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Abstract
Previous research assumed the same baffle size across a heat exchanger with two baffles although the flow characteristics 
change along the channel. This present work suggests a novel design of using nonidentical baffle lengths along the channel 
because the best baffle length is not the same for both baffles. The main objective of this suggested design is to enhance the 
thermal enhancement factor (TEF) of a regular heat exchanger with baffles. After studying 16 cases of different baffle sizes 
using a two-dimensional channel in ANSYS Fluent software, it is found that the baffles with the same length do not always 
achieve the best TEF. When the second baffle is half the length of the first baffle, TEF increases by 3%, and the upper wall 
friction factor decreases by about 50%. In addition, it is found that the average Nusselt number of the upper wall is sensitive 
to the length of both baffles. From these results, the assumption that the baffles inside the channel should not be identical 
in length is authentic.
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Abbreviations
TEF	� Thermal enhancement factor
TKE	� Turbulence kinetic energy

List of symbols
Cp	� Specific heat (J kg−1 K−1)
Cf	� Skin friction coefficient
Dh	� Hydraulic diameter (m)
f	� Friction factor
H	� Heat exchanger height (m)
h	� Heat transfer coefficient (W m−2 K−1)
k	� Turbulent kinetic energy
k
f
	� Fluid thermal conductivity (W m−1 K−1)

L	� Heat exchanger length (m)
Nu	� Nusselt number
P	� Static pressure ( Pa)
Pd	� Dynamic pressure ( Pa)
Pr	� Prandtl number

Re	� Reynolds number
T	� Temperature (K)
u	� Fluid velocity in x-direction (m s−1)
v	� Fluid velocity in y-direction (m s−1)
W	� Heat exchanger width (m)

Greek symbols
�	� Turbulent rate of dissipation
�
l
	� Dynamic viscosity (N s m−2)

�
t
	� Turbulent viscosity (N s m−2)

�	� Density (kg m−3)

Introduction and background

Heat exchangers are widely used to transfer heat between 
two fluids. They come in different types and sizes based on 
the required function. The heat transfer rate can be enhanced 
by different ways such as using various designs [1], adding 
fins or baffles [2, 3], using specific flow arrangement [4, 5], 
or using nanofluids [6–8]. The heat exchanger is designed 
so the fluid has turbulent flow to increase the heat transfer 
rate between the two fluids. One way to generate turbulence 
is by adding baffles at different locations though the channel 
which disturb the direction of the flow and create recirculat-
ing flows and boundary layer separation. There are numerous 
applications that could benefit from using heat exchanger 
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with baffles such as solar air heater, shell–tube heat exchang-
ers, and electronic devices coolers. However, enhancing 
the heat transfer rate by generating turbulence with baffles 
comes at the expense of increasing the pressure drop, which 
means increasing the pumping power requirement.

There have been many studies that, experimentally and 
numerically, examined the effect of different various char-
acteristics of the baffles such as their length, shape, depth, 
inclination, material, and distance [9]. The pressure drop, the 
heat transfer rate, the temperature change, and the velocity 
profile are some of the properties that are under examined 
when the baffle characteristics are changed in those studies.

One way to examine the enhancement in the heat trans-
fer rate with utilizing baffles is by using different shapes of 
baffles. Brahimi et al. [10] studied the 2D velocity, pres-
sure, and temperature fields at different shapes of baffles 
(square, trapezoidal, and three types of triangular shapes) 
using ANSYS software. Cao et al. [11] presented a sextant 
helical baffle to overcome the leakage in the regular helical 
baffles. Their suggested model was studied experimentally, 
and a numerical model was used for detailed scrutiny in 
terms of the heat transfer coefficient, pressure drop, and fric-
tion factor. They found that the sextant helical baffle has 
better performance in terms of the heat transfer coefficient 
and pressure drop. Another baffle shape was introduced by 
Skullong et al. [12] to study the heat transfer rate and the 
friction factor inside a squared duct. The baffle has a horse-
shoe shape which was examined at three baffle pitches and 
five baffle heights at various values of Reynolds number. 
Promvonge et al. [13] investigated a flapped V-shaped baf-
fle inside a solar receiver channel at four flap angles, three 
baffle pitches, and one baffle height and length. The flapped 
V-shaped was found to achieve 2.5 times the thermal per-
formance. The Nusselt number and the friction factor were 
the main parameters in this study. Another baffle shape is a 
diamond shape which was studied by Saha [14] and com-
pared with regular rectangular baffle in terms of the veloc-
ity profile, friction factor, and Nusselt number. Additional 
extensive study by Menni et al. [15] examined V-shaped 
baffles at various attack angles, lengths, and distances at dif-
ferent Reynolds number values. The results showed that the 
thermal enhancement factor has an optimum value at attack 
angle of 40° at highest flow rate and fin length of 0.08 m. 
Also, the heat transfer rate increased with increasing the dis-
tance between the baffles but with an increase in the friction 
factor. Increasing the baffle length or reducing the distance 
between them showed a growth of the recirculation of fluid. 
T-shaped baffles were investigated by Medjahed et al. [16] 
at different Reynolds numbers. The thermal transfer rate 
was enhanced at high flow rate due to the increase in the 
fluid recirculation and the negative turbulence kinetic energy 
around the baffles. The authors claimed that the suggested 

