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Graphical abstract 

Abstract 

A theoretical study of mixed convection heat transfer was carried out in an infinite length of vertical 
channel with both open ends. One of the vertical plates was prescribed with constant heat flux. The 
effect of g-jitter was also taken into consideration. The Fourier method was utilized to solve the 
resulting governing equations. The behavior of the fluid temperature and velocity of the flow were 
studied and presented graphically in this paper. The graphical results were later on analyzed and 
discussed. The behavior of steady state flow was also investigated. Results confirmed that as wall 
temperature increased, the fluid temperature increased. The velocity increased due to increments 
in mixed convection and oscillation parameter, on the other hand, it decreased as a frequency of g-
jitter increased. 
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INTRODUCTION 

The fundamental study of heat transfer is crucial in many industrial 
sectors. Hence, the analysis of the theoretical and experimental study is 
sufficiently great and acknowledged to be worthy of attention. There is 
a broad study of the heat transfer that can be implemented in the 
industrial sector such as a production of metal and cooling of the 
electronic equipment. Due to this reason, there are numerous studies 
have been carried out by past researchers on the behavior of the fluid in 
certain geometry of a system over the past years.  

Therefore, a paper by Sajid et al. (2010) dealt with fully developed 
mixed convection flow of viscoelastic fluid in vertical plates. An exact 
solution was implemented into the equations to seek the results of 
temperature and velocity distributions. The results showed that as the 
viscoelastic and cross-flow parameter increased, the velocity will be 
decreased. However, as Prandtl and Grashof numbers increased, the 
velocity increased whereas temperature decreased when Reynolds 
number increased. 

Furthermore, Sivasamy et al. (2010) conducted a research on mixed 
convection flow of a porous channel, numerically employed Darcy 
model and found that the increasing values of Grashof and Reynolds 
numbers will increase the Nusselt numbers. 

Later, Roşca and Pop (2013) studied the mixed stagnation point 
past vertical plate with second order slip using bvp4c from MATLAB 
with constant heat flux. The paper performed stability analysis to verify 
stability of the results and established that the second order slip affected 
considerably the heat and flow characteristics. 

Recently, Altunkaya et al. (2017) conducted a research to 
investigate analytically an open-ended vertical microchannel using 
perturbation technique with constant heat flux. The author performed 

the analysis on Nusselt numbers, Nu against the mixed convection 
parameter, rarefaction, and viscous dissipation. The results exemplified 
that as mixed convection and rarefaction increased, the value of Nu will 
decrease. 

Moreover, there are many numerical studies on mixed convection 
flow with the effect of g-jitter. One of them was a research by  Shafie 
and Amin (2005) that studied free convection of a sphere, subjected to 
constant heat flux using implicit finite-difference scheme. In addition, 
Saeid (2006) also applied the same method to solve the problem of g-
jitter-induced free convection flow over a vertical flat plate. It was 
followed by Naser et al. (2013) who conducted a numerical study of g-
jitter on stretching sheet. 

The presented review of literature suggested that little attention has 
been paid to evaluate mixed convection from discretely heated curved 
surfaces, and from a foregoing discussion, it is clear that no prior results 
are available for opposing mixed convection heat transfer in channels 
with an effect of g-jitter with a prescribed heat flux boundary condition. 
In particular, this research was proposed to expand the work by 
Sharidan et al. (2005) which investigated analytically the effect of g-
jitter on mixed convection flow in two vertical parallel plates.  

Furthermore, a case of vertical channel or also known as two 
vertical parallel plates with an effect of g-jitter has not yet been 
considered in any fluid flow model. In respect of that, the Fourier 
method was employed to simplify the fluid flow model of the mixed 
convection in a vertical channel. One of the main factors that 
contributed to this research was lack of reference data of the analytical 
approach for their validation. As a result, these exact solutions can be 
used to check the correctness for solutions of more complex 
mathematical models, obtained through numerical schemes.  
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In this paper, detailed analytical approach of mixed convection heat 
transfer in a vertical channel with both open ends of infinitely length 
with prescribed constant heat flux was carried out to investigate 
behavior of a fluid flow and thermal. The mathematical models were 
solved analytically using Fourier method, subjected to accurate initial 
and boundary conditions. Certain values of the considerable parameters 
were proposed in this research to study a pattern of velocity and 
temperature profiles. 

