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 A B S T R A C T

This study is a numerical investigation of the influence of using improved channel-cavity or channel-protrusion 
architectures on the augmentation of convection heat transfer and pressure drop. The effect of cavity depth 
𝐻𝑐 ∈ [−1, 0] and protrusion height 𝐻𝑐 ∈ [0, 0.75] are investigated at various Reynolds number Re = 10, 40, 100
and Richardson number Ri = 0.1, 1, 5, 10. The governing equations are discretised and solved computationally 
employing the spectral-element method. The results show that the effect of the protrusion on the trend of 
Nusselt number is greater than the effect of the cavity. It is found that the existence of the cavity linked with the 
channel decreases substantially the heat transfer comparing with the smooth channel. However, the presence 
of the protrusion is found to increase significantly the heat transfer for all Reynolds and Richardson numbers. 
It is also found that in the channel-cavity flow, the pressure distribution along the channel is unaffected by 
the cavity height, excepting in the cavity zone. Nevertheless, the protrusion height increases significantly the 
pressure drop within the channel.
1. Introduction

Mixed convection, which incorporates simultaneously the effects of 
forced convection caused by a mechanical force and free convection 
caused by a temperature difference, is possible to be established in 
many electronic and telecommunication equipments such as air-cooling 
of integrated electronic circuit boards. Such systems include accu-
mulating assemblage density that requires an efficient heat removal 
technique to assure acceptable performance. Many heat removal strate-
gies have been recommended and their characteristics of heat transfer 
and fluid flow have been numerically and experimentally studied as 
elaborated by [1–5].

One of the commonly used strategies is by employing nano-fluids, 
in which the highly thermal conducting solid nano-additives are sta-
bly dispersed to the liquids and increase their viscosity and thermal 
conductivity, resulting in a higher heat removal, please see [6–15]. In 
addition, the geometry of a channel attached with an open enclosure 
or protrusion has been proposed as a new strategy that may achieve a 
high cooling effectiveness by considering more and active interaction 
between natural and forced convection flows due to the presence of the 
opening cavity or the protrusion on the surface of the channel. Fusegi 
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[16] investigated unsteady mixed convective flow throughout a pe-
riodically grooved plate-channel. Thus, the lower channel plate is 
fluted at regular intervals to create multi open cavities, generating 
time-oscillatory flows, and the bottom cavity surface is heated by a 
constant heat flux. Their results showed that as Reynolds number 
and/or Womersley number increase, the main through-flow permeates 
further within each cavity, increasing the interaction between the main 
through-flow and the fluid inside the cavities. Consequently, this was 
found to considerably augment the heat dissipation from the warmed 
bottom surfaces of the cavities. [17,18] studied mixed convection heat 
dissipation inside a horizontal plate-channel containing an open cavity 
with the focus on the impact of the location of a local heat element 
positioned inside the cavity as well as on the cavity aspect ratio. 
They found that the position of the localised heater within the cavity 
significantly influences the interaction between the free convective flow 
produced in the cavity and the main forced flow inside the channel. For 
instance, Manca et al. [17] deemed three fundamental heating models 
for the open cavity: assisting flow, when the heat element is on the flow 
penetration side, opposing flow, when the heat element is opposite to 
the flow penetration side, and heating from the bottom surface of the 
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Nomenclature

𝐴 Amplitude of oscillatory flow.
𝑓 Frequency of oscillatory flow, (𝑓 = 1∕𝜏).
𝐻 Channel height, (m).
𝐻𝑐 Cavity depth or protrusion height, (m).
𝐿 Channel length, (m).
𝐿𝑠 Length of heat source, (m).
Nu𝑚 Mean Nusselt number.
𝑃 Non-dimensional pressure.
Pr Prandtl number, Pr = 𝑐𝑝.𝜇∕𝑘.
Re Reynolds number, Re = 𝑢𝑜.𝜌.𝐻∕𝜇.
Ri Richardson number, Ri = Gr∕Re2.
𝑇 Dimensional temperature, (◦C).
𝑡 Non-dimensional time.
𝑢, 𝑣 Dimensional flow velocities, (m/s).
𝑈 , 𝑉 Non-dimensional group of velocities.
𝑥, 𝑦 Dimensional Coordinates, (m).
𝑋, 𝑌 Non-dimensional coordinates.
Greek symbols
𝜃 Non-dimensional temperature.
𝜇 Fluid dynamic viscosity, (N s/m2).
𝜌 Fluid density, (kg∕m3).
𝜏 Time of one full period.
Subscripts

ℎ hot.
𝑚 Mean.
𝑛 Perpendicular.
𝑜 Channel inlet.
𝑜𝑢𝑡 Channel outlet.

