc_o as mass flow rate of water varies from 0.1 to 0.5 kg/s, 
other conditions remaining the same.

 Fig. Prob.4C.11. Counter-flow arrangement
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EES Solution:

“Data:”

m_h = 550[kg/h] * convert(kg/h, kg/s) “…oil, hot fluid”
m_c = 1300[kg/h] * convert(kg/h, kg/s) “….water, cold fluid”

T_h_i = 94 [C]
T_c_i = 15 [C]

cp_h = 2000 [J/kg-C]
cp_c = 4186 [J/kg-C]

U = 1075 [W/m^2-C]

A = 1 [m^2]

“Calculations:”

C_h = m_h * cp_h “W/C…capacity rate of hot fluid = 305.6”
C_c = m_c * cp_c “W/C…capacity rate of cold fluid = 1512”

“Therefore:”

C_min = C_h
C_max = C_c

C_r = C_min/C_max “…Capacity ratio”

“Calculate NTU:”

NTU = U * A /C_min “…by definition”

“Effectiveness for counter-flow HX:”
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In EES, enter it as:

epsilon = (1 – exp ( – NTU * (1 – C_r)))/(1 – C_r * exp( – NTU * (1 – C_r))) “Effectiveness of Counter-
flow HX…”

epsilon = (T_h_i – T_h_o)/(T_h_i – T_c_i) “…determines exit temp of hot fluid, T_h_o”

Q = m_h * cp_h * (T_h_i – T_h_o) “W…determines Q”

Q= m_c * cp_c * (T_c_o – T_c_i) “W … determines exit temp of cold fluid, T_c_o”

Results:

Thus:

Q = 22962 W …Ans.

Th_o = 18.85 C …exit temp of oil… Ans.

Tc_o = 30.19 C …exit temp of water… Ans.
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(b) Also, plot the variation of Q, Th_o and Tc_o as m_c varies from 0.1 to 0.5 kg/s:

First, calculate and prepare the Parametric Table:
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And, plot the results:

=======================================================================
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“Prob. 4C.12. A cross-flow HX (both fluids unmixed), having a heat transfer area of 8.4 m^2, is to heat 
air (cp = 1005 J/kg.K) with water (cp = 4180 J/kg.K). Air enters at 18 C with a mass flow rate of 2 kg/s 
while water enters at 90 C with a mass flow rate of 0.25 kg/s. Overall heat transfer coeff is 250 W/m^2.K 
Calculate the exit temps of the two fluids and the heat transfer rate. [VTU – July–Aug. 2004]”

(b) Plot the variation of Q and Th_o and Tc_o as air flow rate, m_c varies from 1.5 to 3 kg/s, all other 
conditions remaining the same as earlier:

 Fig. Prob.4C.12. Cross-flow arrangement

EES Solution:

“Data:”

m_h = 0.25 [kg/s] “….water is the hot fluid” 
m_c = 2[kg/s] “….air is the cold fluid” 

T_h_i = 90 [C]
T_c_i = 18 [C]
cp_c = 1005 [J/kg-C]
cp_h = 4180 [J/kg-C]
U = 250 [W/m^2-C]
A = 8.4 [m^2]

Calculations:

C_h = m_h * cp_h “W/C…= 1045 … capacity rate of hot fluid”
C_c = m_c * cp_c “W/C… = 2010 … capacity rate of cold fluid”

C_min = C_h “….min. capacity rate”
C_max = C_c ”…max. capacity rate”
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C_r = C_min/C_max “… Capacity ratio”

NTU = U * A /C_min “…NTU by definition”

“For cross-flow HX:”

In EES, enter it as:

epsilon = 1 – exp ( (1/C_r) * NTU^0.22 * ( exp( – C_r * NTU^0.78) – 1)) “Effectiveness of Cross-flow 
HX ..Ref: Incropera.”

epsilon = (T_h_i – T_h_o)/(T_h_i – T_c_i) “…determines exit temp of hot fluid, i.e. water, T_h_o”

Q= m_h * cp_h * (T_h_i – T_h_o) “W … determines Q”

Q = m_c * cp_c * (T_c_o – T_c_i) “W…determines exit temp of cold fluid, i.e. air, T_c_o.”

Results:

Thus:

Q = 55286 W … heat transferred … Ans.

Th_o = 37.09 C … exit temp of hot fluid (water) …. Ans.

