Z’ I l I A International Information and
Engineering Technology Association

Enhanced Heat Transfer by Oil/Multi-Walled Carbon Nano-Tubes Nanofluid R)

Abdelhakim Boursas'?, Mohamed Salmi®?, Giulio Lorenzini®", Hijaz Ahmad?, Younes Menni®, Djamal Fridja’

Check for
updates

! Department of Physics, University of M’sila, B.P. 1713, M’sila 28000, Algeria

2 Laboratory of Physics and Chemistry of Materials, University of M’sila, M’sila 28000, Algeria

3 Department of Engineering and Architecture, University of Parma, Parco Area delle Scienze, 181/A, Parma 43124, ltaly
4 Department of Basic Science, University of Engineering and Technology, Peshawar 25000, Pakistan

5 Department of Physics, Faculty of Sciences, Abou Bekr Belkaid University, P.O. Box 119, Tlemcen 13000, Algeria

Corresponding Author Email: Giulio.lorenzini@unipr.it

https://doi.org/10.18280/acsm.450201

ABSTRACT

Received: 23 December 2020
Accepted: 12 March 2021

Keywords:
nanofluid, oil, multi-walled carbon nano-tubes,

The subject of the study is mainly based on thermal reinforcement by an oily fluid
containing nanometer particles of carbon. The study is carried out by the presence of
discontinuous bars in two different shapes, i.e. flat and V, inside a horizontal heat
exchanger. The study relies on simulations in thermal and dynamic terms from the
literature. The turbulence effect is diagnosed by applying the k-¢ model, while the flow
hydrothermal transport relationships are modeled based on the finite volume technique.

mechanical roperties,  thermodynamic . .
properties prop y Both the flow and heat-transfer aspects of all channel regions are studied and analyzed.
The new heat-exchanger structure has been enhanced in the presence of these
discontinuous bars by reducing the friction coefficient and eliminating stations with poor
transfer of heat behind these deflectors.
1. INTRODUCTION placing pins or adding extended spaces on the hot sides in

In order to enhance heat-transfer and improve the
performance of heat-exchangers, which are used in various
industrial sectors, modern and more effective methods must be
sought. Some researchers have shown interest in improving
the physical structure of the heat-transfer fluid. Most of the
studies are based on traditional fluids such as water, especially
air. The results obtained show a slight thermal enhancement
due to the decrease in the thermal-conductivity of such
conventional fluids. Some other studies resorted to increasing
thermal-conductivity by adding nanoscale solid particles
capable of excessively absorbing thermal-energy from hot
walls [1-3]. In such contributions, researchers found enhanced
thermal-transport over channels under the presence of aerobic
or aqueous fluids.

Different studies with distinct boundary conditions have
been carried out in the presence of porous media in order to
limit the high friction values [4]. Most of these studies were
performed for conventional fluid heat-exchangers, where a
higher performance was recorded compared to the case
without a porous medium. On the other hand, nanofluidic
fluxes are modeled in the presence of the porous media [5].
The effect of the thermal and mechanical properties of the
fluid, as well as the characteristics of the porous medium, have
been the subject of studies, which have shown the
effectiveness of combining the two techniques together, i.c.
using the nanofluid to activate the thermal-conductivity of the
fluid, while embodying the porous medium inside the channel
to reduce the charge loss, which enhances the effectiveness of
the heat exchanger dynamically and energetically. From the
engineering side of the exchanger, some studies have been
established on the structure of the inner channel, meaning the
use of rough surfaces instead of smooths surfaces, such as
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order to extend the heat-exchange areas, or on the adiabatic
walls for good fluid mixing [6, 7]. The incoming process
improved both turbulence and convection phenomena, which
is required. The majority of these contributions dealt with
conventional fluids, highlighting several disadvantages,
including the excessive rise in friction values, which
negatively affected the heat transfer values and thus, reduced
performance values.

