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 Mixed convection within a ventilated square cavity with a baffle at the bottom wall and 

heating elements at the side walls has been analyzed. The inlet opening has been set at the 

bottom of the left wall, while the exit opening is put at the bottom of the right wall. 

Considering air (Pr = 0.71), dimensionless and steady form of mass, momentum and energy 

equations are solved by implementing proper boundary conditions with the help of the 

Galerkin method-based finite element scheme. Maintaining pure mixed convection (Ri = 1), 

baffle length is changed from 0 to 0.95L, and heater location is varied from 0.1L to 0.7L across 

Re = 10 to 1000. Qualitative changes of the domain are observed with the help of streamlining 

and isothermal plots. For quantitative comparison, average temperature, Nusselt number, 

pressure drop and performance index have been considered. The counteracting effects of the 

increase in Nusselt number and pressure drop are accounted for together with the help of the 

performance index, which yielded the most economical and optimum baffle height and heater 

location. The final evaluation shows that the optimum length of the baffle and the position of 

the heaters can perform most effectively in the range of Re = 20 – 400. 
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1. Introduction 

Over the years, various technologies have 
developed to produce a significant amount of 
heat during operations. This heat is to be 
removed from the equipment in an efficient 
manner so that the equipment can run in its 
desired range. Heat transfer by the help of 
convection is a long-used heat removal 
procedure in various engineering applications, 
e.g., solar energy collectors, heat exchangers, 
nuclear reactor cooling, electronic package 
cooling etc. Special attention is being paid to the 

cooling of electric circuits and chips. With the 
diminishing size of electronic equipment and 
chips, much heat is being generated per area. To 
efficiently remove this heat, many techniques are 
being devised through research works. In the 
convection process, heat is taken away from the 
material with the help of bulk fluid advection and 
molecular diffusion process. In the case of natural 
convection, flow is governed by buoyancy force, 
which is created due to a change in the density of 
the material due to heating. For forced 
convection, flow is predominantly governed by 
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the flow inertia. Fluid gets powered by an 
external fan or blower [1]. For mixed convection, 
flow is a compromise between buoyancy force 
and flow inertia. Both of these forces equally 
dominate the convection process. 

Natural convection in rectangular, triangular 
and trapezoidal cavities has long been studied [2-
10] to improvise the heat transfer by this low-
cost process. However, this process is of no avail 
when a significant amount of heat transfer is 
required. In such cases, use of mixed or forced 
convection is a good choice (e.g., cooling of 
electronic packages, chip cooling, ventilation, 
reactor vessel cooling, air conditioning etc.). 
Mixed convection has gained a lot of attention 
due to its significant improvement over natural 
convection in terms of heat transfer and 
comparatively lower cost in comparison to forced 
convection. 

Raji and Hasnaoui [11] performed a numerical 
investigation to analyze the optimum inlet and 
exit configuration over a range of Rayleigh 
numbers (103 to 5×106) for a rectangular cavity. 
It was opined that the bottom inlet and top exit 
configuration works well whenever the heater 
wall is side-mounted. In the case of cavity with 
the vertical entry (at top or bottom), vertical exit 
(at bottom or top) and a side-mounted 
isothermal heater, heat transfer was found to be 
increasing in the case of aiding flow, while a 
decrease was found in the case of opposing flow 
[12]. In a combined experimental and numerical 
study for arc-shaped cavity with a top lid moving 
in the horizontal direction, Chen and Cheng [13] 
found that the local Nusselt number across the lid 
increases with the increased value of the Grashof 
number. For Gr ≥ 106, the local Nusselt number is 
significantly improved due to the buoyancy 
effect. However, at the transition regime between 
laminar and turbulent flow, the setup faces a 
severe reduction in heat transfer accompanied by 
a steep change in flow pattern. Saha et al. [14] 
numerically found the optimum inlet and exit 
configuration for a rectangular enclosure with 
side mounted isoflux wall at Re = 100 and across 
the range Ra = 0 to 10. Heat transfer through air 
in a vented cavity was found to be affected by the 
aspect ratio of the cavity and the placement of the 
heater [15]. Rahman et al. [16] analyzed mixed 
convection in an open channel along with the 
application of a magnetic field (Hartmann 
number 0 to 20). The increased effect of the 
magnetic field reduced the size of the vortex 
generated due to the buoyancy effect, and it also 
affected thermal boundary layer development. It 
also reduced the average value of the Nusselt 
number. Through an experimental study on a 
multi-vented enclosure having three flush -
mounted heaters at the bottom, Ajmera and 
Mathur [17] concluded that the element with the 

