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Abstract: This paper presents heat transfer and effectiveness analysis 

based on a physical model of a cross-flow heat exchanger. Using the 

model, the transferred heat and effectiveness (ε) in terms of temperature 

and NTU-method are calculated for both hot and cold streams. From the 

analyses, it is found that as air velocity increases, the transferred heat 

through heat transfer plates increases. In contrary, when air velocity 

decreases, the effectiveness increases. Further, as the air temperature of 

hot exhaust stream increases, both the transferred heat and effectiveness 

decrease. The study suggests that the calculated results provide 

benchmark data to evaluate and predict the performance of heat 

exchanger for energy recovery application.  
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Introduction 

The utilisation of energy recovery devices has been 

approved as one of energy-efficient technologies that 

could save a large fraction of thermal load since heat or 

energy would be transferred from the warmer airstream. 

As reported in Mardiana-Idayu and Riffat (2012), energy 

recovery system poses particular physical components, 

which makes it unique in its operation and behaviour as 

well affects its performance. Energy recovery system 

comprises of ductworks for inlets and outlets, fans and a 

core which is a heat exchanger (Min and Su, 2010). Heat 

exchangers are devices that provide the transfer of thermal 

energy between two or more fluid streams at different 

temperatures. According to Shah and Sekulic (2003), 

heat exchangers can be classified into several 

classifications as follows: (i) Recuperators or 

regenerators; (ii) type of construction (tubes, plates 

and extended surfaces); (iii) transfer process (direct 

contact or indirect contact); (iv) flow arrangement 

(parallel flow, counter flow or cross flow) and; (iv) 

heat transfer mechanism (single phase and two phase). 

Heat exchangers can also be categorised into several 

classifications based on construction type such as 

fixed-plate and heat pipe (Lin et al., 2005). 

A lot of studies have been carried out in relation to 

heat exchangers for energy recovery applications 

since 1980s (Shurcliff, 1988; Sauer and Howell, 1981) 

either theoretically of experimentally (Yau, 2001; 

Nasif et al., 2010; Hviid and Svendsen, 2011). These 

also included efforts on the heat transfer and 

effectiveness analysis of various heat exchanger types 

(Pongsoi et al., 2012; Xie et al., 2009; Soylemez, 2000). 

For instance, Persily (1982) reported a work on a 

fixed-plate cross-flow heat exchanger based on 

experimental approach for building applications. On 

the other hand, Zhang and Jiang (1999) developed a 

numerical model and validated the data against the 

experimental results of a rectangular heat exchanger 

for building applications. Several studies also have 

been conducted on the heat exchangers for energy 

recovery system in cold climates (Alonso et al., 2014; 

Kragh et al., 2007). Although a great deal of works 

has been found, a gap still exists in the fundamental 

works of heat exchangers for energy recovery 

application in hot-humid climate zone. Thus, to close 

this gap this paper presents heat transfer and 

effectiveness analysis of a heat exchanger for potential 

energy recovery application in hot-humid climate. 
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Methodology 

Physical Model 

The heart of an energy recovery system is heat 

exchanger which is the core or a matrix containing the 

heat transfer area (Mardiana-Idayu and Riffat, 2013). 

This heat transfer area is an area of the exchanger that is 

in direct contact with fluids and through which heat or 

energy is transferred. Figure 1 shows the cross-flow heat 

exchanger. The exchanger contains alternate corrugated 

plates arranged in a cross-flow manner. In this process, 

on one side of one stream exchanges heat that circulates 

to the other side of the wall and on another side of the 

wall, another stream is fresh air from outside exchanges 

heat from the opposite side of the wall, whereby 

outgoing and incoming streams can be prevented from 

mixing within the core. The corrugated structure 

supports two pieces of plate to divide each air tunnel into 

a large number of triangular channels; whereby such 

configuration allows air to change direction in a manner 

that ensures sufficient air comes in contact with the heat 

transfer surface prior to leaving the core. 