model improved the thermal enhancement factor by 2–26% 
compared to other shapes of baffles in the literature.

The size and tilt of the baffles have been other ways to 
examine the enhancement in the heat transfer rate with 
minimizing the drop in fluid pressure. Mohammadi et al. 
[17] evaluated the performance of a single-pass solar air 
heater at different sizes of the fins and baffles in a steady-
state case. Although the fins and baffles enhanced the effi-
ciency and outlet air temperature, higher size of fins and 
baffles could reduce the efficiency of the system due to the 
increase in the required pumping power. The authors found 
that the optimum number of fins and baffles is case-specific 
depending on the constant mass flow rate. Also, the baffle 
width was found to be significant at high value of Reynolds 
number (turbulent flow). Kumar et al. [18] also evaluated 
the performance of a triangular duct solar air heater with 
rectangular ribs using ANSYS Fluent software. The fric-
tion factor, Nusselt number, roughness height, and rough-
ness pitch were examined under various values of Reynolds 
number and rib aspect ratio, and optimum thermohydraulic 
performance was obtained. El-Said et al. [19] conducted an 
experiment to test four kinds of baffle configurations (con-
ventional single segmental baffle, staggered single segmental 
baffle, flower segmental baffle, and hybrid segmental baffle). 
The results showed that the last four configurations enhanced 
the heat transfer rate. Although the hybrid segmental baffle 
has the highest heat transfer rate, it resulted in the high-
est flow resistance. Marzouk et al. [20] studied those same 
four kinds of baffle configurations (in El-Said et al. [19]) in 
addition to circular ring baffle and circular ring baffles with 
holes. At various values of Reynolds number, the heat trans-
fer rate, pressure drop, and effectiveness were examined. 
They found out that different baffle configurations have a sig-
nificant impact on the pressure drop and heat transfer coef-
ficient. El Habet et al. [21] examined the effect of the tilting 
angle of staggered baffles on the heat transfer parameters in 
a rectangular channel at a range of Reynolds number. It was 
found that the small tilt angle has the highest heat transfer 
enhancement and lowest friction factor, while the large tilt 
angle has the lowest heat transfer enhancement and largest 
friction factor. Also, stronger recirculation and reattachment 
flow was obtained at low tilting angles and low perforation 
ratios. The optimum thermal enhancement factor was found 
at the largest tilt angles and minimum perforation ratio at 
specific Reynolds number. Rebhi et al. [22] investigated the 
effect of staggered rectangular baffles with square fins in 
between at various shapes, fixations, and arrangements using 
k-ε turbulence model. The authors described only the tem-
perature, velocity, and pressure fields. The baffle in the head 
of heat exchanger was examined by Kitayama et al. [23] to 
optimize the diameter of holes in the baffles. The objective 
functions that must be minimized were the pressure drop 
and the flow nonuniformity. The optimized result showed 
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that the pressure drop and the flow nonuniformity have been 
minimized as well as the large vortex size.