highest heat flux should be placed near the entry 
of the cavity in cases of high Reynolds number 
operation at all Grashof numbers. For a 
simulation of nanofluid undergoing mixed 
convection in a square cavity, Garoosi et al. [18] 
obtained that at low Rayleigh numbers and 
higher values of Richardson numbers, single 
phase models can be implemented to study such 
heat transfer behavior. Through a rigorous 
numerical analysis for mixed convection by the 
Lattice Boltzmann method, Burgos et al. [19] 
found that at Ri = 1 and at higher values of 
Reynolds number (> 200), the flow was stratified 
within an open-top cavity. With the increase in 
the Richardson number, the flow became 
unsteady and unstable. Mehryan et al. [20] 
numerically demonstrated that, for mixed 
convection within a square cavity having a heated 
oscillating cylinder, the heat transfer rate 
increased with increased frequency (1 – 48 Hz). 
However, an increase in amplitude does not 
always guarantee an increase in heat transfer. For 
mixed convection within a lid-driven square 
cavity with a porous heat source [21], an increase 
in heat transfer was observed in the range of Ri = 
0.1 to 1 since the flow regime near the source was 
greatly affected by the buoyancy force. However, 
a decrease in Nusselt number was observed for  
Ri = 1 to 10. Ruvo et al. [22] investigated the effect 
of inflow conditions for pure mixed convection 
(Ri = 1) in an open T-shaped cavity and found that 
uniform inflow conditions provided better heat 
transfer performance over the Poiseuille and 
Couette inflow conditions. 

The placement of baffles inside mixed 
convection flows is an interesting concept for 
enhancing heat transfer. Baffles usually hinder 
the flow within the cavity or channel, causing the 
recirculation of fluid, and in the process, it can 
also direct fluid to any specific direction for 
enhancing the removal of heat from any heated 
source. Kotcioglu et al. [23] experimentally 
analyzed the effect of wing type vortex generator 
in a rectangular channel across Re = 3000 to 
30,000. Winglets were inclined at different angles 
ranging from 7° to 20°. These angles seemed to 
affect the rate of heat transfer. The use of porous 
baffles in rectangular channels provided a 300% 
increase in heat transfer but also caused an 
increase in pressure drop. Numerical 
explorations were done by Valencia and Sen [24] 
to find the best periodic vortex generator in a 
parallel channel. The placement of two square 
bars within the flow domain provided the best 
possible heat transfer at Re = 800. In an 
experimental investigation, Karwa et al. [25] 
found that porous baffles perform better in 
comparison to solid baffles with respect to 
friction factor and heat removal. Porous baffles 
showed an increase in heat transfer performance 
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ranging from 45 to 60.6% and an increase in 
friction factor by 2.3 to 3.0 times in comparison 
to the smooth duct without any baffles. For solid 
baffles, despite an increase in heat transfer 
performance by 73.7 to 82.7%, the friction factor 
increased significantly to up to 9.6 to 11.1 times. 
For a vertical mixed convective channel having a 
heat-generating element in the center, 
Radhakrishnan et al. [26] showed that the 
placement of a baffle at the midpoint of the 
bottom wall could give a maximum amount of 
heat transfer. This result was also recreated in an 
experiment to validate the simulation. Belmiloud 
and Chemloul [27] demonstrated that an even 
number of baffles provided good heat transfer 
opportunities whenever flow occurred through a 
rectangular channel having an isoflux bottom 
wall with a bottom entry and top exit 
configuration. On the other hand, in the case of 
bottom entry and bottom exit configuration, an 
odd number of baffles performed better in the 
range of 2 ≤ Ri ≤ 7. A numerical analysis by 
Sharma et al. [28] opined that the placement of a 
baffle within the flow path of a grooved 
rectangular channel improved heat exchange in 
case of both assisting and aiding flow. At Re = 200 
and Ri ≤ 1, the presence of baffles caused 25–
175% increase in heat transfer. Sahel et al. [29] 
showed low heat transfer zones can be avoided or 
removed to aid in increased heat transfer with 
the optimal use of perforated baffles in a 
rectangular channel. Belmiloud et al. [30] 
numerically analyzed the effect of baffle length in 
a vertical rectangular channel. An increase in 
Nusselt number was observed, with the increase 
in baffle length varying from 0.3 to 0.7 for a fixed 
Grashof number of 104 and a range of Reynolds 
number from 50 to 500. A thorough numerical 
analysis of a rectangular air-filled (Pr = 0.71) 
cavity having a centrally located baffle at 
different arrangements, performed by 
Gokulavani et al. [31], disclosed that the vertical 
orientation of the baffle yielded a high value of 
heat transfer. In this experiment, across Rayleigh 
numbers 103–106 and Reynolds numbers 10, 100 
and 500, it was also observed that bottom entry 
and bottom exit within the cavity provided 
maximum heat transfer within the open cavity for 
any orientation of the baffle. Alhussain [32] 
numerically studied the mixed convection in a 
multi-pored square cavity for varying baffle 
positions with discrete heating elements in the 
top and bottom walls. He observed that the heat 
transfer performance enhanced when the baffle 
was placed closer to the outlet pores for Ra, 

