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ABSTRACT
A numerical study involving graphical analysis has been
carried out to investigate fluid flow and heat transfer
between two stationary horizontal plates possessing blocks
(which restricts flow). Important parameters corresponding
to pressure, velocity, temperature, heat transfer coefficient
and Nusselt Number have been under the spotlight. Multiple
investigations have been undertaken to observe the flow and
heat transfer characteristics not only by altering the size of
blocks but also by changing the number of blocks. As the
blocks reduce the area of flow, following the Continuity
equation, reduction of flow area increases the flow velocity
and makes the flow turbulent. And the rise of fluid velocity
lowers the pressure according to Bernoulli’s principle.
Moreover, the presence of blocks creates recirculation of
fluid which increases the available time for heat gaining
while heat flux is being applied. Blocks contribute to the
increase in temperature of the fluid. The higher velocity of
fluid causes higher collision among fluid particles. Thus, the
heat transfer coefficient and Nusselt Number increase.
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1. Introduction
The fluid flow through the parallel plate channel experiences changes in pressure. The pressure
drop is the main concern, as the fluid is passed through parallel channels. The wall pressure is
decreased as the length of the surface is increased along the horizontal axis. This effect is
enhanced by the presence of small restrictions in the fluid passage [1]. This study incorporates
the effect of restrictions placed on the parallel flow of the fluid. The blocks serve as a constraint
to the flow, as the pressure decreases sharply. Linear pressure drop takes place based on the
effects of the blocks. If the effect of these blocks is derelict the linear pressure drop takes place.
Due to the viscosity effect, the wall pressure is not recovered fully in downstream, these losses
are irrecoverable. This study shows that as the length of the restriction is increased these losses
are also increased. The ratio of irreversible losses has increased exponentially with the length.
On the contrary, these losses are minor if the length of the restriction is small.
The analysis is based upon the Poiseuille flow, which is a pressure-driven flow. This is
considered a swirl-free flow with axisymmetric properties. The pressure varies in the x-direction
and flow is essentially axial (𝑢�≠0,�𝑣�=𝑤�=0) [2]. The flow is considered far downstream so that
it is developed to some extent and the effect of wall shear is diminished. This is done to perform
profile analysis of the fluid between two parallel plats of infinite length.
The velocity profile of the fluid is also discussed as the restriction leads to the acceleration of the
fluid, the nonlinear behavior is noticed. Due to the flow separation in the flow, the velocity is
increased. This increment in velocity leads to the pressure drop in the channel. The pressure drop
has adverse consequences as it can cause the collapse of the channel. To control the flow,
velocity profile analysis is imperative. However, the velocity profile is parabolic for Poiseuille
flow with zero velocity at the top and bottom plate with maximum velocity in the center line.
The third parameter to be studied is heat transfer. These restrictions in the flow of the fluid lead
to varying heat transfer. The blocks lead to recirculation of the fluid in the channel, which may
aid in the increase of heat transfer. The behavior of these characteristics is shown numerically by
taking surface heat flux constant using the mathematical model.
Perseverance of this research is to analyze the effect of restriction on the flow channel as well as
measure the pressure of water at the upper and lower plate. Also the measurement of pressure
and velocity along the conveniently chosen line between plates is performed. Moreover,
calculate Nusselt Number and Convective heat transfer coefficient at the outlet were also the
goal.
This research will prove to be advantageous in designing plates or heat exchangers, as the
selection of wavy plates provides energy saving. Along with this, the research depicts the idea of
restriction in blood vessels in the form of fats. This causes the pressure drop and velocity
changes in blood vessels.
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2. Literature review
To analyze the heat transfer and pressure drop in corrugated channels and smooth pipes Sunden
and Skoldheden [3,4] developed an experimental setup at constant heat flux and validated it with
numerical methods. As the research on heat transfer was carried on, the effect of threedimensional hydrodynamics on heat transfer enhancement in corrugated channels was studied
[5]. Newtonian and Non-Newtonian fluids flowing in corrugated channels had different heat
transfer properties [6]. Fabbri [7,8] investigated laminar convective heat transfer in a channel
with smooth and corrugated walls. The change in the angle of the corrugated plane also affected
the heat transfer. It was depicted by using the same APV SR3 plates with different angles [9]. To
observe adiabatic concurrent gas and liquid interaction in horizontal corrugated channel Gradeck
and Lebouche used nitrogen and water as a working fluid [10]. Zimmerer et al. [11] found that
the angle of inclination and wavelength of corrugated flow had various effects of heat and mass
transfer in a heat exchanger. To determine the heat transfer rates, Wang and Chen [12]
implemented a simple and effective technique of coordinate transformation and the spline
alternating-direction implicit method. Effects of wavy geometry, number of Reynolds, and
number of Prandtl on skin friction and number of Nusselt were taken into contemplation. Hamza
et al. [13] experimentally studied the effects of the operating parameters on laminar flow forcedconvection heat transfer in channel with V upper plate and gas as operating fluid. Metwally and
Manglik [14] simulated laminar periodically created forced convection in sinusoidal corrugatedplate channels using the finite-difference control volume technique. Islamoglu and
Parmaksizoglu [15–17] explored numerically and experimentally the impact of channel height on
enhancing heat transfer behavior in a corrugated heat exchanger channel. Furthermore, artificial
networks were used to evaluate the heat transfer in corrugated channels. Naphon [18–20]
analyzed the heat transfer and pressure fall characteristics of a corrugated channel with various
V-shaped wavy plates and channel heights. Heat transfer can be increased by increasing
turbulence in the fluid by adding some pattern in the plates. Moreover, the usage of Nanofluids
as a coolant of the plate has increased heat flux [21]. Analyzing the effect of boundary conditions
on conjugate heat transfer in parallel micro sink resulted that at constant heat flux boundary
conditions the mean temperature of the fluid and solid decreases. On the other hand, constant
temperature boundary conditions adverse results were shown in the CFD model [22]. The effect
of the number of plates and distance between plates was found by CFD analysis of moment and
heat transfer non-Newtonian fluids in the plate heat exchanger. This deduced that heat transfer
does not depend upon the number or distance of plates rather it depends upon pumping power
[23]. Furthermore, the mathematical equation was developed to analyze the effect of
maldistribution in parallel plate-fine heat exchanger. The three configurations which were
assessed were conventional header configurations, a punched baffle header configuration and a
quasi-S header configuration, respectively. This also stated that the effect of maldistribution can
be described by applying good synergy flow of hot and cold fluid in adjacent heat exchanger
[24]. For the heat transfer enhancement in tubes, optimization of the tube design and insertion of
porous material was done using a genetic algorithm along with CFD analysis. This stated that the
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porous inserts in tube enhanced heat transfer [25]. The heat transfer for the parallel plate at
constant temperature conditions was investigated by the DPD method. It was found that
Yaghoubi and fan weight function controlled the velocity and temperature fluctuation near-wall
very well. It was a novel method and showed better results rather than the classic one [26].