The strategy of using the technique of stretched surfaces
varied from one study to another. For example, vertical finned
channels have been studied [8]. While, researchers resorted to
changing the angle of attack of these deflectors in both
directions, the front and rear of the fluid field [9]. The results
were different for different inclination angle. The vertical
turbulators showed higher coefficients of friction. Moreover,
the inclined obstacles against the flow direction showed a large
increase in the friction loss, in contrast to the behavior of the
inclined baffles towards the outlet of the exchanger which
showed a decrease in the pressure drop.

In order to reduce the height of the coefficient of friction,
the authors modified the structure of the baffles by using
porous materials [10] or by making holes [11] in order to
permeate the fluid and reduce he pressure on the frons faces of
these turbulators, thus reducing the charge loss.

Modeling the baffles in terms of their geometry is the goal
and path of many researchers in order to update the thermal
and energy performance of various solar exchangers (see
Kamali and Binesh [12], Wang et al. [13], Fawaz et al. [14],
Boonloi and Jedsadaratanachai [15], Tamna et al. [16], Nanan
et al. [17], Menni [18-35] in Table 1). The effect of both
deflector dimension and flow rate has also been analyzed for
complex geometrical obstacles, such as helical baffles.


https://crossmark.crossref.org/dialog/?doi=10.18280/acsm.450201&domain=pdf

Table 1. Various numerical study on baffled channel heat exchangers

Investigator (s) Physical domain Obstacle geometry Reynolds Numerical Numerical
number (<10%) method model
Kamali and Binesh [12] Square ducts Quilateral-triangular, square, 81020 Finite volume SST k-w
and Trapezoidal
Wang et al. [13] Rectangular Drop 48108.2 Finite volume Standard k-¢
channel
Fawaz et al. [14] Square channel 45°in-line 'V' 51025 Finite volume RNG k-¢
Boonloi and Square channel Discrete combined 51020 Finite volume Realizable k-¢
Jedsadaratanachai [15]
Tamna et al. [16] Solar air heater Multiple 'V* 4t021 Finite volume RNG k-¢
channel
Nanan et al. [17] Heat exchanger Twisted 61020 Finite volume Realizable k-¢
tube
Menni et al. [18] Rectangular Flat and 45°'V" with vs. 12t0 32 Finite volume- Standard k-¢
channel orientations
Menni et al. [19] Rectangular 45°'V" with vs. spacings 12 t0 32 finite volume Standard k-¢
channel
Menni et al. [20] Solar air Simple, triangular, 12t0 32 Finite volume Standard k-¢
channels trapezoidal, cascaded,
diamond, arc,
corrugated, +,
SSV\W,Z T,
I'Land e
Menni et al. [21] Channel heat Arc with vs. orientations 1210 32 Finite volume Standard k-¢
exchangers
Menni et al. [22] Rectangular Detached and attached 510 50 Finite volume Standard k-¢
channel
Menni et al. [8] Hz fluid solar Detached and Attached 51020 Finite volume Standard k-¢
channels
Menni et al. [9] Channel exchanger ~ Vertical and 15<75<inclined 510 20 Finite volume SST k-
Menni et al. [23] Oil solar channels Staggered flat 51025 Finite volume Standard k-¢
Menni et al. [24] Solar duct Multiple 'V* 510 30 Finite volume Standard k-¢
Menni et al. [25] Channel heat Cascaded, rectangular, 1210 32 Finite volume Standard k-¢
exchanger triangular
Menni et al. [26] Rectangular Downstream 'V' 12t0 32 Finite volume Standard k-¢
channel
Menni et al. [27] Rectangular duct 'S'-upstream and 'S'- 12 to0 32 Finite volume Standard k-¢
downstream
Menni et al. [28] Solar air channels Arc with vs. positions 12 Finite volume Standard k-¢
Menni et al. [29] Solar air channels "+ 12 to0 32 Finite volume Standard k-¢
Menni et al. [30] Rectangular Waisted triangular 5 to 200 Finite volume Standard k-¢
channel
Menni et al. [31] Baffled channel Complex 12t0 32 Finite volume Standard k-¢
Menni et al. [32] Solar air-heat g 17 to 32 Finite volume Standard k-¢
exchanger
Menni et al. [33] Horizontal duct Cascaded rectangular- 10to 30 Finite volume SST k-
triangular
Menni et al. [34] 2D channel L 12to 30 Finite volume SST k-
Menni et al. [35] Rectangular Diamond 12 to0 32 Finite volume Standard k-¢
channel
Depending on previous studies, the reinforcement 2. PHYSICAL DOMAIN

