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a b s t r a c t

The concept of heat exchanger efficiency eliminates the need for charts, or complicated performance
expressions, providing a convenient approach for solving heat exchanger rating, and sizing problems,
as well as network of heat exchangers. The efficiency of all heat exchangers is determined from a single
algebraic expression. This paper is comprehensive, and streamlined presentation of the approach. It also
provides a new expression for solving sizing problems, provides a closed form expression for determining
the minimum number of heat exchangers needed when one cannot meet the design specifications,
presents a new methodology for analyzing network of heat exchangers connected in series, and provides
closed form expressions for determining the size and the rate of heat transfer in individual heat
exchangers of a network.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Consider a heat exchanger where the hot fluid with capacity Ch

enters at T1 and leaves at T2. The cold fluid with capacity Cc enters
at t1 and exits at t2. The heat exchanger area is A, and the overall
average heat transfer coefficient is U, and is assumed to be a
constant, independent of temperature. Traditionally, two different
methods have been used for analyzing heat exchangers: the
Log Mean Temperature Difference (LMTD); and Effectiveness
NTU-method (e-NTU) [1,2]. The LMTD method is generally used
for solving heat exchanger problems where the inlet and the exit
temperatures are known and the size of the heat exchanger is to
be determined (sizing problems). The reverse problem is called
the rating problem where the size of the heat exchanger and the
inlet temperatures are known and the heat transfer rate and the
fluid exit temperatures are sought. The rating problem is typically
analyzed using e-NTU approach. Fakheri [3] recently proposed a
third method for analyzing heat exchangers by defining the
concept of heat exchanger efficiency.

Heat exchanger efficiency can be used to conveniently analyze
different heat exchanger design problems, including the network
of heat exchangers without the need for charts, or complicated
performance expressions. Efficiency provides a clear and intuitive
measure of how well a system is performing by showing how close
it comes to the best that it can be and if further improvements are
feasible and justified. The heat exchanger efficiency is defined as

the ratio of the actual rate of heat transfer in the heat exchanger,
q, and the optimal rate of heat transfer, qopt,

g ¼ q
qopt
¼ q

U AðT � �tÞ
ð1Þ

The optimum (maximum) rate of the heat transfer is the product of
UA of the heat exchanger under consideration and the Arithmetic
Mean Temperature Difference (AMTD) in the heat exchanger

AMTD ¼ T � �t ¼ T1 þ T2

2
� t1 þ t2

2
ð2Þ

which is the difference between the average temperatures of hot
and cold fluids. The optimum heat transfer rate takes place in a
balanced counter flow heat exchanger [4]. The rate of heat transfer
in any heat exchanger for the same UA and AMTD is always less than
the optimum value of the heat transfer rate ðg 6 1Þ.

The heat transfer in a heat exchanger can be calculated from

q ¼ gNTUCminðT � �tÞ ð3Þ

The amount of heat transfer is also equal to

q ¼ CminDTmax ¼ CmaxDTmin ð4Þ

Note that some authors use DTmin and DTmax to refer to the temper-
ature changes of the fluids with smaller and larger capacities,
respectively, which is opposite of how it is used here.

The efficiency of all heat exchangers can be expressed as [2]

g ¼ tanh½Fa�
Fa

ð5Þ
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which is the same form as the efficiency of a constant area insulated
tip fin. Fin Analogy number, Fa, is a nondimensional group that
characterizes the performance of different heat exchangers and
can be written as

Fa ¼ NTU
2
ð1þmCn

r Þ
1
n ð6Þ

and therefore the efficiency of all heat exchangers can be deter-
mined from

g ¼
tanh NTU

2 ð1þmCn
r Þ

1
n

h i
NTU

2 ð1þmCn
r Þ

1
n

ð7Þ

the values of m and n are given in Table 1 for different heat exchan-
ger types. The values for cross flow heat exchangers are approxi-
mate and have been obtained by using regression analysis [5].

The LMTD correction factor, the heat exchanger effectiveness,
and heat exchanger efficiency are all derived from the same basic
set of equations and therefore can be related to each other. For
example, efficiency is related to heat exchanger effectiveness Fak-
heri [6] through

g ¼ 1
NTU

1
1
e
� ð1þ CrÞ

2

ð8Þ

Eq. (8) is a general expression that can be used to determine the
efficiency of any heat exchanger, when its effectiveness is known.