Tc_o = 45.51 C … exit temp of cold fluid (air) … Ans.
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(b) Plot the variation of Q and Th_o and Tc_o as air flow rate, m_c varies from 1.5 to 3 kg/s, all 
other conditions remaining the same as earlier:

First, compute the Parametric Table:
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Next, plot the results:

=======================================================================
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“Prob. 4C.13. A HX has an effectiveness of 0.5 when the flow is counter-flow and the thermal capacity 
of one fluid is twice that of the other fluid. Calculate the effectiveness of the HX if the direction of flow 
of one of the fluids is reversed with the same mass flow rate as before. [VTU – June–July 2011]”

EES Solution:

“Data:”

C_r = 0.5 “…capacity ratio”

“For counter-flow HX:”

epsilon = 0.5 “…by data”

And:

i.e.

epsilon = (1 – exp ( – NTU_cflow * (1 – C_r)))/(1 – C_r * exp( – NTU_cflow * (1 – C_r))) “Effectiveness of 

Counter-flow HX….Finds NTU”

“Now, for parallel flow HX:”

NTU_parallelflow = NTU_cflow “….since the A, U and Cmin remain same”

i.e.

epsilon_parallelflow = (1 – exp ( – NTU_parallelflow * (1 + C_r))) / (1 + C_r) “Effectiveness of parallel-
flow HX….Finds epsilon_pflow”

Results:

Thus: effectiveness, when it is parallel flow HX = 0.4691 …. Ans.

=======================================================================
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“Prob. 4C.14. A cross-flow HX (both fluids unmixed), having a heat transfer area of 30 m^2, is to heat 
water with engine oil (cp = 2300 J/kg.K). Water enters at 30 C and leaves at 85 C, with a mass flow rate 
of 1.5 kg/s while engine oil enters at 120 C with a mass flow rate of 3.5 kg/s. Calculate the overall heat 
transfer coeff. [VTU – June–July 2009]”

“(b) Plot the variation of NTU, U and Th_o as oil flow rate, m_h varies from 3 to 5 kg/s, all other 
conditions remaining the same as earlier:”

 Fig. Prob.4C.14. Cross-flow arrangement

“EES Solution:”

“Data:”

m_h = 3.5 [kg/s] “….engine oil is the hot fluid” 
m_c = 1.5[ kg/s] “….water is the cold fluid” 

Th_i = 120 [C]
Tc_i = 30 [C]
Tc_o = 85 [C]
cp_c = 4183 [J/kg-C]”…sp.heat of water at 55 C”
cp_h = 2300 [J/kg-C]
A = 30 [m^2]

“Calculations:”

Q = m_c * cp_c * (Tc_o – Tc_i) “W … determines heat transferred, Q”
Q= m_h * cp_h * (Th_i – Th_o) “W … determines Th_o”

C_h = m_h * cp_h “W/C…= 8050 …capacity rate of hot fluid”
C_c = m_c * cp_c “W/C… = 6275 …capacity rate of cold fluid”

C_min = C_c “min. capacity rate”
C_max = C_h “max. capacity rate”
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C_r = C_min/C_max “ Capacity ratio”

“For cross-flow HX:”

epsilon = (Tc_o – Tc_i) / (Th_i – Tc_i) “..by definition, considering the min. fluid (water)”

 “But, we have, for a cross flow HX, with both fluids unmixed: Ref: Incropera”

epsilon = 1 – exp ( (1/C_r) * NTU^0.22 * ( exp( – C_r * NTU^0.78) – 1)) “Effectiveness of Cross flow HX 

…… determines NTU”

NTU = U * A /C_min “NTU by definition ….gives U”

Results:
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Thus: 

Exit temp of oil (hot fluid), Th_o = 77.13 C … Ans.

Overall heat transfer coeff. U = 325.9 W/m^2.C …. Ans.
�

(b) Plot the variation of NTU, U and Th_o as oil flow rate, m_h varies from 3 to 5 kg/s, all other 
conditions remaining the same as earlier:

First, prepare the Parametric Table:
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Now, plot the results:
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=======================================================================

Prob. 4C.15. A parallel flow HX has following data: m_h = 10 kg/min, m_c = 25 kg/min, cp_h = cp_c 
= 4180 J/kg.C, Th_1 = 70 , Th_2 = 50 C, Tc_1 = 25 C. Individual heat transfer coeff on hot and cold side 
are both equal to 60 W/m^2.C. Find the area of the HX.

(b) If the hot water flow is doubled (inlet conditions and area remaining the same), plot the exit temps 
of the two fluids and the effectiveness of HX as m_h varies from 10 to 20 kg/min.

 Fig. Prob.4C.15. Parallel flow arrangement
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EXCEL Solution:

Following are the steps in EXCEL Solution:

1. Set up the EXCEL worksheet, enter data and name the cells:
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2. Perform the calculations. Equations used are given below:
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Above equations are entered in calculations, as shown below:

Note: Formula entered for NTU can be seen in the Formula bar in the above screen shot.