cavity. They compared the thermal performance of these models and 
found that the opposing flow arrangement has the greatest thermal 
performance relating to both average Nusselt number and maximum 
temperature. Whereas, Aminossadati and Ghasemi [18] found that the 
heat transfer is improved significantly when changing the cavity aspect 
ratio for all different locations of the heat source. Brown and Lai [19] 
numerically examined heat and mass transfer from a horizontal plate-
channel having an open shallow cavity located on the lower surface 
and heated from below. They performed a scale analysis and proposed 
correlations for mass-transfer driven air flows, that cover the whole 
convection regime, e.g., natural, mixed, and forced convection. Leong 
et al. [20] considered the same geometry utilised by Brown and Lai [19] 
to study mixed convection heat transfer for broad ranges of Reynolds 
and Grashof numbers as well as the cavity aspect ratio. It was found 
that Reynolds and Grashof numbers administer the appearance of recir-
culating cells, whereas the aspect ratio affects the direction of the cells. 
They reported that for a cavity having larger aspect ratio, the flow field 
might become unstable for high Grashof numbers and at a critical value 
of Reynolds number. Periodic and non-periodic oscillatory flows were 
observed. Manca et al. [21] carried out an experimental investigation 
on mixed convection inside an open cavity with a heated vertical 
wall on the inflow left side, bounded from the above by unheated 
horizontal plate. They presented results in terms of flow visualisation 
and temperature profiles on the heated wall for different height/width 
cavity ratios. They figured out that the larger the cavity width, the 
lower the wall temperature, and the higher the heat transfer. The flow 
visualisation showed that for high Reynolds number, a forced parallel 
flow in the main channel with a recirculating flow in the cavity are 
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observed. Whereas, for low Reynolds number, there is a penetration of 
thermal plume from the vertical heated wall into the horizontal channel 
due to the strong impact of buoyancy forces. Sabbar et al. [22] studied 
numerically unsteady mixed convective airflow within a horizontal 
duct connected to an open cavity heated from below, with one or both 
vertical sides are made from elastic materials. They deduced that con-
sidering elastic walls for the cavity improves the rate of heat transfer 
compared to the rigid walls. Garcia et al. [23] studied unsteady mixed 
convective flow within an inclined channel with two identical facing 
open cavities exposed to discrete heating walls facing the opening. It 
was reported that depending on the aspect ratio of the cavity and the 
channel inclination, steady, periodic, quasi-periodic, and chaotic flow 
regimes were identified. Laouira et al. [24] examined the influence of 
the heat source length on mixed convection inside a channel with an 
open trapezoidal enclosure heated from the bottom. It was noted that 
the heat transfer increases with increasing the length of the heating 
element. Farhan et al. [25] investigated the impact of the heat source 
location on mixed convective flow and isotherm fields inside three 
channel-open cavity configurations. The results showed that with the 
heating elements’ positions being changed, the velocity and pressure 
distributions seem to be unchanged throughout the channel. Firoozi 
et al. [26] conducted a numerical assessment to test the performance of 
passive techniques, namely dimples and nanofluids, on the convective 
heat transfer augmentation from dimpled tubes. They used Al2O3/Wa-
ter nanofluid with various volume concentrations of nano particles in 
tubes with 27 variant dimple configurations. A Performance Evaluation 
Criteria (PEC) was employed to quantify the overall thermal-hydraulic 
improvement. The results showed that a maximum PEC value of 2.5 
can be obtained using an optimal-designed dimpled tube. Whereas, 
a maximum PES value of 3.12 can be scored by using Al2O3/Water 
nanofluid with 4% volume friction. 

Gazi et al. [27] investigated the heat transfer from a dimpled 
surface of a channel with and without protrusions on the opposite 
surface. Their results revealed that the protrusions increase the shed-
ding of vortical secondary flow structures induced by the dimples. 
Consequently, considerable augmentations in heat transfer with greater 
Reynolds number dependence are resulted in comparing to the case 
of a channel with smooth upper surface and dimples on one opposite 
surface. Yonghui et al. [28] investigated the effects of using dimples 
and protrusions on the heat transfer performance and mixed convective 
nano-fluid flow, covering laminar, transitional, and turbulent regimes 
within a rectangular channel. The results revealed that the employment 
of protrusions and dimples greatly enhances the performance of heat 
transfer. It was found that the influence of dimple-case has the signif-
icant difference with that of protrusion-case. It was recommended to 
use the protrusions under laminar flow for its superior heat transfer 
augmentation; however, to adopt the dimples under turbulent flow to 
avoid excessive friction and high pumping power. Sahu et al. [29] 
tested the influence of right-angle triangular protrusions on the lower 
surface of a horizontal channel on the thermal-hydraulic performance. 
They found that more rates of heat transfer can be gained at larger 
protrusion pitch, and lower pressure drop is occurred in case of smaller 
height of protrusion. Sobhani and Behzadmehr [30] examined the effect 
of different shapes of dimples and protrusions on the thermo-fluid flow 
conduct within a horizontal tube for finding an appropriate configura-
tion for which heat transfer and pressure drop to be counterbalanced. 
They indicated that in general, the augmentation in heat transfer 
is more than the cost of pumping power. Thus, the results showed 
that employing improved tube duplicates the heat transfer, whereas 
the friction coefficient is increased by 25%. For the configuration of 
channel-protrusion assembly, Ebubekir et al. [31] investigated how 
the flow field and the heat transfer are impacted by the presence 
of triangular guide protrusions mounted on the upper surface of a 
channel, within forced convective laminar flow conditions. It was found 
that the existence of protrusions changes completely the flow patterns, 
including the speed of the axial core flow and the recirculating flow 
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Fig. 1. Physical configurations deemed in the present study, (a) Flat channel, (b) Channel with cavity, (c) Channel with protuberance.
between the blocks, resulting in a significant change in the transporting 
thermal energy. Shaik et al. [32] studied the enhancement of thermal 
performance of solar air heaters by using protrusions in their absorber 
plates. A significant heat transfer augmentation of 101% was observed 
in the modified air heater with protrusions. 