varying in the range of 105 to 106. Similarly, 
Rehman et al. [33] discussed the effect of 
different inner obstacle shapes on the mixed 
convection inside a square-vented enclosure and 
showed that triangular obstacles performed 
better over circular and rectangular ones. On the 
other hand, fluid-structure interaction in a lid-
driven square cavity was explored numerically 
by Mahmood et al. [34]. Their exploration 
revealed that the placement of elastic adiabatic 
fin inside the cavity helped in the formation of 
complete vortices in the flow domain, and along 
with this benefit, 73.8% enhanced heat transfer 
could be achieved for Re = 300 compared to  
Re = 100. 

The aforementioned literature review 
suggests that a considerable effort has already 
been put forward by researchers for increasing 
heat transfer in mixed convection. However, none 
of the studies considered the combined effect of 
variable position and height of the baffle in the 
mixed convective heat transfer. Though many 
individuals separately analyzed the effect of the 
size and orientation of the baffle, no one included 
the economic consideration in their study. Thus, 
the current study tries to excel the research in a 
different aspect. This numerical analysis will be 
conducted keeping in mind the factors of thermal 
performance and pressure drop within the flow 
domain. A novel approach of combining these 
two factors in a mathematical term called 
‘performance index’ is implemented in the 
current geometry to find the most economical 
and optimum baffle height and heater location for 
a different operating ranges of the governing 
parameters. 

2. Physical Modelling 

The two-dimensional ventilated square cavity 
considered for the current analysis is shown in 
Fig. 1. Sides of the cavity are considered of length, 
L. Two isothermal heaters of length 0.2L are 
placed symmetrically at two side walls. Cold fluid 
(air, Pr = 0.71) enters through the inlet situated 
at the bottom of left wall and after removing heat 
from the heaters exits through the bottom of right 
wall. Both the inlet and exit have an equal height 
of 0.2L. The remaining portion of the walls of the 
enclosure is considered adiabatic. An adiabatic 
baffle (of height, H and width, 0.1L) is placed at 
the center point of the bottom wall in order to 
obstruct the flow of fluid and move it across the 
heaters. 
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Fig. 1. Geometry of the current study (color online) 

3. Mathematical Modelling 

The mathematical formulation for the current 
problem assumes a steady, laminar and 
incompressible flow. To account for the density 
variation, Boussinesq approximation is 
considered throughout the problem. Non-
dimensional form of the mass transfer, 
momentum transfer and energy flow equations 
are listed below: 
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where the mentioned equations use the reference 
values as follows:  

𝑃 =
𝑝

𝜌𝑢𝑖𝑛
2

, (𝑈, 𝑉) =
(𝑢, 𝑣)

𝑢𝑖𝑛

, 𝛩 =
𝑇 − 𝑇𝑐

𝑇ℎ − 𝑇𝑐

,. 
(5) 

In equation 5, U, V represents dimensionless 
velocity along X axis and Y axis respectively. P 
denotes non-dimensional pressure while Θ 
indicates non-dimensional temperature. 