techniques can be summarized as follows: (i) the porous
medium shows a decrease in pressure over the flow surfaces;
(i1) the nanofluid shows an increase in the convective heat
exchange coefficients and; (iii) the extended areas augment the
friction values, which affects the heat transfer rates. According
to these strategies, two techniques are used in this study
simultaneously, namely, reinforcement of the disordered
structure by gap bars of different shapes. These deflectors
enhance the intensity of the turbulence, while the gaps reduce
pressure and eliminate counter-flows with poor heat-transfer.
This study is also carried out in the presence of a high thermal
transfer fluid due to its physical properties. The two
technologies will improve both the hydrodynamic and thermal
aspects of the fluid flow field.
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2.1 Channel heat exchanger model

The study is carried out according to a two-dimensional
simulation of a horizontal heat exchanger. The duct is an
update of one of the simple baffled heat-air exchangers
mentioned by Demartini et al. [36]. This conduit has been
studied by many researchers in order to augment its efficiency
by giving a new structure to the simple baffles. For this
purpose, Menni et al. [18] reported a new baffle type,
represented by the V-shape. Their analysis of the results
behind the baffles reported reverse flows with low thermal
gradients, which affected the phenomenon of forced
convection in such areas. Their interpretation showed two
main reasons for this weakness in heat transfer, first, the



decrease in the pressure on the back areas of the baffles, while
the second is the high coefficient of friction in the gape, due to
the presence of such extended surfaces.

Based on these analyzes, the motivation of this simulation
suggests changing the simple baffles of the heat exchanger
(Figure 1a). The study proposes two modern models.

(1) the first structure, is a flat and discontinuous baffle with
gapes. In the upper part of the exchanger, two adjacent baffles
are placed. One of them has three gaps (first upper flat baffle:
FUFB), while the second baffle (second upper flat baffle:
SUFB) contains only two gaps, in addition to the third gap
between it and the top surface of the exchanger.

(i1) The second structure, is a V-baffle with an attack of 45°
relative to the horizontal axis of the exchanger. Similarly, two
adjacent baffles on the same underside with narrow gapes. On
the right, the first formed baffle (first lower V-baffle: FLVB)
has two gaps, while on the left, the second formed baffle
(second lower V-baffle SLVB) has only one gap.

According to this model, the following are done: (i) the
pressure values on the front areas of the baffles are reduced
through the presence of holes, that is, a reduction in the values
of fluid-solid friction, thus reducing the charge loss. This
process greatly enhances the heat transfer of the exchanger; (ii)
This structure allows the creation of two different flows, a
main stream, that passes below the FUFB and SUFB, and
above the FLVB and SLVB. While, a second flow exists in a
secondary form where it crosses all the holes found in the
FUFB, SUFB, FLVB and SLVB. The secondary fluid flow,
through the holes, eliminates all back recirculation fields and,
greatly enhance the exchanger transfer.

The structure adopted and proposed for the development of
this model of exchangers helps to increase the transfer of heat
across the conduit by reducing the increase in friction and
eliminating the low heat transfer reverse flows, by secreting
secondary flows through the baffle holes proposed by its new
model in this study.