By inspection of the aforementioned literature review, it can be 
seen that dimples and protrusions have been used as good forms of 
passive cooling methods, which have the great capacity of heat transfer 
augmentation without too much flow resistance penalty. However, 
only Yonghui et al. [28] compared their effects on the mixed convective 
flow and heat transfer performance, and discovered that there is a 
significant difference between the dimple-case and the protrusion-case. 
As such, the objective of this research is to study the heat transfer per-
formance and pressure drop characteristic of laminar mixed convective 
air-flow in a conventional horizontal plate-channel with an open-cavity 
or protrusion containing a heat source on its entire horizontal lower 
surface, with the emphasis on the influence of cavity depth and pro-
trusion height. This will provide a worthy assessment on which kind 
of these technique is an adequate design resulting in superior cooling 
performance in high-heat generating electronic devices.

2. Mathematical formulation

The geometry considered in the present study is illustrated in Fig.  1. 
Air is introduced to the channel from the left opening at a uniform inlet 
velocity (𝑢𝑜) and temperature (𝑇𝑜). The walls of the channel and the 
cavity or the protrusion are insulated, except its bottom surface, which 
is assumed to be isothermally heated at temperature (𝑇ℎ). The channel 
height is (𝐻), and the channel length is assumed to be long enough 
(𝐿 = 11𝐻) to avoid the channel ends’ effects. The length of heat source 
is assumed to be equal to the channel height (𝐿𝑠 = 𝐻), and is located in 
the middle of the lower surface of the channel. The cavity depth or the 
protrusion height (𝐻𝑐 ) is variable within the study. In this numerical 
investigation, the channel height is used as a characteristic length 
scale and considered to be equal to unity (𝐻 = 1), to simplifying the 
non-dimensionalisation and scaling process of the governing equations. 

The simplifying assumptions employed in the current study are as 
follows:
3 
1. The flow is two-dimensional, Newtonian, unsteady, incompress-
ible and laminar with Prandtl number of Pr = 0.71.

2. The heat generation and Radiation are ignored.
3. The thermo-physical properties of the air are maintained invari-

able, except the density, and the approximation of Boussinesq is used 
to calculate its linear dependency on the temperature by the following 
approximation: 

𝜌 = 𝜌𝑜[1 − 𝛽(𝑇 − 𝑇𝑜)], (1)

 where (𝛽) is the coefficient of thermal expansion, which is calculated 
as follows: 

𝛽 = − 1
𝜌𝑜

( 𝜕𝜌
𝜕𝑇

)

𝑃
. (2)

Accordingly, the dimensionless format of the governing equations 
for the existent physical model can be expressed as follows (Al-Sumaily 
et al. [33], Dhahad et al. [34], Al-Sumaily et al. [35]): 

( 𝜕𝑈
𝜕𝑋

+ 𝜕𝑉
𝜕𝑌

) = 0, (3)

𝜕𝑈
𝜕𝑡

+ (𝑈 𝜕𝑈
𝜕𝑋

+ 𝑉 𝜕𝑈
𝜕𝑌

) = − 𝜕𝑃
𝜕𝑋

+ 1
Re (

𝜕2𝑈
𝜕𝑋2

+ 𝜕2𝑈
𝜕𝑌 2

), (4)

𝜕𝑉
𝜕𝑡

+ (𝑈 𝜕𝑉
𝜕𝑋

+ 𝑉 𝜕𝑉
𝜕𝑌

) = − 𝜕𝑃
𝜕𝑌

+ 1
Re (

𝜕2𝑉
𝜕𝑋2

+ 𝜕2𝑉
𝜕𝑌 2

) + Ri 𝜃, (5)