Parameters governing the problem are 
Richardson number (Ri), Reynolds number (Re) 
and Prandtl number (Pr) [35]. Their expressions 
are mentioned below: 

𝑅𝑖 =
𝑔𝛽𝛥𝑇𝐿

𝑢𝑖𝑛
2 , 𝑅𝑒 =

𝑢𝑖𝑛𝐿

𝜐
, 𝑃𝑟 =

𝜐

𝛼
 

(6) 

In the above expression, υ represents 
kinematic viscosity,  denotes thermal diffusivity 
and β indicates coefficient of volume expansion. 

After solving the governing equations (1-4) 
the results are analyzed qualitatively and 
quantitatively. For quantitative scrutinization, 
following performance parameters are 
considered. 

Non-dimensional average temperature is 
used to visualize the overall temperature rise 
within the flow domain. 

𝛩𝑎𝑣𝑔 =
1

𝐴
∫𝛩𝑑𝐴

𝐴

 
(7) 

Heat transfer performance has been 
evaluated by using total average value of Nusselt 
number. It is found by summing the average of 
the Nusselt number across both isothermal 
heaters. 

𝑁𝑢 = 𝑁𝑢𝑎𝑣𝑔,𝑙𝑒𝑓𝑡 + 𝑁𝑢𝑎𝑣𝑔,𝑟𝑖𝑔ℎ𝑡  
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1
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𝜕𝑋
|

0.6𝐿

0.4𝐿 𝑟𝑖𝑔ℎ𝑡

𝑑𝑌) 

(8) 

Calculation of pressure drop is used to signify 
the effect of baffle on the power required to 
continue the motion of fluid through the cavity. 

 𝛥𝑝 = 𝑝𝑖𝑛 − 𝑝𝑜𝑢𝑡  (9) 

To simultaneously compare the combined 
effect of heat transfer enhancement and  the 
increase in pressure drop due to the introduction 
of the baffle, the performance index [36] is 
calculated for each case. 

𝜂 =
𝑁𝑢with baffle ∕ 𝑁𝑢without baffle

𝛥𝑝with baffle ∕ 𝛥𝑝without baffle

  (10) 

The non-dimensional form of the conditions 
set at the boundary for the ongoing study is given 
in Table 1. 

Table 1. Non-dimensional boundary conditions 

Boundary Ends Temperature Velocity  

Isothermal heaters ΘH = 1 U = 0, V = 0 

Inlet ΘC = 0 U = 1, V = 0 

Remaining surfaces ∂Θ/∂N = 0 U = 0, V = 0 

4. Numerical Method and Validation 

Governing equations stated in the previous 
section are solved by employing the Galerkin 
method based on a finite element scheme. 
‘COMSOL Multiphysics 6.1’ has been used to solve 
the governing equation.  In this procedure, the 
partial differential form of the governing 
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equations is first converted into ‘weak form’ 
which is an integral form of the previous 
equations. Then, after subdividing the working 
domain into multiple smaller elements, the weak 
form of equations is applied to each of these 
elements with the help of ‘basis’ functions. 
Following that, a system of equations for the 
entire domain is solved iteratively using the 
provided boundary conditions. The dependent 
variables (U, V, P and Θ) are considered to be 
solved when the relative error maintains a 
threshold of γi+1 - γi < 10-5, where γ indicates 
individual dependent variables and i denotes the 
number of iterations. Solutions are obtained at 
each nodal point, which, after being combined, 
gives a solution for the entire domain. 

 
(a) 

 
(b) 

Fig. 2. Segregation of the computational domain for: 
(a) system with no baffle; (b) system with a baffle of H=0.25L 

Fig. 2 shows the mesh systems considered in 
the current study. Triangular mesh elements are 
considered within the overall flow domain, while 
quadratic mesh elements are utilized at the 
boundary regions. Since unstructured triangular 
mesh causes higher numerical diffusion and the 

surface regimes are more anisotropic, quadratic 
meshing is preferable here. Alongside, element 
density is significantly increased at the boundary 
regions in order to improve the accuracy of the 
result. On the other hand, the extra diffusion of 
triangular meshing elements is utilized in the 
bulk flow domain to achieve faster convergence.  
A thorough grid independence test (Fig. 3) has 
been conducted to find out the most optimum 
number of elements for conducting the numerical 
study. The plot shows variations in the average 
value of the temperature of the fluid domain for 
different number of elements. In case of a system 
with no baffle, the result becomes almost 
constant after an element number of 17608, 
while for the representative case of a system with 
baffles (here H = 0.25L) the result stops showing 
any significant variation after an element number 
of 21610. Both of these cases utilize finer mesh 
elements within the main flow domain and 
extremely fine mesh elements at the boundary 
regions. 