In many applications, constant heat flux is likely being isothermal 
especially in electric components in the circuit board. Thus, it is 
important to understand effects of g-jitter in designing and maintaining 
the cooling board of a system. Considering this impact, the present 
research was established to prevent such overheating problems such as 
explosion in practical application. In this context, the present work 
aimed at contributing to future understanding of theoretical knowledge 
of fluid flow and thermal performance of such effects to behavior of 
fluid motion.  

MATHEMATICAL MODEL 

This research considered an incompressible fluid which unsteadily 
flowed between two vertical parallel plates with width, ℎ and uniform 
temperatures at the walls. A stationary Cartesian coordinate was chosen 
such that the 𝑥𝑥-coordinate extended along the surface and 𝑦𝑦-coordinate 
was normal to it. Pressure gradient of oscillatory type was applied in 
the flow direction. The presence of fully developed g-jitter effect was 
also considered. Assuming at time, 𝑡𝑡 = 0, the flow is at a constant 
temperature, 𝑇𝑇0 and has mean velocity, 𝑢𝑢0 and pressure, 𝑝𝑝0. The 
assumption of fully developed flow means that the axial (𝑥𝑥-direction) 
velocity solely depends on the transverse coordinate, 𝑦𝑦. In that case, 
from continuity equation, the transverse velocity, 𝑣𝑣 must be zero. The 
axial velocity, 𝑢𝑢 and the fluid temperature, 𝑇𝑇 are assumed to be 
functions of 𝑦𝑦 plus function of time, 𝑡𝑡. The pressure variation is found 
to be a linear function of 𝑥𝑥 and 𝑡𝑡, and assumed that the gravity 
acceleration is given by 𝑔𝑔∗(𝑡𝑡) = 𝑔𝑔0 sin(𝜔𝜔𝑡𝑡) in which 𝑔𝑔0 is magnitude 
and 𝜔𝜔 is frequency of g-jitter field. 

In the view of these assumptions, the initial and boundary layer 
conditions governing a mixed convection flow of fluid passed an 
oscillating vertical plate containing continuity equation, an equation of 
motion and energy equation can be casted into the following forms: 

∇ ∙ 𝒖𝒖 =
𝜕𝜕


+
𝜕𝜕


= 0, (1) 

𝜌𝜌
𝜕𝜕
 = −

𝜕𝜕
 + 𝜇𝜇

𝜕𝜕
2 + 𝑔𝑔∗(𝑡𝑡)(𝜌𝜌𝛽𝛽𝑇𝑇)(𝑇𝑇 − 𝑇𝑇0), (2) 

𝜕𝜕
𝜕𝜕𝑡𝑡 =

𝑘𝑘
(𝜌𝜌𝜌𝜌𝑝𝑝)

𝜕𝜕2𝑇𝑇
𝜕𝜕𝑦𝑦2 . (3) 

which subjected to 

𝑡𝑡 < 0:
𝑡𝑡 ≥ 0:

𝑢𝑢 = 0,𝑇𝑇 = 𝑇𝑇0
𝜕𝜕 


𝜕𝜕𝑦𝑦 = −

𝑞𝑞
𝑘𝑘

𝑢𝑢 = 0,𝑇𝑇 = 𝑇𝑇2

for 
at 

at 

0 < 𝑦𝑦 < ℎ
𝑦𝑦 = 0

𝑦𝑦 = ℎ

(4) 

in which 𝜇𝜇 is dynamic viscosity of fluid, 𝜌𝜌 is fluid density, 𝛽𝛽𝑇𝑇 is 
volumetric coefficient of thermal expansion of fluid, 𝜐𝜐 is kinematic 
viscosity, 𝑝𝑝 is fluid pressure, 𝑘𝑘 is thermal conductivity of fluid, 𝜌𝜌𝑝𝑝 is 
specific heat of fluid of a constant pressure, 𝑞𝑞 is heat flux, ℎ is a width 
of channel, and 𝑇𝑇2 is temperature of the right wall.  