Thus: 

exit temp of cold fluid = Tc_2 = 33 C … Ans.

Area of HX = A = 16.147 m^2 … Ans.
 

(b) If the hot water flow is doubled (inlet conditions and area remaining the same), plot the exit 
temps of the two fluids and the effectiveness of HX as m_h varies from 10 to 20 kg/min.

3. First, prepare a Table as shown below.

Two things must be kept in mind:

(a)When the flow of hot fluid changes, Reynolds No. will change, and therefore the heat transfer coeff. 
h_h will also change, and this is proportional to 0.8 power of mass flow.

i.e. new h_h will be h_h at m_h = 10 kg/min multiplied by (New mass flow rate / 10)^0.8
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(b) all formulas entered must have reference to m_h by relative reference, so that we can easily extrapolate 
the calculations to other values of m_h, by ‘drag-copy’:

In the above screen shot, note the formula entered in cell E57 for U in the formula bar. Similarly, for 
other quantities in the row 57, use relative reference to m_h.

Now, select the cells D57 to L57 and ‘drag-copy’ to the end of Table, i.e. up to cell L67, and immediately, 
all calculations are made and the Table is filled up:
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Now, plot the graphs in EXCEL:
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Prob. 4C.16. A Shell & Tube type of steam condenser has following data: Total heat transferred Q = 
2100 MW, no. of shell passes = 1, no. of tube passes = 2, no. of tubes (thin walled) = 31500, tube dia = 
25 mm, total mass flow rate of water through tubes = 3.4 × 10^4 kg/s, condensation temp of steam = 50 
C, inlet temp of water = 20 C, heat transfer coeff on steam side = 11400 W/m^2.C. Find the exit temp 
of water and the length of tube per pass.

(b) Plot the variation of Tc_2, effectiveness and L_tube as mass flow rate of water, m_c varies from 
20000 to 50000 kg/s:

 Fig. Prob.4C.16. Steam Condenser 
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EXCEL Solution:

Following are the steps in EXCEL Solution:

1. Set up the EXCEL worksheet, enter data and name the cells:

2. Perform the calculations. Equations used are shown below:
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We get following results:

Thus:

Exit temp of water = Tc_2 = 34.776 C …Ans.

Length of tubes per pass + L_tube = 4.139 m … Ans.
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(b) Plot the variation of Tc_2, effectiveness and L_tube as mass flow rate of water, m_c varies from 
20000 to 50000 kg/s:

1. First, prepare a Table as shown:

2. Now, let us write a VBA program to read the values of m_c from the Table, one by one, and 
copy to cell D10 in the EXCEL worksheet just completed. As the value of m_c is changed, 
immediately, all other values will automatically update themselves in the worksheet. Now, 
for each value of m_c, copy the calculated values of Tc_2, U, epsilon and L_tube to the 
respective cells in the Table.

3. We proceed as follows to write the VBA program:

First, let us have a ‘control button’ to operate the program: Go to Developer – Insert – ActiveX Controls:
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Click on the first, left top button under AciveX Controls. And, draw a command button at the required 
place to the required size:

Now, go to Design Mode, and press ‘View Code’:
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We get:

4. Now, write the following code, which will do the desired job as explained above:

Read the comments given in simple the program above.
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5. Now, press the Command Button, and the Table immediately gets filled up:

Check: Observe from the Table that for m_c = 3400 kg/s, L_tube = 4.139 m. This is the same value we 
got in the main worksheet.

6. Now, plot the results:
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Prob. 4C.17. Consider a Shell & Tube type of HX which has 1 shell pass and 8 tube passes. Tubes are 
of copper, thin walled, dia = 1.4 cm. Length of tube in each pass is 5 m and overall U = 300 W/m^2.C. 
Water (cp = 4180 J/kg.C) flows through the tubes at a rate of 0.25 kg/s, and oil (cp = 2130 J/kg.C) flows 
through the shell at a rate of 0.35 kg/s. Water and oil enter the HX at 25 C and 150 C respectively. Find 
out the rate of heat transfer and exit temps of water and oil.

(b) Plot the variation of Q and exit temps of both the fluids as U varies from 200 to 500 W/m^2.C:

 Fig. Prob.4C.17. Counter-flow arrangement
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EXCEL Solution:

Following are the steps in EXCEL Solution:

1. Set up the EXCEL worksheet, enter data and name the cells:

2. Perform the calculations as shown. Equations used are:
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The worksheet is shown below:

Thus:

Rate of heat transfer = Q = 39534.5 W ….. Ans.

Exit temp of cold fluid = Tc_2 = 62.83 C …. Ans.