𝜕𝜃
𝜕𝑡

+ (𝑈 𝜕𝜃
𝜕𝑋

+ 𝑉 𝜕𝜃
𝜕𝑌

) = 1
Re.Pr (

𝜕2𝜃
𝜕𝑋2

+ 𝜕2𝜃
𝜕𝑌 2

), (6)

where (𝑋) and (𝑌 ) are the dimensionless Cartesian coordinates; (𝑈) and 
(𝑉 ) are the dimensionless horizontal and vertical velocities; (𝑃 ) and (𝑡) 
are the dimensionless pressure and time; and (𝜃) is the dimensionless 
temperature. The following characteristic scaling variables are used to 
produce the dimensionless equations: 

𝑈 = 𝑢
𝑢𝑜

, 𝑉 = 𝑣
𝑢𝑜

, 𝑋 = 𝑥
𝐻

, 𝑌 =
𝑦
𝐻

, 𝑃 =
𝑝
𝜌𝑢2𝑜

, 𝑡 = 𝑡′

𝑢𝑜𝐻
, 𝜃 =

(𝑇 − 𝑇𝑜)
(𝑇𝐻 − 𝑇𝑜)

,

(7)
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Fig. 2. Computational meshes deemed in the present study, (a) Flat channel, (b) Channel with cavity 𝐻 = −0.5, (c) Channel with protuberance 𝐻 = 0.5.
Fig. 3. Mesh resolution analysis; (a) Nu𝑚 against p, and (b) the temporal variation of Nu𝑚 showing the oscillatory behaviour.
where (𝑥) and (𝑦) are the dimensional Cartesian coordinates; (𝑢) and 
(𝑣) are the dimensional horizontal and vertical velocities; (𝑝) and (𝑡′) 
are the dimensional pressure and time; and (𝑇 ) is the dimensional 
temperature.  The primary dimensionless applicable parameters that 
might be interesting for such sort of fluid flow are Reynolds number 
(Re), Richardson number (Ri), and Prandtl number (Pr), which perhaps 
described as: 

Re =
𝑢𝑜𝜌𝐻
𝜇

, Ri = Gr
Re2

, Gr =
𝑔.𝛽.𝜌2.𝐻3(𝑇ℎ − 𝑇𝑜)

𝜇2
, Pr =

𝑐𝑝.𝜇
𝑘

, (8)

here, (Gr) is Grashof number, (𝜇), (𝜌), (𝑘) are the viscosity, density, and 
thermal conductivity of the flowing fluid, respectively. 

The rate of heat exchange between the horizontal heat element and 
the adjacent cooling fluid is calculated by means of a non-dimensional 
quantity namely, the mean Nusselt number (Nu𝑚), as follows: 

Nu𝑚 = 1
𝐿𝑠 ∫

𝐿𝑠

0
(− 𝜕𝜃

𝜕𝑛
).𝑑𝑋, (9)

where (𝑛) is the normal length on the heat element.

3. Numerical procedure

The highly connected non-dimensional governing Eqs. (3)–(6) are 
discretised computationally in space and time. The spectral-element 
method, which is similar to the finite element method, is used for 
the space integration, while the classic splitting scheme, suggested 
by Chorin [37] and detailed in Karniadakis et al. [38], is used for 
4 
the time integration. In the spatial discretisation, the computational 
domain is initially divided into a macro-mesh of individual elements. 
Within the numerical run, a high-order polynomial (p) basis over 
each element can be used, allowing swift convergence with raising 
the degree of the polynomial (Karniadakis et al. [38]). The elemental 
mesh is condensed in regions of the computational domain that un-
dergo high velocity gradients. The macro-meshes depicting the spatial 
discretisation of the computational domains deemed in the present 
study, e.g. flat channel, channel with a cavity, and channel with a 
protuberance, are illustrated Fig.  2. In the temporal discretisation, the 
nonlinear advection terms of the momentum and energy Eqs. (4)–(6) 
are integrated in the first step, and then the step calculating for the 
impact of the pressure gradient is performed, and the diffusion terms 
are integrated in the final step.