3. Methodology
For the analysis, 2D geometry was generated using ANSYS. The Fig. 1 shows the geometric
model, along with the dimensions. The two domains were performed first with single restriction
and the other with multiple restrictions. In pre-processing, the fine mesh was generated on the
model to reduce computational effort. Square meshing was performed for the flow channel. The
solution was evaluated and the skewness of the mesh was reduced by introducing smoothness
function (Fig. 2).
Water was used as fluid and Aluminum was selected as plate material. For the turbulent flow
analysis, K-epsilon equation was selected and the energy equation was activated. Surface body
was as water-liquid in Cell Zone for precise heat transfer.
(a)

(b)

Fig. 1. Computational Model (a) Single Restriction (b) Multiple Restriction.
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Fig. 2. Meshing (a) Single restriction (b) Multiple Restriction.

Some reference values were specified for starting the computation from the inlet. As the density
was kept constant, the flow was incompressible. No pressure was applied in the inlet and
2
temperature was specified. Turbulence intensity 𝐼 = √ 𝑘⁄𝑢,�is also specified at the inlet for
3

calculations. For outlet conditions, gauge pressure is assumed to be constant. A radial
equilibrium pressure distribution option is available for cases where that is not appropriate, e.g.
for strongly swirling flows. Symmetric boundary conditions are advantages when analyzing
pipes or other flow channels. After specifying boundary conditions, the analysis was performed.
Number of iterations is specified as 1000, according to the convergence of the solution. To view
the results and evaluate the behavior of flow by varying some properties, the post-CFD module is
utilized.