Next, Equations (2) and (3) are transformed into the following non-
dimensional equations 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = −

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 𝑈𝑈


𝜕𝜕𝜕𝜕2 +

𝐺𝐺𝐺𝐺
𝑅𝑅𝑅𝑅 ∙ 𝑔𝑔

(𝜕𝜕) ∙ 𝜃𝜃, (5) 

𝜕𝜕
𝜕𝜕𝜕𝜕 =

1
𝑃𝑃𝑃𝑃

𝜕𝜕2𝜃𝜃
𝜕𝜕𝜕𝜕2

(6) 

in which non-dimensional variables are defined as 

𝜕𝜕 =
𝑢𝑢
𝑢𝑢0

, 𝜕𝜕 =
𝜐𝜐
ℎ2 ,𝜕𝜕 =

ℎ𝑝𝑝
𝜌𝜌𝑣𝑣𝑢𝑢0

,𝜕𝜕 =
𝑥𝑥
ℎ ,𝜕𝜕 =

𝑦𝑦
ℎ

𝜃𝜃 =
𝑇𝑇 − 𝑇𝑇0
ℎ𝑞𝑞

𝑘𝑘�
,𝑔𝑔(𝜕𝜕) =

𝑔𝑔∗

𝑔𝑔0

(7) 

with Grashof number, 𝐺𝐺𝐺𝐺, Reynolds number, 𝑅𝑅𝑅𝑅, and Prandtl number, 
𝑃𝑃𝑃𝑃 are given by 

𝐺𝐺𝐺𝐺 =
𝑔𝑔0𝛽𝛽𝑇𝑇 𝑞𝑞ℎ4

𝑘𝑘𝜐𝜐2 ,𝑅𝑅𝑅𝑅 =
𝑢𝑢0ℎ
𝜐𝜐 ,𝜕𝜕𝐺𝐺 =

𝜐𝜐𝜌𝜌𝜌𝜌𝑝𝑝
𝑘𝑘 . (8) 

Then, the initial and boundary conditions (4) become 

𝜕𝜕 < 0:
𝜕𝜕 ≥ 0:

𝜕𝜕 = 0,𝜃𝜃 = 0

𝜕𝜕 

𝜕𝜕𝑦𝑦 = −1

𝜕𝜕 = 0,𝜃𝜃 = 𝐺𝐺𝑇𝑇

for 
at 

at 

0 < 𝜕𝜕 < 1
𝜕𝜕 = 0

𝜕𝜕 = 1

(9) 

in which the parameter of non-dimensional wall temperature, 𝐺𝐺𝑇𝑇 is 
defined as  

𝐺𝐺𝑇𝑇 =
𝑇𝑇2 − 𝑇𝑇0
ℎ𝑞𝑞/𝑘𝑘 . (10) 

Before solving Equation (5), Equation (6) needs to be solved first. 
At this time, using separation of variables method by considering 
𝜃𝜃(𝜕𝜕, 𝜕𝜕) = 𝜕𝜕(𝑦𝑦)𝜕𝜕(𝑡𝑡), Equation (6) has a solution of 

𝜃𝜃(𝜕𝜕, 𝜕𝜕)    = 1 + 𝐺𝐺𝑇𝑇  − 𝜕𝜕. (11) 

Subsequently, Equation (5) is solved using the same method as 
Equation (6). It is assumed that 𝜕𝜕 = 𝑅𝑅𝑖𝑖Ω𝜏𝜏 ∙ Φ(𝜕𝜕),𝜕𝜕 = 𝑅𝑅𝑖𝑖Ω𝜏𝜏 ∙ 𝐹𝐹(𝜕𝜕) and 
𝑔𝑔(𝜕𝜕) = 𝑅𝑅𝑖𝑖Ω𝜏𝜏 [Sharidan et al. (2005)]. Thus, Equation (5) becomes 

𝜕𝜕 

𝜕𝜕𝜕𝜕 𝑅𝑅

𝑖𝑖Ω𝜏𝜏 + Φ"𝑅𝑅𝑖𝑖Ω𝜏𝜏 +
𝐺𝐺𝐺𝐺
𝑅𝑅𝑅𝑅 ∙ 𝑅𝑅

𝑖𝑖Ω𝜏𝜏 ∙ [1 + 𝐺𝐺𝑇𝑇  − 𝜕𝜕] (12)

along with the boundary conditions 

Φ(0) = 0, Φ(1) = 0. (13) 