The originality of this simulation is the analysis of this new
configuration of exchangers, in the presence of a
discontinuous baffle structure, which allows the addition of
secondary flows and elimination of recycling streams. This
new dynamic behavior is a result of the new structure of this
heat exchanger.
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(a) Channel heat exchanger model.
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(b) Geometrical parameters.
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Figure 1. Simulated physical model
2.2 Geometrical parameters

The geometric dimensions tested in this simulation have
been adopted in the literature for heat exchangers established
with simple deflectors [36]. In the second half of this same
figure (Figure 1b), all the geometrical dimensions of the
exchanger are shown. The FUFB and FLVB deflectors have
the same height, estimated at 8 cm while, the other turbulators
(SUFB and SLVB) are shorter, estimated at 5 cm. All holes
received for FUFB and SUFB are square shape, side length is
1 cm. Whereas, the holes contained on the lower deflectors
(FLVB and SLVB) are of parallelogram shape with the same
dimension, i.e. 1 cm. The distance between each two adjacent
baffles is 2 cm in both cases (FB and VB). Further, the FUFB
is located 21.8 cm from the exchanger entrance, 32.6 cm from
the exit, while 14.2 com from the FLVB. Finally, as for the
dimensions of exchanger conduit, it is 55.4 cm for the length
while 14.6 cm for the width. The thickness of the baffles is
estimated at 1 cm, while it is neglected in the case of the
exchanger surfaces. Both the surfaces of the exchanger and the
areas of the baffles physically are the Aluminum. This model
of the exchanger remains open for many future studies in order
to develop it geometrically as well as in terms of its physical
structure. It can also be treated by simulating in unsteady
three-dimensions and experimentally with the effect of solar
radiations instead of the temperature factor.

2.3 Limit conditions

Figure 1c highlights the characteristics of all surfaces of the
exchanger. The inlet of the exchanger conduit is subjected to
a fluid flow with an axial speed related to the Re values
(Reynolds number), as stated in some indexed papers such as
Menni et al. [18-35], Demartini et al. [36], and Nasiruddin and
Kamran Siddiqui [37]. Five different speeds are simulated in
order to demonstrate the effect of flow rate on various dynamic
and thermal phenomena. Dynamically, velocity changes and
coefficients of friction can be studied while thermally, the
temperature fields and developments of heat transfer values
can be analyzed.

On the other hand, the outlet of the exchanger is simulated
in terms of pressure. In this section, the fluid pressure is equal
to the atmospheric pressure, as it has been discussed in many
research studies such as Menni et al. [18-35], and Demartini et
al. [36].

The study is also carried out under the influence of constant
temperature of 300 K [37] for the entire upper wall of the
exchanger opposite to the lower, insulated wall.



3. NUMERICAL MODEL
3.1 Oil/multi-walled carbon nano-tubes (Oil/MWCNT)

The study is based on a new fluid type, which is the
nanofluid. This simulation is an update of conventional
aqueous fluids (water, oil, etc.) that have low dynamic and
thermal behavior, due to their low physical properties. The
motivation for this study lies in the search for the best fluids
that transfer the heat. This requires an improvement at the
nanometric level, such as adding solid particles (Al>Os,
MWCNT, etc.) at low concentrations (< 6%) to the base fluid
in order to create a new structure with improved properties,
which allows the absorption of the largest possible part of the
thermal energy by heat transfer from the hot spaces. The
working fluid simulated is an oily liquid with carbon-type
nanoscale solid particles at a fraction of 2% (OiI/MWCNT
nanofluid). The physical properties of oil, MWCNT, and
Oil/MWCNT are shown in Derakhshan et al. [38] and
Gholami et al. [39].

3.2 Flow model

This simulation is don according to the following:

- The OI/MWCNT flow is 2D;

- The OiI/MWCNT flow is turbulent;

- The Oil/MWCNT flow is incompressible;

- The OiI/MWCNT flow is Newtonian;

- The OiI/MWCNT flow is turbulent;

- The Oil/MWCNT flow is steady;

- The Oil/MWCNT flow is single phase;

- The working fluid (Oi/MWCNT) temperature is 298
K.