Another technique to enhance the heat transfer rate by 
using baffles with minimum pressure drop is the use of metal 
foam in baffles instead of solid baffles. Fadhala et al. [24] 
used a copper foam baffles with a gradient pore density to 
override the low heat transfer efficiency of regular metal 
foam baffles. The study investigated the impact of different 
values of copper foam pores per inch on the thermohydraulic 
performance of the system. Aluminum metallic foam baf-
fle was experimentally studied by Hamadouche et al. [25] 
in a rectangular channel with different baffle height ratios, 
metal foam grades, and air velocity values. The authors 
compared the suggested baffles with the regular solid alu-
minum baffles. An optimum value for the baffle height and 
metal foam grade was found that achieve the heat transfer 
rate and pressure drop at the design point. Chen et al. [26] 
overviewed the use of metal foam baffle in a shell and tube 
heat exchanger used in waste heat recovery system. The 3D 
numerical model presented the temperature, velocity, and 
pressure fields of three types of heat exchangers at various 
baffle sizes and gas flow rates. The results showed that the 
suggested baffles enhanced the thermal performance of the 
system. Graphite foam baffles at various arrangements were 
experimentally and numerically studied by Leong et al. [27]. 
The study showed that although the solid baffle achieved 
the highest heat transfer rate with high-pressure drop, the 
graphite foam baffles could result in acceptable heat transfer 
rate at relatively mild pressure drop.

The use of nanofluid to enhance heat transfer has been 
also examined in recent years. Gholami et al. [28] explored 
the laminar and forced flow, as well as heat transfer char-
acteristics of oil/multi-walled carbon nanotubes nanofluid 
within a two-dimensional rectangular microchannel. The 
investigation focused on the impact of different rib shapes 
on the behavior and heat transfer of nanofluid flow. The find-
ings revealed that the parabolic rib demonstrates the optimal 
balance between friction factor augmentation and Nusselt 
number enhancement. Khodabandeh et al. [29] explored 
the laminar flow of water nanofluid containing GNP–SDBS 
nanoparticles in a microchannel with various shapes of ribs. 
The study highlighted that this microchannel design pro-
motes uniform temperature distribution, and that increas-
ing Reynolds number and solid nanoparticles mass fraction 

leads to higher Nusselt numbers and reduced heat resistance 
on the lower microchannel wall. Varzaneh et al. [30] exam-
ined the hydrodynamics and heat transfer characteristics of 
water/alumina nanofluids in a straight microtube heat sink. 
The study revealed that an increase in spiral pitch enhances 
thermal performance by an average of 19.8%. Zhong et al. 
[31] studied water–Fe3O4 nanofluid within a porous ribbed 
microchannel heat sink. A direct correlation between poros-
ity percentage, Re and Ha, and the enhancement of the heat 
transfer coefficient is found in all cases. The study high-
lighted that the two-phase model yields a higher heat transfer 
coefficient.

As shown in the previous overview, there are broad stud-
ies differ in terms of the heat exchanger application and baf-
fle parameters such as length, shape, inclination, material, 
and distance. However, the foregoing research that studied 
the baffles size assumed the same baffle size across the chan-
nel although the flow characteristics (velocity, pressure, and 
temperature) change along the channel. Therefore, this pre-
sent work suggests using nonidentical baffle lengths across 
the channel, which, up to authors knowledge, has not been 
studied in the literature. The objective of changing the length 
of the baffle is that the fluid characteristics passing the first 
and second baffles are not identical, so the best baffle length 
of the first baffle should not be the same best length of the 
second baffle where the fluid has different characteristics 
adjacent it. This has been done numerically using ANSYS 
Fluent 19.2 software. The numerical model has been vali-
dated with the well-known experiment and validated model; 
Demartini et al. [32]. The flow circulation, dynamic pres-
sure, and temperature fields have been presented to overview 
and discuss the effect of various lengths of the baffles.

Methodology

This work studies the flow inside a two-dimensional channel 
that has two rectangular baffles (one at the top surface and 
the other at the bottom surface) as shown in Fig. 1. Assum-
ing an incompressible fluid at steady state in a two-dimen-
sional field, the numerical model can be solved using the 
continuity equation and conservation of momentum equa-
tion. The conservation of mass equation for incompressible 
flow can be written as follows:

Fig. 1   Two-dimensional chan-
nel with two rectangular baffles
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where ρ is the density (kg m−3), u is the fluid velocity in 
x-direction (m s−1), and v is the fluid velocity in y-direction 
(m s−1). The conservation of momentum in x-direction and 
y-direction is given by [16]:

respectively, where P is the static pressure ( Pa ), �l is the 
molecular viscosity ( Pas ), and �t is the turbulent viscosity 
( Pas ). The turbulence is modeled using the k-� model [15, 
16, 33], where the turbulent kinetic energy ( k ) equation and 
the turbulent kinetic energy ( � ) equation can be given as 
[16]:

respectively, where �t = �cμk
2∕� ; cμ = 0.09 ; �k = 1.00 ; 

�k = 1.3 ; G1ε = 1.44; and G2ε = 1.92.
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where Cp is specific heat (J kg−1 K−1), V is the velocity vec-
tor (m s−1), kf is the fluid thermal conductivity (W m−1 K−1), 
and T is temperature (K).

The hydraulic diameter ( Dh ) and the Reynolds number 
( Re ) are calculated using the following equations, respec-
tively [16]:

The local Nusselt number ( Nux ), the average Nusselt num-
ber ( Nu ), and the Dittus–Boelter equation for turbulent flow 
( Nu0 ) are calculated using the following equations [16]:

respectively, where L is the heat exchanger length.
The local skin friction coefficient (Cf), average friction 

coefficient (f), and the Petukhov friction factor correlation ( f0 ) 
are calculated using the following formula [16]:

(6)�CpV ⋅ ∇T = kf∇
2T

(7)Dh =
2HW

(H +W)

(8)Re =
�UinDh

�

(9)Nux =
h(x)Dh

kf

(10)Nu =

1

L ∫ Nu
x
�x

(11)Nu0 = 0.023(Re)0.8(Pr)0.4

Table 1   Sensitivity of number 
of elements

# of elements Average 
Nu (bottom 
wall)

4000 283
8000 288
16,000 312
32,000 324
64,000 334
128,000 337
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Fig. 2   Validation with experiment and numerical model of Demartini 
et al. [32]
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respectively, where �w is the wall shear stress, and ΔP is 
the pressure drop. Finally, the thermal enhancement factor 
(TEF) is calculated as [16]:

The boundary conditions of the model at the inlet 
(assuming the velocity profile at the channel inlet to be 
uniform), outlet, walls, and baffles can be shown as the 
following [32, 34]:

For the inlet section: u = Uin = 4.12ms−1 ; v = 0 ; 
kin = 0.005U2

in
 ; �in = 0.1k2

in
 , Tin = 300K .

For the outlet section: �u
�x

= 0 ; �v
�x

= 0 ; �k
�x

= 0 ; ��
�x

= 0 ; 
P = Patm.

At the walls (top and bottom walls): u = 0 ; v = 0 ; 
Twall = 375K .

(12)cf =
2�w

�U2
in

(13)f =
2(ΔP∕L)Dh

�U2
in

(14)f0 = (0.79 lnRe − 1.64)−2

(15)TEF =
Nu∕Nu0
(

f∕f0
)1∕3

For the baffles: The baffles are assumed adiabatic, 
and their material is aluminum. The channel walls and 
baffles were given non-slip and impermeable boundary 
conditions.

Table 2   Dimensions/in mm of 
the baffles in the 16 cases

Case # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Baffle 1 20 40 60 80 20 40 60 80 20 40 60 80 20 40 60 80
Baffle 2 80 80 80 80 60 60 60 60 40 40 40 40 20 20 20 20
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Several sensitivity tests were conducted to identify the 
optimal number of elements that would yield accurate 
results within a shorter computational timeframe. The 
average Nusselt number on the bottom wall was chosen as 
the parameter for the sensitivity analysis. Consequently, 
the examination was executed across six distinct element 
counts, as outlined in Table 1. The sensitivity outcomes 
indicate that the Nusselt number's increase stabilizes nota-
bly after reaching 64,000 elements. As a result, the utiliza-
tion of 64,000 elements is deemed suitable for subsequent 
numerical computations. In terms of solution convergence, 
the normalized residuals were constrained at 10−5 for the 
continuity and momentum equations, as well as for the 
variables k and ε, while the energy equation maintained a 
stricter limit of 10−9. Also, for solution methods, the pres-
sure–velocity coupling scheme is SIMPLE, the second-
order method is applied for pressure, and the second-order 
upwind method is applied across all other problem com-
ponents, encompassing momentum, k and ε, and energy.