To numerically solve the current physical problem, the dimension-
less initial and boundary conditions should be first mathematically 
assigned. First, the velocity and temperature fields are set initially to 
zero, (𝑈 = 𝑉 = 𝜃 = 0), at (𝑡 = 0) over the entire computational domain. 
Then, for (𝑡 > 0): the boundary conditions are set as follows: Along the 
inlet opening, at (𝑋 = 0 and 𝑌  = 0 - 𝐻), a uniform inlet horizontal flow 
with velocity components (𝑈𝑜 = 1 and 𝑉𝑜 = 0) are implemented, with 
a temperature set to zero (𝜃𝑜 = 0) as a cooling fluid. Along the outlet 
opening, at (𝑋 = L and 𝑌  = 0 - 𝐻), the normal gradient condition 
set to zero is implemented for velocities and temperature (𝜕𝑈∕𝜕𝑋 = 
𝜕𝑉 ∕𝜕𝑋 = 𝜕𝜃∕𝜕𝑋 = 0). On the heating element, at (𝑌  = 0 and 𝑋 = along 
𝐿 ), a constant temperature (𝜃  = 1) condition is enforced with no-slip 
𝑠 ℎ
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Fig. 4. Comparison between the results of Abdelmassih et al. [36] (Top) and our code 
(Bottom).

condition (𝑈 = 𝑉  = 0). The other solid boundaries of the channel are 
assumed to be insulated (𝜕𝜃∕𝜕𝑌  = 0) and no-slippery (𝑈 = 𝑉  = 0).

The computational meshes shown in Fig.  2 were tested by a con-
vergence analysis for choosing adequate spatial resolution to ensure 
that the calculational results are grid-independent. This analysis was 
conducted by changing the element polynomial order p from 3 to 10, 
while holding the macro-elemental allocation unaltered. The mean Nus-
selt number Nu𝑚 was monitored to check its sensitivity to the spatial 
resolution. The convergence test was carried out for different values 
of Reynolds number Re, Richardson number Ri, and cavity/protrusion 
depth 𝐻𝑐 . The results showed that the convergence with differences less 
than %0.1 can be obtained with polynomial order of p = 10, which is 
later employed for all simulations of the present study. Samples of the 
results of the convergence tests are presented in Fig.  3 for the case of 
an oscillatory flow in a channel with heated cavity having a depth of 
𝐻𝑐 = −1, at Re = 100 and Ri = 1.

The numerical code was validated multiple times against published 
results for flow, temperature, and heat transfer to ascertain the preci-
sion of its existing algorithm. Fig.  4 demonstrates a qualitative com-
parison between the results of the present code and the numerical 
results of Abdelmassih et al. [36] for streamline and isotherm patterns 
within a cavity linked with a horizontal channel, and heated entirely 
from the bottom, and having a depth of 𝐻𝑐 = −1, at Re = 100 and 
Ri = 1. Whereas, Fig.  5 depicts a quantitative comparison for the 
results of mean Nusselt number calculated by the present solver and 
those published by Aminossadati and Ghasemi [18] and Selimefendigil 
5 
Fig. 5. Comparison amongst the results of Aminossadati and Ghasemi [18], Selime-
fendigil [39], and the present solver.

[39] for the case of mixed convection heat transfer from a discrete 
heater installed on the bottom surface of a cavity opened to a horizontal 
channel for (Ri = Gr∕Re2) ranging between 0.5 and 100. It can be seen 
that very good agreements with published results are found.

4. Results and discussion

In the current study, characteristics of air-flow (Pr = 0.71), tem-
perature distribution, and heat transfer of mixed convection inside a 
horizontal channel connected on the bottom surface with either open 
cavity or protrusion, are investigated. The emphasis is to study the 
effect of cavity depth or protrusion height 𝐻𝑐 (from −1 to 0 for cavity, 
and from 0 to 0.75 for protrusion, with an interval of 0.25), at different 
Reynolds and Richardson numbers, i.e., Re = 10, 40, 100 and Ri =
0.1, 1, 5, 10, respectively.

Figures  6–8 demonstrate the effect of varying the cavity depth and 
the protrusion height (containing the heat source) on the flow conduct 
and temperature distribution inside the channel for Re = 10, 40, 100
and at Ri = 1, while Figs.  9–11 illustrate this effect for same Reynolds 
numbers, but at Ri = 10. The figures show that in the cavity case, the 
cavity allows for air to enter throughout its centre and then expels it 
outward from the opposite wall. Also, the increase in the cavity depth 
leads to increasing the flow recirculation inside the cavity and above 
the heat source. Whereas, in the protrusion case, the increase in the 
protrusion height increases the flow velocity above the heat source due 
to the area contraction. This induces an increase in the intensity of flow 
recirculation in the area behind the protrusion (after the heat source) 
and towards the downstream of the channel. Based on the results, it is 
observed that as Reynolds number or Richardson number increases, the 
intensity of recirculating flow inside the cavity or after the protrusion 
increases, resulting in a more effective cooling effect for all instances. 
For example, at Ri = 1, 𝐻𝑐 = −0.5, and Re = 10 as in Fig.  6, the 
cavity permits air to flow in throughout its inner surface and exit out 
from the opposite wall with creating only small eddies in the cavity 
corners. Whereas, at Re = 40 as in Fig.  7, a single vortex is generated 
occupying the entire cavity. In addition, interestingly, Fig.  11 depicts 
that at the deepest cavity at 𝐻𝑐 = −1 and higher Reynolds number 
Re = 100, two distinct vortexes are produced within the cavity, which 
may produce thermal cavity region with low temperature gradients, 
leading to a decrease in the heat convection.