4. Governing equations
The fluid flow analysis is governed by Naiver Stokes Equation. It is based on the conservation of
momentum with gravity, pressure and shear forces [27].
𝜌𝑎 + 𝜌𝑔 = −∇𝑝 + 𝜇∇2 𝑉

(1)

Eq. 1 gives the acceleration of the fluid. Here ‘a’ represents Lagrangian acceleration and ‘g’ is
the gravitational acceleration. This equation is further simplified for the shear stress gradient. For
laminar flow in the horizontal direction, the Eq. 2 was derived from Eq. 1 by applied zero
acceleration conditions.
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𝟐
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𝒅𝒙

+ 𝑨𝒚 + 𝑩 = �𝝁𝒖

(2)

‘y’ is the vertical plan direction and ‘u’ is the horizontal velocity of the fluid. ‘A’ and ‘B’ are the
boundary conditions that are to be found. For infinite, horizontal channel and specific boundary
conditions, the Eq. 2 is further simplified and T is found to be:
𝒂 𝒅𝒑
𝟐 𝒅𝒙

𝑻 = � (𝒚 − )

(3)

Considering the flow to be laminar, the discharge flow is given in Eq 4. The partial derivative
equation depicts the change in the pressure along with the fluid flow. The variation of the
velocity profile is given in Eq. 4.
𝝁(

𝒅𝟐 𝒖
𝒅𝒚𝟐

) = 𝒑𝒈𝒙 +

𝒅𝒑
𝒅𝒙

(4)

These equations utilize the Continuity equation and Bernoulli’s equation to provide a complete
solution to the stated problem.

5. Results and discussion
5.1. Computational domain-I
For the computational domain as given in Fig. 1(a), the stationary parallel plates are separated
from a fixed distance. The fluid enters from the left side, and leaves from the right side. Heat flux
is applied longitudinally to both upper and lower plates to heat the water. Moreover, the middle
zone of the lower plate is pressed from outside in such a way that a sinusoidal region is created
inside.
5.1.1. Effect of pressure
In Fig. 3, it is seen that there is a slight decrement in pressure due to the wall friction. As the
fluid reaches the restriction zone, there is an abrupt decrease in the pressure. Because the block
lessens the flow area causes an increase in flow speed to keep the flow rate constant. Pressure
drop increases with increasing Reynolds Number. The pressure drop across the lower plate is the
highest. As the constriction seizes pressure tends to increase but never reaches its initial value as
the loss is irrecoverable due to viscous effect.
5.1.2. Effect of velocity
From Fig. 5 it is depicted that there is slight increase in the velocity at the entrance due to a slight
pressure drop. Since the arrangement parallel plates are kept horizontal, gravity does not affect.
So, the pressure difference between the two sections drives the flow while the viscous effects
provide a restraining force that exactly balances the pressure forces. The fluid moves with
constant velocity. As the restriction height is increased, the flow area is reduced, this escalates
the velocity of the fluid. Fig. 5 shows the variation of velocity with Reynold number.
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(a)

(b)

(c)

(d)
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(e)
Fig. 3. Effect of fluid flow on Pressure (a) Re=100 (b)Re=200 (c) Re=400 (d) Re=1000 (e) Re= 2500.
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5.1.3. Effect of outlet temperature
At the time of flow, heat flux is applied from outside to both walls. If Reynolds Number is low,
fluid velocity will also be low. So, fluid will get more time to absorb heat from the walls.
Thereby the temperature of the fluid will increase rapidly. This variation is shown in Fig. 4(a). If
the Reynold number is high the temperature gain will be low. Moreover, the temperature of the
fluid close to both upper and lower walls will be more than the fluid at the centerline because
heat flux is applied to the walls. Owing to the presence of blocks, there will be recirculation of
water that creates turbulence. Due to this, water tends to stay in one place sometimes. Thus more
heat gaining is possible. Although outlet temperature falls as Reynolds Number increases once a
higher Reynolds Number is reached, temperature no longer falls rather becomes almost constant
as shown in Fig. 4(b).

(a)

(b)

Fig. 4. Variation of (a) outlet stream temp (b) outlet wall temperature with Reynolds Number.