2. Rating problem

If the size of the heat exchanger, the fluid capacities, and the
inlet temperatures are known, then the objective is to determine
the exit temperatures. This type of problem is called heat exchan-
ger rating problem. In Eq. (3) all the terms on the right hand side
are known, except the mean temperature difference. Rearranging
Eq. (2) and substituting for the change in temperature of hot and
cold fluids from Eq. (6) results in

T � �t ¼ 1
2
ð2T1 � ðT1 � T2Þ � 2t1 � ðt2 � t1ÞÞ

¼ T1 � t1 �
q
2

1
Ch
þ 1

Cc

� �
¼ T1 � t1 �

q
2Cmin

ð1þ CrÞ ð9Þ

Substituting for q from Eq. (3) and solving for the mean temperature
difference results in

T � �t ¼ T1 � t1

1þ NTUg
ð1þ CrÞ

2

ð10Þ

Everything on the right hand side of the Eq. (10) is known, allowing
the determination of the mean temperature difference, which can
then be substituted in Eq. (3) to determine heat transfer, and subse-
quently the exit temperatures of hot and cold fluids. Alternatively a
direct expression for determining heat transfer in the heat exchan-
ger can be determined by substitution from Eq. (10) into Eq. (3)

q ¼ Cmin
T1 � t1

1
gNTU

þ ð1þ CrÞ
2

ð11Þ

Note that the term in the denominator of Eq. (11) is the inverse of
the heat exchanger effectiveness.

3. Sizing problem

When the fluid capacities and their inlet and exit temperatures
are known or can be determined, then determining the size of the
heat exchanger becomes the objective. This type of problem is
called heat exchanger sizing problem. The heat transfer and the
temperature difference are known, then from Eq. (3)

NTU g ¼ q

CminðT � �tÞ
ð12Þ

From Eq. (5)

Fa ¼ tanh�1 gNTU
Fa

NTU

� �
ð13Þ

Substituting for gNTU from Eq. (12) and for Fa from Eq. (6) results in

Fa ¼ tanh�1 q
CminðT � �tÞ

ð1þmCn
r Þ

1
n

2

" #
ð14Þ

Substituting for q and capacity ratio from Eq. (6) into Eq. (14)

Fa ¼ tanh�1 DTmax

ðT � �tÞ

1þm DTmin
DTmax

� �n� �1
n

2

2
664

3
775 ð15Þ

Nomenclature

A surface area, m2

AMTD Arithmetic Mean Temperature Difference; AMTD
¼ ðT1þT2

2 � t1þt2
2 Þ ¼ ðT � �tÞ

Cc heat capacity of the cold fluid Cc ¼ ð _mCpÞc
Ch heat capacity of the hot fluid Ch ¼ ð _mCpÞh
Cmin =min[Ch, Cc]
Cmax =max[Ch, Cc]
Cr capacity ratio Cr ¼ Cmin

Cmax

Fa Fin analogy number Eq. (6)
m Fa coefficient given in Table 1
n Fa coefficient given in Table 1
N number of shells
NTU number of transfer units NTU ¼ UA

Cmin

q rate of heat transfer; q ¼ U AgðT � �tÞ

qopt optimum heat transfer rate qopt ¼ UAðT � �tÞ
T1 hot fluid inlet temperature
T2 hot fluid exit temperature
t1 cold fluid inlet temperature
t2 cold fluid exit temperature
T average temperature of the hot fluid T ¼ T1þT2

2
�t average temperature of the cold fluid �t ¼ t1þt2

2
DT =T1 � T2

Dt =t2 � t1

DTmax =max[DT, Dt]
DTmin =min[DT, Dt]
U overall heat transfer coefficient, W/m2 K
g heat exchanger efficiency

Table 1
Fin analogy number parameters for different heat exchangers.

HX type m n

Counter flow �1 1
Parallel 1 1
Single stream (Cr = 0) 1 1
Single shell and tube 1. 2
Cross flow, Cmax unmixed, Cmin mixed 1.2 4.4
Cross flow, Cmax mixed, Cmin unmixed 1.35 4.02
Cross flow, both mixed 1.2 2
Cross flow, both unmixed �0.1 0.37
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