Heat Transfer 

Based on the physical model described in previous 

section, several assumptions are made as follows: 
 

• Heat transfer process is at steady state 

• The fluid is incompressible with constant physical 

properties 

• Heat conduction in the two air streams is negligible 

compared in the two air streams and negligible 

compared to the energy transport by bulk flow 
• Heat conductivity in the plates is constant 

• The entrance and surface temperature are uniform 

• Heat transfer in the airstreams is two dimensional 

(in x and y directions) 

 
To design or to predict the performance of a heat 

exchanger, it is essential to relate the total heat 
transfer rate to quantities such as the inlet and outlet 
fluid temperatures, overall heat transfer coefficient 
and the total surface area for heat transfer. If Q is the 
total rate of heat transfer (transferred heat) between 
hot and cold fluids and there is negligible heat transfer 
between the exchanger and its surroundings (assume 
no heat losses), as well as negligible potential and 
kinetic energy changers, application of the steady 
flow energy equation gives: 
 

( )= −ɺ
h hi he

Q m i i  (1) 

 

And: 

 

( )= −ɺ
c ci ce

Q m i i  (2) 

where, i is the fluid enthalpy and  ɺm  is the mass airflow 

rate. The subscripts h and c refer to the hot and cold 

fluids, whereas the subscripts i and e designate the fluid 

intake and exhaust conditions, respectively. 

These expressions reduce to: 
 

, ( )h p h hi heQ m c T T= −ɺ  (3) 

 

And: 

 

, e( )c p c ci cQ m c T T= −ɺ  (4) 

 
where, cp is the heat capacity of air and T is the 

temperatures appearing at the locations. 

Heat Transfer Coefficient 

The convective heat transfer coefficient, h can be 

calculated from: 

 

Nu . k
h

d
=  (5) 

 

where, Nu is the Nusselt number and d is the sub-

channel height. 

The heat transfer coefficient is developed by using 

Nusselt number as follows: 

 

=
1/ 2 1/ 3Nu 0.332 Re Pr  (6) 

 

where, Re is the Reynolds number and Pr is the Prandtl 

number and lz is length of airstream of the plates. 

Reynolds number of a flow is calculated as: 

 

u . d
Re

v
=  (7) 

 

where, u is the velocity of the fluid and ν  is the 

kinematic viscosity (m
2
/s). This also can be interpreted 

as ratio of the inertia and viscous forces. 

Prandtl number is calculated as: 
 

v
Pr

α
=  (8) 

 

where, α is the thermal diffusivity.  

Effectiveness of Heat Exchanger 

The concept of effectiveness is applied to the heat 

transfer process in a heat exchanger. The effectiveness of 

heat exchanger is defined as: 

 

ε =
actual heat transfer

maximum possibleheat transfer
 (9) 
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Fig. 1. Physical model of cross-flow heat exchanger 
 

( )

( )

h p hi he

c p hi ci

m c T T

m c T T
ε

−
=

−

ɺ

ɺ
 (10) 

 

A number of heat transfer unit is used to reflect the 

sensible heat transfer in heat exchanger. The number of 

heat transfer units for sensible heat is: 
 

( )
=
ɺ

p min

UA
NTU

mc
 (11) 

 

.

δ
= + +

h c

1 1 1

UA h k . A h A
 (12) 

 

Where: 

U = The overall heat transfer 

NTU = The number of heat transfer unit 

A = The contact area for each fluid side 

k =  The thermal conductivity 

hh = Convective heat transfer coefficient for hot stream 

hc = Convective heat transfer coefficient for cold 

stream and 

δ = Membrane thickness 
 

The term (δ/k) in the middle present the thermal 

resistance where the conduction resistance of the fixed 

plate membrane and the other two terms present the 

convective thermal resistance. 

For validation of the calculations, the effectiveness of 

the cross-flow heat exchanger is given by Navarro and 

Cabezas-Gómez (2007): 
 

1{ . [ ( . ) ]}ε
−

= − − −
0.22 0.78

c c
1 exp H NTU exp H NTU 1  (13) 

 

( )

( )
=
ɺ

ɺ

p min

c

p max

mc
H

mc
 (14) 

where, Hc is the heat capacity ratio.  