As opposed to that, the plots show that the temperature distribution 
patterns inside the cavity are hardly altered, resulting in a high temper-
ature region above the heat source. However, it is quite obvious that 
the high temperature levels in this region remarkably decreases in the 
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Fig. 6. Zooming for (Left) Streamlines patterns and (Right) isotherms patterns, at different heights of heat source and at Re = 10, and Ri = 1.
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Fig. 7. Zooming for (Left) Streamlines patterns and (Right) isotherms patterns, at different heights of heat source and at Re = 40, and Ri = 1.
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Fig. 8. Zooming for (Left) Streamlines patterns and (Right) isotherms patterns, at different heights of heat source and at Re = 100, and Ri = 1.
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Fig. 9. Zooming for (Left) Streamlines patterns and (Right) isotherms patterns, at different heights of heat source and at Re = 10, and Ri = 10.
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Fig. 10. Zooming for (Left) Streamlines patterns and (Right) isotherms patterns, at different heights of heat source and at Re = 40, and Ri = 10.
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Fig. 11. Zooming for (Left) Streamlines patterns and (Right) isotherms patterns, at different heights of heat source and at Re = 100, and Ri = 10.
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Fig. 12. Variation of mean Nusselt number against cavity depths and protrusion heights at different Reynolds and Richardson numbers.
protrusion-case, indicating the great augmentation of convection heat 
transfer. Moreover, the whole temperature level prominently reduce 
when increasing Reynolds number.

Fig.  12 displays the impact of the depth of cavity 𝐻𝑐 ∈ [−1, 0]
and the height of the protrusion 𝐻𝑐 ∈ [0, 0.75] on the average Nusselt 
number (Nu𝑚), at Re = 10, 40, 100 and Ri = 0.1, 1, 5, 10. For all cases, the 
plots demonstrate that the effect of the protrusion case on the trend of 
Nusselt number is much higher than the effect of the cavity case. Thus, 
for the cavity case, at low Richardson number Ri = 0.1, it is shown that 
as the cavity depth increases, Nusselt number slightly increases for all 
Reynolds numbers. While, at Ri = 1 and 5, it is seen that the effect of the 
cavity depth becomes trivial. However, at Ri = 10, the trend of Nusselt 
number changes from slight positive into slight negative for Reynolds 
numbers Re = 40 and 100. Indeed, this is attributed to the change 
in the flow from steady into unsteady status and generating multi-
recirculating flow zones, and generating low temperature gradient 
thermal region inside the cavity. On the other hand, for the protrusion 
case, it can be seen that Nusselt number increases significantly with 
increasing the protrusion height for all circumstances of Reynolds and 
Richardson numbers. Furthermore, the influence of Reynolds number 
on Nusselt number in the cavity is minimal at Ri = 0.1, and becomes 
considerable as Richardson number increases. Nevertheless, in the pro-
trusion case, the influence of Reynolds number is robust and leading 
to higher values of Nusselt number at higher protrusion heights. That 
is due to the high air velocities in the vicinity of heat source in the 
compressed area.

Figs.  13–15 illustrate the pressure streamline contours for different 
channel-cavity and channel-protrusion flow assemblies at three cases of 
Reynolds numbers of (Re = 10, 40, 100) and at a particular heating case 
of Ri = 1. The graphics clearly show the growing of recirculating zones 
in the channel as changing the depth/height of cavity/protrusion. It can 
12 
be seen that the pressure is higher at the inlet region of the channel, 
drops gradually as it travels, and changes at the positions where the 
cavity/protrusion and the channel meet. In the channel-cavity flow 
assembly, the pressure distribution through the channel is not impacted 
by the rise of the cavity height, except for the zone inside the cavity. 
Importantly, the same overall pressure difference is generated along 
the channel as the cavity depth is altered. Nevertheless, increasing the 
protrusion height causes a significant increase in the pressure difference 
within the channel.

Fig.  16 shows the variations of the percent of heat transfer en-
hancement (%HTE) and the pressure drop (%𝛥P) for modified channels 
compared with the smooth channel, which are calculated as follows: 

%HTE =
Nu𝑚.𝑚𝑜𝑑𝑖𝑓 𝑖𝑒𝑑 − Nu𝑚.𝑠𝑚𝑜𝑜𝑡ℎ

Nu𝑚.𝑚𝑜𝑑𝑖𝑓 𝑖𝑒𝑑
× 100%, (10)