 
(a) 

 
(b) 

Fig. 3. Grid independence test for (a) system with no baffle, 
(b) system with a baffle of H = 0.25L at Re = 100 and Ri = 1 
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Fig. 4. Quantitative validation of the present code with the 

study of Singh and Sharif [9] (color online) 

To find out the validity of the present code, it 
has been used to recreate the work of Singh and 
Sharif [9]. In that numerical study, convective 
flow in an open cavity was studied for different 
inlet and exit configurations. A quantitative plot 
of average fluid temperature (air) for a range of 
Richardson numbers is redrawn. The current 
code is used to regenerate the work Re = 100 and 
Re = 300 in configuration A (top inlet and top 
exit). It is seen that the current code can quite 
clearly predict the heat transfer behavior for the 
natural, mixed and forced convection regimes of 
heat transfer. This similarity indicates the 
accuracy of the current code. 

5. Results and Discussion  

For the current study, the effect of baffle 
height and location of the discrete heaters on the 
performance of mixed convective heat transfer 
has been numerically investigated for a wide 
range of Re (10 to 1000) and Gr (100 to 106) while 
maintaining the Ri constant at unity. The analysis 
is conducted by varying the baffle height from 0 

to 0.95L and locating the heaters from 0.1L to 
0.7L. For both of the cases, their impact on the 
thermal and hydraulic performance is observed. 
First of all, the streamlines and isotherms are 
plotted to qualitatively visualize the combined 
effect of the variation of baffle height, heater’s 
location and Reynolds number on the transfer 
behavior. Later, the combined effect is 
quantitatively examined using average 
temperature of the domain, average value of 
Nusselt number, drop in pressure and 
performance index. Finally, the optimum baffle 
height, heater’s location and flow condition are 
determined by interpreting the entire range of 
data. 

5.1. Analysis of The Flow Field  

First of all, to visualize the flow behavior of 
the system, streamlines are plotted, as depicted 
in Fig. 5, for different combinations of Re and H 
while keeping M = 0.5L. It is noted that the 
increase of baffle height reduces the recirculation 
of the working fluid but redirects toward a longer 
path from inlet to exit. The delayed and 
redirected flow becomes more inclined along the 
heat-generating elements and results in an 
enhanced heat transfer performance. On the 
other hand, when Re increases, both the mass 
flow rate and vortex formation increase in the 
flow domain. The prominent effect of increased 
mass transfer greatly enhances the heat transfer 
performance. Also, it can be noted that the 
streamlines get more inclined with the right wall 
as the Re increases. This phenomenon excels in 
the heat removal rate from the heating element 
placed on the right wall. In particular, for low 
Reynolds number (Re = 50) and no baffle (H = 0) 
condition, vortices are formed close to the 
heating elements and the flow gets separated into 
two parts, one taking away some heat in the exit 
and the other one getting recirculated.  

 Re = 50 Re = 100 Re = 1000 

H
 =

 0
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H
 =

 0
.2

5
L

 

   

H
 =

 0
.5

L
 

   

H
 =

 0
.7

5
L

 

   

H
 =

 0
.9

5
L

 

   

Fig. 5. Illustration of flow field for several combinations of Reynolds number and baffle height (color online) 

This behavior of the flow reduces the overall heat 
transfer performance along with the reduction in 
pressure drops for not using any baffle. To 
analyze the other side of the fence, another case 
can be considered with maximum baffle height  
(H = 0.95L) and highest Reynolds number  

(Re = 1000). The increased mass transfer rate due 
to high Re amplifies the heat transfer rate. 
Besides, the amplification is greater for the right-
walled element since the flow is more inclined 
with the right wall and slightly separated along 
the left wall.  
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 Re = 50 Re = 100 Re = 1000 
M

 =
 0

.1
L

 

   

M
 =

 0
.3

L
 

   

M
 =

 0
.5

L
 

   

M
 =

 0
.7

L
 

   

Fig. 6. Illustration of flow field for several combinations of Reynolds number and heaters location (color online) 

However, the overall economy of the heat 
transfer may be reduced due the pronounced 
pressure drops caused by the flow obstruction of 
the baffle. 