Results 

The dimensions of cross-flow heat exchanger 
employed in this study are shown in Table 1 and the 
air temperature and air velocity data are presented in 
Table 2. Calculations are carried out using data in 
Table 1 and 2 as a base. Pre-set temperature data are 
chosen to represent the temperature conditions of hot-
humid climate.With the characteristics of the heat 
exchanger given in Table 1, heat transfer is analysed for 
both the hot (x direction) and cold (y direction) streams 
based on the temperature data and air velocity in Table 2. 

Heat Transfer Analysis 

Using Equations 3 and 4, transferred heat (Q) for hot 
and cold streams is calculated for air velocity ranges from 
1.0 to 3.0 m/s, air temperature of hot intake stream (Thi) at 
33°C and air temperatures of hot exhaust stream (The) 
ranges from 20 to 28°C. The results are plotted in Fig. 2. 
The variation of transferred heat and The is illustrated in Fig. 
3 for air velocity ranges from 1.0 to 3.0 m/s. 

Effectiveness Analysis 

Using the model, the effectiveness (ε) in terms of 
temperature and NTU-method  are calculated for both 
hot and cold streams by applying Equations 9  and 10 for 
temperature effectiveness, and applying Equations 11 to 14 
for NTU-effectiveness. The temperature and velocity data 
of the fluids (air) at hot (preset) and cold streams in Table 2 
are used. Figure 4 illustrates the effectiveness of the heat 
exchanger in terms of temperature effectiveness and NTU-
effectiveness based on the three different air velocities 
ranged from 1.0 to 3.0 m/s, air temperature of hot intake 
stream (Thi) at 33°C and air temperatures of hot exhaust 
stream (The) ranges from 20 to 28°C. The effectiveness is 
based on the intake and exhaust temperature. 
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Table 1. Characteristics of the heat exchanger studied 

Name Symbol Value Unit 

Cross section area A 13.00 m2 

Length of channel in the x direction lx 0.250 m 

Length of channel the y direction ly 0.250 m 

Length of airstream of the plates lz 0.110 m 

Sub-channel height  d  0.002  m  

 
Table 2. Air temperature and air velocity data 

Name Symbol Value (range) Unit 

Temperature-hot intake Thi 31- 33 °C 

Temperature-hot exhaust The 20-28 °C 

Temperature-cold intake Tci 16-24 °C 

Temperature-cold exhaust Tce 25 °C 

Air velocity 1 V1 1.0 m/s 

Air velocity 2 V2 2.0 m/s 

Air velocity 3  V3 3.0 m/s 

 

 
 

Fig. 2. Transferred heat versus air velocity 
 

Discussion 

In this study, the transferred heat is found to be in a 

range of 78.3 to 611. 4 W with the lowest value 

corresponds to 1.0 m/s and the highest value corresponds 

3.0 m/s. Thus, it can be seen that the transferred heat 

increases as air velocity increases. From the calculated 

data, it is found that the increasing The gives significant 

impact to the transferred heat. Maximum transferred heat of 

407. 6 W is achieved at 20°C and minimum transferred heat 

of 156.7 W is calculated at 28°C for air velocity of 2.0 m/s. 

(Fig. 3). As can be seen, transferred heat decreases with 

increasing The as suggested by (Min et al., 2012). 
Results in Fig. 4 show that effectiveness decreases as air 

velocity increases. From the figure, the temperature 
effectiveness is reasonably consistent with the NTU-
effectiveness. As can be seen, the agreement of the results 
obtained is generally good within 2% difference between 
the temperature effectiveness and NTU-effectiveness. A 
detailed calculated data of temperature effectiveness 
against air velocity for eight different cases is shown 