Exit temp of hot fluid = Th_2 = 96.97 C … Ans.
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(b) Plot the variation of epsilon, Q and exit temps of both the fluids as U varies from 200 to 500 
W/m^2.C:

First, prepare a Table as shown below:

In the above screen shot, note the formula entered in cell C44 for NTU, in the formula bar. Similarly, 
for other quantities in the row 44, use relative reference to U.
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Now, select the cells C44 to I44 and ‘drag-copy’ to the end of Table, i.e. up to cell I59, and immediately, 
all calculations are made and the Table is filled up:

Now, plot the graphs:
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Prob. 4C.18. Consider a cross flow HX to cool air by water, both fluids unmixed. Air (cp = 1000 J/kg.C) 
flows at a rate of 8000 kg/h, entering at 100 C, and water (cp = 4200 J/kg.C) enters the HX at 15 C at a 
rate of 7500 kg/h. Overall U = 150 W/m^2.C. Area of HX = 20 m^2. Find out the rate of heat transfer 
and exit temps of air and water.

(b) Plot the variation of Effectiveness, exit temps of both the fluids, and Q as U varies from 100 to 400 
W/m^2.C:

 

 Fig. Prob.4C.18. Cross-flow arrangement
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EXCEL Solution:

Following are the steps in EXCEL Solution:

1. Set up the EXCEL worksheet, enter data and name the cells:

2. Perform the calculations as shown. Equations used are:
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The worksheet is shown below:

Thus:

Rate of heat transfer = Q = 129365.4 W ….. Ans.

Exit temp of cold fluid = Tc_2 = 29.785 C …. Ans.

Exit temp of hot fluid = Th_2 = 41.786 C … Ans.
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(b) Plot the variation of Effectiveness, exit temps of both the fluids, and Q as U varies from 100 to 
400 W/m^2.C:

First, prepare a Table as shown below:

In the above screen shot, note the formula entered in cell C45 for NTU, in the formula bar. Similarly, 
for other quantities in the row 45, use relative reference to U.
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Now, select the cells C45 to I45 and ‘drag-copy’ to the end of Table, i.e. up to cell I60, and immediately, 
all calculations are made and the Table is filled up:

Now, plot the graphs:
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Compact heat exchangers:

Heat exchangers with an area density greater than about700 m2/m3 are classified as ‘compact heat 
exchangers’. Generally, they are used for gases.

Compact heat exchangers are, typically, of three types:

i) array of finned circular tubes
ii) array of plate-fin matrix, and
iii) array of finned flat-tube matrix

Kays and London have studied a large number of compact heat exchanger matrices and presented their 
experimental results in the form of generalized graphs. Heat transfer data is plotted as Colburn j-factor, 
jH = St.Pr2/3 against Re, 

where, St = Stanton number = h/(G.Cp), Pr = Prandtl number = µ.Cp/k, and

Re = G.Dh/µ, G = mass velocity (= mass flow rate/Area of cross-section), kg/(s.m2.)

In the same graphs, friction factor, f, is also plotted against Re. 
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One typical graph of characteristics for a plate-finned circular tube matrix (data of Trane Co.) given 
by Kays and London is shown below:

Fig.1. Heat transfer and friction factor for plate-finned circular tube matrix heat exchanger

In the above graph, Reynolds No. is shown on the x-axis. 

Colburn j-factor, jH is used to get heat transfer coeff. h.

Friction factor is used to get the frictional pressure drop:

 

Now, to use the above graph in computer calculations, we digitize the graphs for jH and f, using 
PlotDigitizer, a freely available, java based software. 

(Ref: http://plotdigitizer.sourceforge.net)

Then, we write a Mathcad Functions for linear interpolation of jH and f against Re.
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Mathcad Functions are given below:
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Now, let us solve a problem on compact heat exchangers:

Example 4C.19: Air at 2 atm and 400 K flows at a rate of 5 kg/s, across a finned circular tube matrix, for 
which heat transfer and friction factor characteristics are shown in Fig.1 above. Dimensions of the heat 
exchanger matrix are: 1 m (W) × 0.6 m (Deep) × 0.5 m (H), as shown in Fig.Prob.4C.19. Find: (a) the 
heat transfer coeff. (b) the friction factor, and (c) ratio of core friction pressure drop to the inlet pressure.
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Fig. Prob.4C.19

Mathcad Solution:

We shall use the Mathcad Functions written above.
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Then, from the Mathcad Function written above, for Re = 2968, we get Colburn j-factor:
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Plot the variation of h and DELTAP as mass flow rate varies from 1 to 8 kg/s:

Express related quantities as functions of mass flow rate:
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Now, plot the graphs:
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