%𝛥P =
𝛥P𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 − 𝛥P𝑠𝑚𝑜𝑜𝑡ℎ

𝛥P𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑
× 100%. (11)

and the dimensional pressure drop (𝛥P) is rescaled using the following 
equation: 
𝛥P = |

|

|

𝜌𝑢2𝑜𝐿
(

𝑃𝑜𝑢𝑡 − 𝑃𝑜
)

|

|

|

. (12)

Interestingly, the figure clearly shows that the presence of the cavity 
connected with the channel reduces significantly the heat transfer from 
the heat source compared to the smooth channel. It can be seen that 
as the cavity depth increases, the heat transfer augmentation decreases 
largely, and this negative effect becomes more pronounced at higher 
Reynolds numbers. Indeed, the flow boundary layer affects the near 
wall thermal boundary layer and increases or decreases the convective 
heat transfer coefficient. Thus, the negative influence of cavity depth 
can be attributed to the forming of two symmetrical large vortices 
occurring inside the cavity as the cavity depth increases, leading to 
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Fig. 13. Patterns of non-dimensional pressure distribution within the channel with 
different cavity depths and protrusion heights, at Re = 10, and Ri = 1.
13 
Fig. 14. Patterns of non-dimensional pressure distribution within the channel with 
different cavity depths and protrusion heights, at Re = 40, and Ri = 1.
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Fig. 15. Patterns of non-dimensional pressure distribution within the channel with 
different cavity depths and protrusion heights, at Re = 100, and Ri = 1.

two symmetrical high temperature regions. In addition, it is shown that 
the negative impact of the higher cavity depth is decreased at higher 
Richardson and Reynolds numbers. This may be due to changing in 
14 
the flow behaviour in the cavity from two steady symmetrical eddies 
into unsteady periodically moving eddies. Whereas, the protrusion-case 
has an enormous benefit in increasing the heat transfer enhancement. 
However, the protrusion-case suffers from penalty of distinct friction 
increase due to increasing the pressure drop in the channel as the 
protrusion height increases.

Figures  17–19 demonstrate the temporal variation of Nusselt num-
ber measured above the heat source, for all values of the cavity depths 
or the protrusion heights, and for the circumstances when the fluid-
flow inside the channel changes from steady into unsteady (periodic) 
condition or contrariwise such as at (Re = 40 and Ri = 10), (Re = 100
and Ri = 5), and (Re = 100 and Ri = 10). First of all, it is obvious 
that the transition in the fluid-flow occurs only in the case of a channel 
linked with a cavity (inside the cavity containing the heat source). 
However, the figures do not show that such transition is occurred in the 
case of a channel with a protrusion. It may happen in the channel-area 
that is behind the protrusion, but it is not measured by the temporal 
Nusselt number. Second, occurring the periodic flow in the cavity 
at a certain depth is not consistent. However, it depends on distinct 
parameters such as the strength of upcoming fluid-flow represented 
by Reynolds number, the degree of heating represented by Richardson 
number, and the cavity depth. For instance, it is seen that the fluid is 
undergoing unsteady periodic flow inside the cavity with a depth equals 
to (𝐻𝑐 = −0.5) for both conditions: When (Re = 40 and Ri = 10, as in 
Fig.  17 and when (Re = 100 and Ri = 5, as in Fig.  18. However, when 
(Re = 100 and Ri = 10), the unsteady flow is not appeared at the cavity 
depth of (𝐻𝑐 = −0.5), but interestingly it appears at (𝐻𝑐 = −0.25 and 
−1, as in Fig.  19).