in Fig. 5. For all cases, again it can be seen that the 
effectiveness decreases with increasing air velocity. 
The effectiveness ranged from 55.6 to 76.5% for air 
velocity of 1.0 m/s; 50 to 75% for air velocity of 2.0 
m/s and 42.9 to 73.3% for air velocity of 3.0 m/s. The 
highest temperature effectiveness of 76.5% was 
achieved at 1.0 m/s and the lowest temperature 
effectiveness of 42.9% was achieved at 3.0 m/s. When 
the air velocity is low, the residence time is high thus 
the amount of energy transferred would be less (Yau 
and Ahmadzadehtalatapeh, 2010). Therefore, air 
velocity gives significant impact to the effectiveness 
of heat exchanger. This is in agreement with the 
results obtained by several authors (Mardiana-Idayu 
and Riffat, 2011; Riffat and Gan, 1998). Using Equations 
15 to 18, the NTU-effectiveness of the heat exchanger 
versus NTU (0.8 to 2.6) is calculated and illustrated in 
Fig. 6. For these air velocities, the NTU-effectiveness 
is found to be in a range of 0.5 to 0.7 with the highest value 
corresponds to 2.6 NTU number. From the figure, it can be 
seen that the NTU-effectiveness increases with increasing 
NTU (Navarro and Cabezas-Gómez, 2007). 
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Fig. 3. Transferred heat versus air temperature of hot exhaust stream (The) for three different air velocities 

 

 
 

Fig. 4. Effectiveness of the heat exchanger in terms of temperature effectiveness and NTU-effectiveness 

 

 
 

Fig. 5. Calculated data of temperature effectiveness versus air velocity for eight different cases 
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Fig. 6. NTU-effectiveness of the heat exchanger versus NTU number 

 

 
 (a) 

 

 
 (b) 
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 (c) 

 
Fig. 7. Effectiveness of heat exchanger at air velocity of (a) 1.0 m/s (b) 2.0 m/s and (c) 3.0 m/s 

 

The effectiveness of the heat exchanger versus air 

temperature of exhaust stream (The), calculated at three 

different air velocities V1 = 1.0 m/s (a), V2 = 2.0 m/s (b) 

and V3 = 3.0 m/s (c) is shown in Fig. 7, with Thi at 33°C 

and temperature difference (∆T) at 6°C. From the 

figures, with The ranges from 20 to 28°C, it can be seen 

that the effectiveness reduces with increasing air 

temperature of exhaust stream. In the three cases of air 

velocity, the highest value of effectiveness is calculated 

at 20°C and the lowest is calculated at 28°C. 

Conclusion 

This paper presents a detailed heat and effectiveness 

analysis for a cross-flow heat exchanger for potential 

energy recovery application in hot-humid climate. It is 

found that for the present cross-flow arrangement, as the 

air velocity increases, the effectiveness decreases and 

transferred heat increases. Besides, the effectiveness and 

transferred heat values reduce with increasing air 

temperature of exhaust stream. The calculated 

temperature effectiveness is in good agreement with the 

results obtained using NTU-effectiveness method.  
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Nomenclature 

A Surface area, m
2 

cp Specific heat, J/kg.°C 

h Convective heat transfer coefficient, W/m
2
. °C 

d Channel height, m 

k Thermal conductivity, W/m. °C 

m Mass airflow rate, kg/s 

n Number of channel 

Nu Nusselt number 

Re Reynolds number 

Pr Prandlt number 

u Air velocity in the channel, m/s 

Q Heat transfer rate, W 

T Temperature, °C 

x,y,z Coordinates, m 

lx,ly, lz Channel length, m  

ν Kinematics viscosity, m
2
/s 

α Thermal diffusivity, m
2
/s 

NTU Number of Transfer Unit 

U Overall heat transfer, W/m
2
. °C 

Hc Heat capacity ratio 

δ Membrane thickness, m 

ε Effectiveness 

Subscripts 
a Air 

s Surface 

i Intake 

e Exhaust 

h Hot stream 

c Cold stream 

max Maximum 

min Minimum 