Further, condition of conservation of mass is defined as 

� Φ(𝜕𝜕)
1

0
𝑑𝑑𝜕𝜕 = 1. (14) 

Hence, a general solution of Φ(𝜕𝜕) becomes 

Φ(𝜕𝜕) =
1
β2 ��

𝜕𝜕
𝜕𝜕𝜕𝜕 −

𝐺𝐺𝐺𝐺
𝑅𝑅𝑅𝑅

[1 + 𝐺𝐺𝑇𝑇 ]�
sinh(β(1 − 𝜕𝜕)) 

sinh β

+ �
sinh β𝜕𝜕
sinh β �

𝜕𝜕𝐹𝐹
𝜕𝜕𝜕𝜕 −

𝐺𝐺𝐺𝐺
𝑅𝑅𝑅𝑅 (𝐺𝐺𝑇𝑇 )��

+
𝐺𝐺𝐺𝐺
𝑅𝑅𝑅𝑅 [1 + 𝐺𝐺𝑇𝑇 − 𝜕𝜕] −

𝜕𝜕𝐹𝐹
𝜕𝜕𝜕𝜕�

(15) 

in which β2 = iΩ with 𝜕𝜕𝐹𝐹/𝜕𝜕𝜕𝜕 is given by 

𝜕𝜕𝐹𝐹
𝜕𝜕𝜕𝜕 =

𝛽𝛽3 sinh β
2 cosh β − β sinhβ − 2 +

𝐺𝐺𝐺𝐺
𝑅𝑅𝑅𝑅 �

𝑟𝑟    𝑇𝑇 

2 �. (16) 

Now, for the case of steady flow where 𝛺𝛺 = 0, the gravity field is 
constant. Therefore, the solution is set as 

Φ(𝜕𝜕) =
𝐺𝐺𝐺𝐺
𝑅𝑅𝑅𝑅 𝑌𝑌


12 −

𝜕𝜕2

4 +
𝜕𝜕3

6 �� + 6(𝜕𝜕 − 𝜕𝜕2). (17) 
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The solutions of temperature (11) and velocity profiles (15) satisfy the 
boundary condition (9) and Equations (5) and (6). Hence, the 
solutions are verified. 

RESULTS AND DISCUSSION 

The results were then computed into mathematical software named 
MATLAB and various values of the desired parameters were generated 
and presented graphically. The quantities plotted along the vertical axis 
were temperature and velocity profiles that the equations of solutions 
are as follows: 

𝜃𝜃(𝑌𝑌, 𝜏𝜏)    = 1 + 𝑟𝑟𝑇𝑇 − 𝑌𝑌, 
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼�𝑈𝑈 = Φ𝑒𝑒𝑖𝑖Ω𝜏𝜏� = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(Φ) sin(Ω𝜏𝜏) + 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼(Φ) cos(Ω𝜏𝜏) 

(18) 
(19) 

It represents a value of driving force 
𝑔𝑔∗(𝑡𝑡) = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼�𝑔𝑔0𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖�   and 𝑢𝑢0(𝑡𝑡) = 𝑢𝑢0 sin(𝜔𝜔𝜔𝜔). (20) 

Fig. 1 illustrates the effects of non-dimensional wall temperature, 
𝑟𝑟𝑇𝑇 on temperature distribution. The values of 𝑟𝑟𝑇𝑇 were in the range of 
0 ≤ 𝑟𝑟𝑇𝑇 ≤ 1. Form the graph, as 𝑟𝑟𝑇𝑇 increases, 𝜃𝜃 also increases. This is 
due to the fact that a value of 𝑟𝑟𝑇𝑇 is directly proportional to the 
temperature, 𝜃𝜃. As 𝑟𝑟𝑇𝑇 is increasing, more hot fluid is carried through a 
vertical channel due to the increasing fluid temperature which 
consequently results in higher wall temperature gradient. 

Fig. 1  Temperature profiles for different values of r𝑇𝑇. 

Figs. 2 to 6 illustrate the results for velocity profiles of consistent 
values of parameters. The parameters incorporated in the problem were 
oscillating, 𝛺𝛺𝛺𝛺, frequency,  𝛺𝛺 and mixed convection parameter, Gr/Re. 