- The thermal transfer is done by the forced convection,
while the transfer by radiation is canceled.

- The upper and lower surfaces of the exchanger have
a negligible thickness.

- For all solid, a non-slip condition has been applied.

- The flow rate (Re x 10%) is 12 to 32.

- The disturbance modeling model is k-& model [40].
Similar simulations from the literature are done under
the same model as Wang et al. [13], Demartini et al.
[36], Yang and Hwang [41], Biger et al. [42], Lv et al.
[43], etc.

3.3 Governing equations

For the abovementioned assumptions, the governing
equations are written as:

Continuity:
0
-~ )=0
o (ou;) (1)
Momentum:
O )= M ||~ 5
ox pxiyaxjpij o, @

where, P, p, and u are the pressure, fluid density, dynamic
viscosity. ui and u;j are mean velocity components in x; and X;
directions.
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Energy:
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where, 7} and I are, respectively, the turbulent thermal
diffusivity and molecular thermal diffusivity, defined as:

I=p/Pr and T =y /Pr, “4)

In Eq. (2), pui'u'j is the Reynolds stresses defined by the
Boussinesq hypothesis as:

—_ ou. Uj 2 ou;
—-puu; = Lt —[—= + Lo
pUl; ﬂt[x' X) 3[pk ﬂtanJ i

] I

)

where, dj is the Kroenecker delta and v the eddy viscosity
defined as:

k2

= pC, ©)
&

The standard k-¢ model is used for turbulence modeling. For
further details on this model, the reader can refer to our
previous paper [40]. The Reynolds number (Re) is defined as:

Re = pUD, /u (7)
where, Dy, is the hydraulic diameter, given by:
D, = 2HW/(H +W) (8)
The friction factor (f) is:
el ©)
27

The local (Nuy) and average (Nu) Nusselt numbers are,
respectively, defined as:

(10)

where, U is the average axial velocity, and = is the shear
stress. The local (Nux) and average (Nu) Nusselt numbers are,
respectively, defined as:

1
Nu :EINuxax (11)

All properties of the simulated nanofluid can be calculated
using the relationships given in the references [9, 44].
3.4 Numerical approaches

The finite volume method is applied to solve the governing

equations with the computer tool FLUENT. The convective
and pressure terms are discretized with the QUICK and



Second-order upwind schemes, respectively (Patankar [45];
Leonard and Mokhtari [46]). The pressure velocity coupling is
done with the SIMPLE algorithm.

The under-relaxation factor that allows controlling the
update of the predicted results at each step was changed in the
range 0.3 - 1.0 (Nasiruddin and Kamran Siddiqui [37]). The
results were considered converged when the residual target
drop below 10 for pressure and velocities and 102 for the
temperature. The computer tool GAMBIT is used for creating
and meshing the computational domain.

4. RESULT AND DISCUSSION

To control the flow changes near the wall, the mesh is
refined near the walls of the channel and baffles. Mesh
dependency tests were carried out for several quadrilateral grid
elements and the results reveal that the mesh with 245 <95 (in
X and Y coordinates, respectively) does not allow more
variation than 0.350% in the values of Nusselt number.
Therefore, this case was selected to perform all other
calculations.

Re = 12,000

Re =17,000

Re = 22,000

Re = 27,000

Re =32,000

2 6 10 14 18 22 26 30 32 34 36 38 40 42 44 46

dynamic-pressure:

Figure 2. P; = f (Re)
4.1 Pq fields

Figure 2 shows the Pq (dynamic-pressure) evolution in
terms of the Re. For a smaller value of the flow rate that is, for
the minimum velocity at the inlet, there is a pressure drop over
the entire exchanger structure. With the flow rate shifting from
12 to 32 (x10%), the Pq value increases slightly on the front
sides of both FUFB and FLVB. For an average value of the
flow rate, the Pq value is slightly augmented through the holes
of the four deflectors. When the flow rate is increased to 27
(x10%), there is an enhancement in the pressure value below
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the FUFB and SUFB, and above the FLVB and SLVB. By
maximizing the flow rate to its highest value, areas of high
pressure appear through the two holes in the FLVB. Therefore,
the pressure changes with the evolution of the flow rate from
12 to 32 (x10%), being 45 Pa at Re = 12 (x103).