Similarly, the effect of heaters location at a 
fixed baffle height (H = 0.55L) on the streamlines 
is shown in Fig. 6. A close speculation confirms 
that a slight variation in the streamlines pattern 
occurs with the change of heaters location. 
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When heaters are placed at the closest vicinity 
of the inlet, bulk fluid takes the heat earlier, and 
the added buoyant force pushes the fluid stream 
with higher velocity in the upward direction. This 
ensures a more distributed flow over the heaters, 
and thus, it provides more efficient heat transfer 
performance. 

5.2. Analysis of The Thermal Field  

The isotherms are generated to visualize the 
temperature distribution in the flow domain, as 
shown in Fig. 7 and Fig. 8, for the same 
combinations considered in the velocity field. 
According to Fig. 7, as baffle height increases with 
a fixed heater location (M = 0.5L), the distribution 
of the cold inlet fluid becomes more uniform, and 
thus, the heat transfer rate increases. This 
occurrence can be confirmed by observing the 
increased density of the low-temperature 
isotherms for higher baffle height cases. 

Similarly, with the advantage of better 
distribution of the working fluid by higher baffle 
heights (> 0.25L), the increase in Reynolds 
number causes the increase in the number of low- 
temperature isotherms due to the augmentation 
of flow rate. However, an interesting 
phenomenon is observed when the Reynolds 
number is increased for lower baffle heights (< 
0.25L). For those cases, although the increase of 
Re can improve the heat transfer rate, the 
number of low-temperature isotherms does not 
increase to that extent. This is due to the lack of 
proper distribution of the flowing fluid.  

Later, the distribution of the isotherms is 
presented in Fig. 8 for a constant baffle height of 
0.55L by varying the heater’s location. The 
placement of the heater close to the inlet allows 
the bulk fluid taking the heat earlier and getting 
enough time to distribute it as much as possible. 
The isotherms plot also confirms the 
phenomenon for the entire range of Re. 
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Fig. 7. Illustration of flow field for several combinations of Reynolds number and baffle height (color online)

This proper distribution of heat for M = 0.7L 
ensures that the maximum portion of the 
mainstream flow is participating in the heat 

transfer process. For the same reason, the right 
heating element can also encounter a greater 
amount of heat transfer. 
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Fig. 8. Illustration of flow field for several combinations of Reynolds number and baffle height (color online)

5.3. Effect of the Variation of Baffle Height, 
Heater Location and Reynolds Number 

Initially, to compare the heat transfer 
performance and overall economy, the variation 
of average fluid temperature, average value of 
Nusselt number, drop in pressure, and 
performance index with the rise of baffle height 
are plotted in Fig. 9. In these cases, heater’s 
location remains constant at M = 0.5L. In Fig. 9(a), 
it is observed that the average temperature of the 
domain decreases with the increase of baffle 
height for the entire range of Reynolds numbers. 
Now, in comparison between different Reynolds 
numbers, the average temperature is found to be 
lower for the lower values of Re, mentioning that 
H is approximately lower than 0.25L. It might 
seem contradictory to the low heat transfer rate 
by the reduced values of Re. However, this can be 
explained by observing the thermal field that the 
uniform distribution of the working fluid makes 
the average temperature a bit lower while 
maintaining a poorer heat transfer rate. For baffle 
height larger than 0.25L, the mean temperature 
of the cavity gets reduced in case of increasing 

value of Reynolds number. This effect arises from 
the amalgamated effect of high flow rate and 
guided flow. In the case of heat transfer 
performance (Fig. 9(b)), the average value of the 
Nusselt number monotonously increases with 
the increase of the Reynolds number, whether the 
baffle height is lower or higher. When baffle 
height increases for a fixed Reynolds number, 
working fluid starts distributing along the heat-
generating elements. The guidance can also be 
confirmed by visualizing the flow field. This 
guided distribution of the flow is mainly 
responsible for the enhancement of heat transfer 
performance and the average Nusselt number. On 
the other hand, for certain baffle heights, such as 
H = 0.5L, the average Nusselt number does not 
exceed 20 for Re less than 100. However, for Re = 
1000, it reaches up to 54 despite the fact that the 
heaters temperature is unchanged. At higher 
Reynolds numbers, increased value of mass flow 
rate helps in reducing the bulk fluid temperature 
and increasing the temperature gradient. Since it 
is a direct function of the temperature gradient, 
the average Nusselt number can reach much 
higher values. 
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Fig. 9. Effect of the variation of H/L and Re in (a) average temperature of the domain; (b) average value of Nusselt number;  
(c) drop in pressure; (d) performance index (color online) 