The proposed model has been validated with a well-
known experiment and validated model in Demartini et al. 
[32], where more detail of the experiment and the model 
can be found. The comparison between the present model 
and the experiment is shown in Fig. 2 for the axial veloc-
ity at x = 0.525 m and Re = 87,300, which shows a good 
agreement between the results.

Results and discussion

There are many parameters in the heat exchanger that can 
be studied including Nusselt number, friction factor, tem-
perature, pressure drop, velocity, etc. In addition, in terms 

of studying the effect of nonidentical baffle lengths, there 
are combinations of the baffle length. Therefore, this sec-
tion will be divided into studying 16 cases of different baf-
fle sizes, then four specific cases are chosen from those 16 
cases for further analysis. The detail of those cases is shown 
in Table 2. Reynolds number in all cases is constant and 
equals to 47,000.

Examining the average Nusselt number of upper and 
lower wall of the 16 cases, which is shown in Fig. 3, pre-
sents that the difference between the average Nusselt number 
of the upper and lower walls is greater when the second 
baffle is long. Case number 16 is the only case where the 
average Nusselt number of the upper wall is less than the 
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average Nusselt number of the lower wall. The average Nus-
selt number of the upper wall increases almost linearly with 
the increase length of the first baffle when the second baffle 
length is constant. The average Nusselt number of the upper 
wall also increases almost linearly with the increase length 

of the second baffle when the first baffle length is constant. 
However, for the lower wall, the average Nusselt number 
of the lower wall only increases with the increase in the 
first baffle length while the second baffle length is constant, 
but it almost does not change when the second baffle length 
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increases while the first baffle length is constant. In short, 
the average Nusselt number of the upper wall is sensitive to 
the length of both baffles, while the average Nusselt number 
of the lower wall is only sensitive to the length of the first 
baffle. Another interesting point here is that the four cases 
where the baffles have the same length (cases number 4, 7, 
10, and 13) do not always have the highest value of Nusselt 
number. The highest value of Nusselt number in the upper 
wall is achieved when both baffles are the longest (cases 3, 4, 
and 8), and the highest value of Nusselt number in the lower 
wall is achieved when the first baffle is the longest (cases 
4, 8, 12, and 16). From this result, the assumption that the 
baffles inside the channel should not be identical is valid, at 
least for the effect on the Nusselt number.

When examining the average friction factor for the two 
walls in the 16 cases as shown in Fig. 4, the same pattern 
from the average Nusselt number is shown. In other words, 
the average friction factor of the upper wall increases with 
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the increase length of a baffle when the other baffle length 
is constant. And the average friction factor of the lower wall 
only increases with the increase in the first baffle length 
while the second baffle length is constant, but it almost does 
not change when the second baffle length increases while the 
first baffle length is constant. Therefore, the identical baffles 
in length do not always achieve the lowest friction factor.

To choose the optimum case that achieves that best result 
of the heat exchanger, thermal enhancement factor, or TEF, 
is used here since it combines the result of both Nusselt 
number and friction factor. Figure 5 depicts that the best 
cases are when the first baffle is the longest (cases num-
ber 12, 16, 8, and 4). Overall, the TEF increases with the 
increase in the first baffle length regardless of the length 
of the second baffle. The best case among the 16 cases is 
case number 12, where the second baffle is half the length 
of the first baffle (40 and 80 mm, respectively). This case is 
3% better than the case number 4, where both baffle lengths 
are equal to 80 mm. Hence, the assumption that the baffles 
inside the channel should not be identical in length is valid.

To further analyze the results, four cases have been cho-
sen: the best case (case number 12), the worst case (case 
number 13), and two random cases (cases number 4 and 5). 
Figures 6–8 present the axial velocity for these four cases at 
three locations: after the first baffle at x = 0.315 m, before the 
second baffle at x = 0.355 m, and at the end of the channel at 
x = 0.525 m, respectively.