Results of analysis on effects of mixed convection parameter, 
Gr/Re on the fluid flow are shown in Fig. 2. It was found that the 
velocity of the fluid increases when Gr/Re increases. Velocity profile 
is always symmetric about a centerline of the channel that 𝑌𝑌 = 0.5. 

Fig. 2  Velocity profiles for different values of Gr/Re with r𝑇𝑇 = 0.3, Ω𝜏𝜏 =
𝜋𝜋 and Ω = 10. 

Fig. 3 represents the effects of oscillating parameter, Ωτ towards 
the behavior of fluid velocity, U. In Figs. 3(a) and (b), it can be observed 
that there was only a small reversed flow closed to the left wall for 
Gr/Re = 30 and increasing reversed flow close to the left wall when 
Gr/Re = 300, respectively. In Fig. 3(a), a velocity profile shows a full 
reversed flow when oscillating parameter, Ωτ is increasing while in Fig. 
3(b), there is a partial reversed flow when Ωτ increases. Velocity of 
fluid fluctuates with increasing values of Ωτ . It is apparent that fluid 
flows more frequent as Gr/Re increases. 

To make a comparison, different values of non-dimensional wall 
temperature, r𝑇𝑇 were considered as shown in Fig. 4. For different values 
of r𝑇𝑇, velocity profile does not change when r𝑇𝑇 is increased. The results 
show that the values of r𝑇𝑇 does not affect the velocity profile at all. 

(a) 

(b) 

Fig. 3  Velocity profiles for different values of Ω𝜏𝜏 with 𝑟𝑟𝑇𝑇=0.3 and Ω =10; 
a) Gr/Re = 30; b) Gr/Re = 300.

(a) 

(b) 

Fig. 4 Velocity profiles for different values of Ω𝜏𝜏 with 𝑟𝑟𝑇𝑇=0.7 and Ω =10; 
a) Gr/Re = 30; b) Gr/Re = 300.

Furthermore, Fig. 5 illustrates velocity profiles for different values
of frequency, Ω. The result verifies that there is merely a small reversed 
flow close to the right wall for Gr

Re
= 30  as shown in Fig. 5(a) but it 

increases when Gr/Re = 300 as shown in Fig. 5(b). The results agree 
that as frequency increases, the velocity decreases. Therefore, the 
frequency of g-jitter is inversely proportional to the velocity. It 
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indicates that a fluid flow decelerates with the increment of the 
frequency. It has been confirmed that as 𝛺𝛺 increases, a velocity 
fluctuates. Moreover, a fluid flow is less frequent as Gr/Re increases. 

(a)       

(b) 

Fig. 5 Velocity profiles for different values of Ω with 𝑟𝑟𝑇𝑇 = 0.3, Ω𝜏𝜏 = 𝜋𝜋; 
(a) Gr/Re = 30; (b) Gr/Re = 300.

Finally, for the case of steady flow in which Ω = 0, Equation (17)
was computed and presented graphically in Fig. 6. The result proves 
that the velocity profile is always symmetric about the centerline of a 
channel which is 𝑌𝑌 = 0.5. Therefore, as a mixed convection parameter, 
as Gr/Re increases, the velocity will be increased. The presence of 
mixed convection has enabled the researchers to seek the consequence 
of a relaxation time on the fluid velocity. 

Fig. 6 Velocity profiles steady state for different values of Gr Re⁄  with Ω =
0. 

CONCLUSION 

This paper focused on heat transfer mixed convection flow in a 
vertical channel with constant heat flux. The mechanism of the heat 
transfer was modeled in the existence of g-jitter effect. It can be 
concluded that temperature, 𝜃𝜃was directly proportional to wall 
temperature, 𝑟𝑟𝑇𝑇. Additionally, velocity, 𝑈𝑈 fluctuated due to frequent 
number of oscillations of fluid parameter, Ω𝜏𝜏. Meanwhile, the velocity, 
𝑈𝑈 increased as Gr/Re increased whereas velocity decreased when a 
frequency of g-jitter increased. The velocity remained unchanged when 
a non-dimensional wall temperature, 𝑟𝑟𝑇𝑇 increased. For the case of 
steady flow, the results obtained demonstrated that the velocity, 𝑈𝑈 

increased when Gr/Re increased. 
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