The addition of a baffle causes hindrance to 
the flow, resulting in a significant increase in 
pressure drop, despite its efficient removal of 
heat from heaters. From Fig. 9(c), it is apparent 
that pressure drop increases with the increment 
of baffle height and Reynolds number. A higher 
Reynolds number indicates the increase in inlet 
velocity which leads to the rise in velocity 
gradient along the walls. Since wall shear stress is 
directly proportional to the velocity gradient, it 
causes an additional pressure drop in the system. 
To incorporate the magnification of heat transfer 
and pressure drop with the rise of H and Re, it is 
very crucial to conduct an economic analysis to 
find the most efficient geometrical and flow 
conditions. To do so, the performance index is 

evaluated for the entire range of the governing 
parameters and plotted in Fig. 9(d). It can be 
contemplated from the figure that the moderate 
values of H (~0.5) and Re (~100) are the most 
economic conditions, and these can increase the 
overall performance by approximately 35% 
compared to the no baffle condition. Another 
important phenomenon is observed that the 
performance index reaches a minimum value for 
H = 0.25L and Re = 1000. At this baffle height, 
mainstream flow is severely interfered with by 
the additionally formed vortices due to the 
adverse solid-fluid interaction. This interaction is 
responsible for a higher pressure drop than the 
increase in heat transfer. Thus, the performance 
index becomes lower in this configuration. 
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Fig. 10. Effect of the variation of M and Re in (a) average temperature of the domain; (b) average value of Nusselt number; 
 (c) drop in pressure; (d) performance index (color online)

Later, similar performance parameters are 
calculated by changing the location of the heaters 
while keeping the baffle height at 0.55L. In Fig. 
10(a), it is apparent that the average temperature 
gradually increases as the heaters are placed 
close to the inlet and outlet for the lower values 
of Re (50 and 100). This occurs because the 
majority of the mainstream flow participates in 
heat transfer and distributes the temperature. 
However, for Re = 1000, this distribution effect is 
predominated by the high heat transfer rate with 
the increased amount of mass flow rate, and thus, 
the average temperature starts decreasing for M 
> 0.2. However, the average Nusselt number 
increases monotonously, as shown in Fig. 10(b), 
since the heat transfer rate increases as the 
heaters come closer to the inlet and outlet for the 
entire range of Re. On the other hand, the 
pressure drop seems to be the function of Re only 
since the obstruction caused by the baffle is not 
changing. The effect is demonstrated in Fig. 10(c). 
The combined effect of pressure head loss and 
heat transfer performance is shown in Figure 

10(d). The figure insists that it is wise to place the 
heater close to the inlet and outlet (M = 0.7L) 
since it can provide 58.41% augmentation in heat 
transfer. Also, there is a moderate value of Re for 
which the system operates most economically. 

To evaluate the exact economic condition, a 
set of data is accumulated in Table 2 by taking the 
maximum performance index for each baffle 
height and its corresponding Reynolds number. It 
can be summarized that the optimum baffle 
height is 0.55L, and the optimum Reynolds 
number is 100, with an increase in performance 
by 35.75%. Moreover, a wide range of baffle 
height (0.4L to 0.8L) can perform better if the 
Reynolds number is maintained at 100. 
Subsequently, for this optimum baffle heights  
(H = 0.55L), another set of data is tabulated in 
Table 3 by changing the position of the heaters. It 
shows that for the same values of Re, a maximum 
amount of 58.41% enhancement of performance 
can be utilized if the heaters are placed next to the 
inlet and outlet vents. 