For case number 13 (the worst case), the axial velocity in 
the three locations is barely affected by the baffles because 
both baffles are relatively short, so the axial velocity did not 
augment compared to the other cases. This is shown clearly 
in Figs. 9d and 10d where the x- and y-velocity slightly 
change. For case number 12 (the best case), the axial veloc-
ity reaches high value (over 10 m s−1) just after the first baf-
fle, before it drops to around 8 m s−1 at the end of the chan-
nel because the second baffle is shorter than the first channel. 
However, when the second channel length stays the same 
(case number 4), the axial speed further increases to reach 
18 m s−1 at the end of the channel. This can be visualized 

in Fig. 9a and c where less fluid circulation (negative axial 
velocity) is shown after the second baffle in case number 12. 
This difference is one that emphasizes the nonidentical baffle 
length as proven earlier when the TEF was compared. For 
case number 5, the axial velocity reaches around 7.8 m s−1 
at maximum at the end of the channel. The first baffle is rela-
tively short to affect the behavior of the fluid, and Figs. 9b 
and 10b show that most of the changes in x- and y-velocity 
occurs around the second baffle.

Figures 11–13 present the temperature for the four cases 
at the same three locations. The highest increase in tem-
perature of the fluid at the first location (after the first baffle) 
occurs for the cases with first baffle is 80 mm (cases number 
4 and 12). This is because the long first baffle creates more 
turbulence and recirculation fluid as shown in Figs. 9a–d 
and 10a–d. The case number 5 has higher temperature at 
the bottom surface after the first baffle because the second 
baffle creates higher negative axial velocity between the two 
baffles. In general, the case number 12 (the best case) has 
the highest increase in temperature of the fluid at the three 
locations.

The friction factor for the four cases along the upper and 
lower walls is shown in Fig. 14. The case number 13 (the 
worst case) has the lowest friction factor at the upper and 
lower walls. The relatively long first baffle for the cases num-
ber 4 and 12 generates higher friction factor at the upper and 
lower walls around the first baffle. Around the second baffle, 
the friction factor extremely increases at the upper wall in 
case number 4 because the second baffle length stays the 
same. On the other hand, the decrease in the second baffle 
length in case number 12 insignificantly increases the fric-
tion factor at the upper wall. In general, the cases with longer 
baffles have higher friction factors as expected.

The dynamic pressure inside the channel is shown in 
Fig. 15 for the four cases. The first baffle barely changes 
the dynamic pressure in cases number 5 and 13 because 
its length is relatively small. Only when the second baffle 
length is increased in case number 5, the dynamic pressure 
rises after the second baffle at the top part of the channel. 
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The dynamic pressure in significantly increases from the first 
baffle at cases number 4 and 12, where the baffle lengths are 
relatively high. Around the second baffle, enormous increase 
in the dynamic pressure around the upper wall in case num-
ber 4 because the second baffle length stays the same.

The same behavior can be seen for the turbulence kinetic 
energy (TKE) in Fig. 16. While small TKE is small for the 
cases number 5 and 13, it is significant in cases number 
4 and 12 due to the longer baffles. When the second baf-
fle stays the same in case number 4, the TKE extremely 
increases around the second baffle compared to case number 
12, where the second baffle length is shorter than the first 
baffle.

Conclusions

While the foregoing research that studied the baffles size 
assumed the same baffle size across the channel although 
the flow characteristics (velocity, pressure, and temperature) 
change along the channel, this present work suggested using 
nonidentical baffle lengths across the channel. The best baf-
fle length of the first baffle may not be the same best length 
of the second baffle where the fluid has different character-
istics adjacent it. This has been done numerically using a 
two-dimensional channel in ANSYS Fluent software. After 
studying 16 cases of different baffle sizes with Reynolds 
number in all cases is constant and equals to 47,000, the 
main outcomes are:

1.	 The baffles that have the same length do not always have 
the highest Nusselt number or the lowest friction factor.

2.	 The average Nusselt number of the upper wall is sen-
sitive to the length of both baffles, while the average 
Nusselt number of the lower wall is only sensitive to the 
length of the first baffle.

3.	 The best case in the thermal enhancement factor is case 
number 12, where the second baffle is half the length of 
the first baffle, and the first baffle length is almost equal 
to half of the channel height.

4.	 At the upper wall around the second baffle, the friction 
factor extremely increases when the second baffle length 
stays the same; however, the decrease in the second baf-
fle length insignificantly increases the friction factor and 
the axial velocity.

From this result, the assumption that the baffles inside the 
channel should not be identical in length is valid. Further 
studies are needed to consider other factors such as Reynolds 
number, the dimensions of the channel, and baffle’s shape, 
direction, and material.
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