It is important to investigate the conduct of periodic flows inside 
the cavity. Therefore, for each periodic-flow case, the period length is 
assigned, the flow oscillation frequency (𝑓 = 1∕𝜏), where (𝜏) is the time 
of one full period, and the oscillation amplitude (𝐴) are measured. Also, 
many images describing the flow and thermal behaviours at different 
times over the single-period are captured and presented as streamlines 
and thermal contours, respectively, in Figures  20–23. In the figures, 
in a general sense, it can be observed that the oscillation frequency 
and amplitude are strongly positively influenced by Reynolds number, 
Richardson number, and/or the cavity depth. In Figs.  20 and 21, in 
these two cases, Richardson number is constant at Ri = 10, whereas 
Reynolds number increases from Re = 40 to 100, and the cavity 
depth decreases from 𝐻 = −0.5 to −0.25. In Fig.  20, there is a single 
moderate flow-cell produced inside the cavity by the buoyancy effects 
referring to the dominance of free convection. The size of the single 
cell slightly expands and shrinks with the time producing a moderate 
flow fluctuating having oscillation frequency 𝑓 = 0.1649 and amplitude 
𝐴 = 0.0451. However, in Fig.  21, as Reynolds number increases, the 
pressure forces attempt to suppress the recirculating vortex, and the 
buoyancy forces try to enlarge it and produce another small eddy beside 
it. It can be seen that the oscillation frequency and amplitude increase 
to 𝑓 = 0.344 and 𝐴 = 1.1103, respectively. By comparing the flow 
conduct in Fig.  22 with that one in Fig.  21 as Reynolds number is 
kept constant at Re = 100, while Richardson number is decreased from 
Ri = 10 to 5, it is shown that the flow becomes more complicated. 
Thus, the weak flow-cell becomes stronger occupying the entire cavity, 
and changes into double adjacent flow-cells with the time. This can be 
attributed to the high conflict between the mechanical and buoyancy 
forces within the cavity area. The later case can be considered as a 
special case as the flow behaviour alters from a fully periodic flow 
into a quasi-periodic flow with a significant drop in the oscillation 
frequency from 𝑓 = 0.344 to 0.0371, whereas the oscillation amplitude 
increases largely from 𝐴 = 1.1103 to 2.092. In addition, by comparing 
the flow behaviour in Figs.  21 and 23 as Reynolds and Richardson 
numbers are remained constant at Re = 100 and Ri = 10, respectively, 
whereas the cavity depth increases from 𝐻 = −0.25 into −1, it can 
be also seen that the flow becomes more intricate as the suppressed 
fluctuating vortex inside the shallow cavity transforms into a vigorous 
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Fig. 16. (Left) Percent of Heat transfer enhancement and (Right) Percent of pressure drop, within the channel, when changing the cavity depth or the protrusion height, at different 
Richardson numbers (Ri = 0.1 − 10), and different Reynolds numbers (Re = 10 − 100).
dual flow cell system fluctuating inside the deep cavity. Consequently, 
the frequency and amplitude of the flow fluctuation are recorded to 
considerably increase from 𝑓 = 0.344 to 0.404 and from 𝐴 = 1.1103 to 
1.5, respectively.

5. Conclusions

In the current study, numerical results for convective air-flow and 
heat transfer inside a horizontal plate-channel linked with an open-
cavity or a protrusion containing a heat source on its entire horizontal 
lower surface, are presented. The attention is to investigate the effects 
of cavity depth and protrusion height on the heat transfer performance 
and pressure drop characteristics and compare their effects. According 
to the findings, the following conclusions could be drawn:

1. The intensity of recirculating flow inside the cavity or behind the 
protrusion regions increase as Reynolds number or Richardson number 
increases, resulting in a more effective cooling effect for all instances.

2. The existence of the protrusion affects the tendency of Nusselt 
number much highly than the presence of the cavity.
15 
3. Interestingly, the presence of the cavity is found to reduce signifi-
cantly the heat transfer from the heat source. Thus, as the cavity depth 
increases, the heat transfer augmentation decreases largely, and this 
negative effect becomes more pronounced at higher Reynolds numbers. 
However, in the protrusion case, the rate of heat transfer is found 
to increase substantially with increasing the protrusion height for all 
circumstances of Reynolds and Richardson numbers.

4. In the channel-cavity flow assembly, the pressure distribution 
along the channel is not influenced by the cavity height, except inside 
the cavity region. However, the increase in the protrusion height causes 
a significant increase in the pressure drop throughout the channel.

5. The effect of Reynolds number on Nusselt number in the cavity is 
trivial at low Richardson number, and becomes appreciable as Richard-
son number increases. Nevertheless, in the protrusion case, the effect of 
Reynolds number is significant and resulting in higher Nusselt numbers 
at larger protrusion heights.

6. The oscillatory flow transition is occurred only in the cavity 
case (inside the cavity containing the heat source), and the oscillation 
frequency and amplitude are found to increase by increasing Reynolds 
number, Richardson number, and/or the cavity depth. 
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Fig. 17. Temporal variation of Nu𝑚 for different 𝐻𝑐 , at Re = 40 and Ri = 10.

Fig. 18. Temporal variation of Nu𝑚 for different 𝐻𝑐 , at Re = 100 and Ri = 5.
16 
Fig. 19. Temporal variation of Nu𝑚 for different 𝐻𝑐 , at Re = 100 and Ri = 10.
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Fig. 20. (a) Temporal variation of Nu𝑚 over one full period, (b) streamline and isotherm patterns at different certain times of the period, Re = 40, Ri = 10, and 𝐻 = −0.5.
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Fig. 21. (a) Temporal variation of Nu𝑚 over one full period, (b) streamline and isotherm patterns at different certain times of the period, Re = 100, Ri = 10, and 𝐻 = −0.25.
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Fig. 22. (a) Temporal variation of Nu𝑚 over one full period, (b) streamline and isotherm patterns at different certain times of the period, Re = 100, Ri = 5, and 𝐻 = −0.5.
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Fig. 23. (a) Temporal variation of Nu𝑚 over one full period, (b) streamline and isotherm patterns at different certain times of the period, Re = 100, Ri = 10, and 𝐻 = −1.
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