5.1.4. Effect of nusselt number and heat transfer co-efficient
The flow inside the setup is turbulent because of the rapid rise of velocity and there is substantial
breaking away from the tube wall and condition is described as turbulent flow with significant
mixing of the boundary layer and the bulk fluid. Due to higher collision among fluid particles,
heat transition rate increases. So, theoretically, there should be an increase of heat transfer
coefficient with increasing Reynolds Number which can be observed in Fig. 6(a).
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(a)

(b)

(c)

(d)
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(e)
Fig. 5. Variation of velocity with Reynold Number (a) Re=100 (b) Re=200 (c) Re=400 (d) Re=1000 (e)
Re= 2500.
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So, the heat transfer coefficient increases with the Reynolds Number for wavy channel
configuration. The size or amplitude of wavy blocks has a significant influence on the growth of
recirculation zones promoting the mixing of fluid in the thermal boundary layer. Thus, the
convective heat transfer coefficient is enhanced.
With the increase of heat transfer coefficient, Nusselt Number also increases as Nusselt Number
is the function of heat transfer co-efficient which is shown in Fig. 6(b).

(a)
(b)
Fig. 6. Variation of (a) Heat transfer Co-efficient (b) Nusselt Number with Reynold Number.

5.2. Computational domain II
For this domain, better results are expected as the first setup contains one block only while this
one contains four blocks. However, the size or amplitude of the constriction is an important
factor too and the block of setup-I has a much higher amplitude and size than each block of
setup-II. So both the setups contribute to escalating flow velocity, pressure drop, and heat
transfer coefficient. In this setup, four blocks are constructed instead of one as shown in Figure
1(b). Each block is of the same dimension and is smaller than the block of the first setup.
5.2.1. Effect of pressure
In Fig. 9, the initial wall pressure falls as it tends to coincide with the middle pressure. The
maximum pressure drop occurs at the lower plate for first and third constriction; at the upper
plate for second and fourth constriction. There is an overall decrease of pressure for each of the
four constrictions. Furthermore, magnitude of pressure drop increases with increasing Reynolds
Number.
5.2.2. Effect of velocity
Similar nature of velocity fluctuation in the multi-restriction channel is observed as found in
setup-I shown in Fig. 10.
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5.2.3. Effect of outlet as the temperature
The effect of outlet temperature for the multi-restriction channel is shown in Fig. 7. It shows
similar behavior like setup-I.

(a)

(b)

Fig. 7. Variation of (a) outlet stream temp (b) outlet wall temperature with Reynolds Number.

5.2.4. Effect of Nusselt Number and Heat Transfer Co-efficient
The same effect is assessed for the Nusselt number and heat transfer coefficient for setup-II as in
the single restriction channel in Fig. 8. The slight variation is the rapid increase of both heat
transfer coefficient and Nusselt Number which is due to multiple restrictions.

(a)

(b)

Fig. 8. Effect of (a) Heat transfer Co-efficient and (b) Nusselt Number in Multi-restriction flow.
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(a)

(b)

(c)

(d)

(e)
Fig. 9. Effect of fluid flow on velocity Multi-restriction (a) Re=100 (b) Re=200 (c) Re=400 (d) Re=1000
(e) Re= 2500.
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(a)

(b)

(c)

(d)

(e)
Fig. 10. Effect of fluid flow on velocity Multi-restriction (a) Re=100 (b) Re=200 (c) Re=400 (d)
Re=1000 (e) Re= 2500.
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6. Conclusion
Through the analysis it was found that, the non-linear pressure drop occurs at the entrance and
then at the restriction site. This is because of the increase in velocity and reduction in the flow
area of fluid. After repetitive analysis, some values were selected for operating parameters to
reduce the effect of restriction and increase heat transfer. This was attained at high turbulence of
fluid. The pressure drop at restriction also decreased in a turbulent flow. This restriction in flow
caused flow separation and swirl which enhanced the heat transfer and raise the temperature of
outlet fluid. Further research is to be done for the optimization of various parameters to increase
desired values and decrease others.

Nomenclature
CFD
CAD
APV
DPD

Computational fluid dynamics
Computer Aided Design
Agrophotovoltaics
Dissipative particle dynamics
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