Mosharof et al. / Journal of Heat and Mass Transfer Research 11 (2024) 307 - 324 

320 

Table 2. Values of maximum performance index (ηmax) 
 for each baffle height 

H/L ηmax Corresponding Re 

0 1 - 

0.05 1.008306011 50 

0.1 1.028381781 50 

0.15 1.058723516 60 

0.2 1.097064261 70 

0.25 1.1501107 70 

0.3 1.20483673 80 

0.35 1.261733908 90 

0.4 1.309672264 100 

0.45 1.340697943 100 

0.5 1.356626444 100 

0.55 1.357528857 100 

0.6 1.342330773 100 

0.65 1.310135438 100 

0.7 1.248472374 100 

0.75 1.146329192 100 

0.8 0.975681577 100 

0.85 0.722305541 200 

0.9 0.409485862 200 

Table 3. Values of maximum performance index (ηmax)  
for different heater location at optimum baffle height 

M/L ηmax Corresponding Re 

0.1 0.738994838 80 

0.2 0.926673622 90 

0.3 1.101369111 100 

0.4 1.302929991 100 

0.5 1.357528857 100 

0.6 1.461288393 100 

0.7 1.584141035 100 

5.4. Performance of Optimum Baffle Height 
and Heaters location at Various Reynolds 
Number 

Finally, the overall performance of the 
optimum geometric condition is plotted in Fig 11. 
It is seen in Fig. 11(a) that the average 
temperature of the domain exponentially 
decreases with the increase of Re. The Nu also 
increases for the entire range of Re, as depicted in 
Fig. 11(b), with a note that the performance of the 
left wall does not increase much due to the 
formation of vortices and the separation of flow. 
However, the demonstration in Fig. 11(c) shows 
that the augmented pressure drop will be a 
limiting factor for the economic operation of the 
system. Lastly, the illustration of the performance 
index in Fig. 11(d) revealed that this optimum 
configuration can perform better than the no 
baffle condition if the Re lies between 20 to 400. 

  
(a) (b) 
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(c) (d) 

Fig. 11. Effect of the variation of Re in (a) average temperature of the domain; (b) average value of Nusselt number;  
(c) drop in pressure; (d) performance index for the optimum baffle height (H = 0.55L) and heaters location (M = 0.7L) (color online) 

6. Conclusion 

In this article, the most economic baffle 
height, heater’s location, and Reynolds number 
were evaluated for mixed convective discrete 
heating elements. After a thorough qualitative 
inspection, the optimum conditions have been 
selected based on different performance 
parameters, such as the average temperature of 
the domain, Nu, p and η. The overall output of 
the study can be summarized as: 

❖ The increase of baffle height and Reynolds 
number causes a gradual increase in both 
the heat transfer performance and the 
pressure drop. 

❖ Up to a critical baffle height, the average 
temperature of the domain increases with 
the rise of Re due to the improper 
distribution of the working fluid. 

❖ Additionally, the system performs better if 
the heaters can be set closest to the inlet 
and outlet vents. 

❖ The optimum baffle height and heater’s 
distance from the upper wall are 0.55L and 
0.7L, respectively, at Re = 100. It provides 
an increase in performance by 58.41%. 

❖ According to the performance indices, the 
optimum baffle height and heater’s 
location can provide economical heat 
transfer performance in the range of  
20 < Re < 400. 

This investigation is limited to a uniform 
laminar flow regime only. However, the findings 
of this numerical analysis can work as an intuitive 
ground in the extension of the study by 
considering turbulent flow regimes with 
different inlet profiles (e.g., Poiseuille, Couette), 

nanofluid, iso-flux heating elements, and so on. In 
addition to this, phase-change material can be 
utilized here to take advantage of higher latent 
heat in the heat transfer enhancement. 

Nomenclature 

Roman Symbols 

A Area 

g Gravitational acceleration [m/s2] 

H Non - dimensional height 

L Non - dimensional length 

M Distance of the heater from top end 

N Normal to the surface 

Nu Nusselt number 

p Pressure [Pa] 

P Non - dimensional pressure 

Pr Prandtl number 

Re Reynolds number 

Ri Richardson number 

T Temperature [K] 

u, v Velocity components [m/s] 

U, V Non-dimensional velocity components 
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X, Y Non-dimensional cartesian coordinates 

Greek Symbols 

 Thermal diffusivity [m2/s] 

β Coefficient of volume expansion [1/K] 

η Performance index 

Θ Non – dimensional temperature 

υ Kinematic viscosity 

Subscripts 

avg Average 

c Cold 

h Hot 

in Inlet 
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