4.2 ¥ fields

The fluid has a constant velocity at the inlet of the conduit,
and flows through the internal structure of the exchanger along
lines. The field has a parallel configuration at this intake due
to the fluid flowing at an axial speed. These lines are slightly
tense in front of the FUFB. In the vicinity of the FUFB and
SUFB, the fluid branches into two distinct streams.

I | 9

005 01 015 02 025 03 035 04 045 05

stream-function:

Figure 3. ¥ =f(Re)

Secondary streams flow through the holes of both adjacent
FUFB and SUFB. While, there is a main flied below these
upper deflectors, it also flows in parallel lines until it reaches
the FLVB and SLVB (Figure 3). The same dynamic behavior
occurs in this region where the main stream splits into
secondary fields through the holes, and the main field through
the gaps. The role of the secondary flows is to eliminate all the
recycling zones behind all the FBs and VBs, so this effectively
reflects the presence of the discontinuous deflectors. Also,
from the plot, the flow lines are greatly strained with the
continuous increase in flow rates.

4.3V fields

The speed-magnitude (V) has different values from one
zone to another (Figure 4). The V value is low in the front
space of the exchanger, from x/L = 0 to x/L = 0.393, due to the
positioning of the upper expanses (FUFB and SUFB). It is also
lowered downstream of the solid surfaces of these same



deflectors as the P4 on the right sides of both FUFB and SUFB
decreases. On the other hand, it is low extensively behind the
upper second FB and to the right of the lower 2" VB. The V
value increases in four main locations of the exchanger.
Secondary flows through holes have high speeds, due to high
P4 over the entire frontal area of these deflectors in both cases
simulated. The main currents that traverse the two gaps, the
lower, i.e. below the FUFB and SUFB, and the upper, i.e.
above the FLVB and SLVB, increase in speed, due to the
increased Pq in the region. Significant progression of the flow
speed is also evident over the entire path near the upper FLVB
wing. The V value in the case of the lowest rate of flow is
estimated at 3.18 m.s’!, i.e. an average value of 0.95 m.s™\.
These values improve to 8.73 m.s™! as the maximum velocity
while to 2.62 m.s™! as the medium value in the case of the
highest rate of flow. The effect of Re, is reflected by the strong
change in V from one state to another.

velocity-magnitude: 05 15 25 35 45 55 6 65 7 75 88 85

Figure 4. V =f(Re)
4.4 X-velocity fields

Figure 5 shows negative u values (x-velocity) which are
most clearly evident in several aspects of the exchanger. Very
limited areas lie behind the solid parts of both upper FBs also,
to the left of the front head of the FLVB, as well as
downstream of the solid parts of the SLVB adjacent to it.
These areas contain weak vortices that are created due to low
Pg4 values.

These vortices usually arise behind each low pressure
surface, i.e. to the left of all continuous deflectors. All
engineering properties of such phenomena mainly relate to the
deflector dimensions. The most important influencing factors
are the length of these vortex generators, their angle of attack
and the distance between them. The size and strength of these
rings change with the change in deflector geometry. Their
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strength increases with the length of the deflectors and the
reduction in the separation between them. In this study, the
presence of discontinuous FB and VB creates secondary flows
that prevent the formation of vortices except for the small ones
located behind the solid parts that make up these deflectors.

As for the main flow, its u is most valuable through the holes,
especially those within the FLVB. The u also reaches large
values in the last side of the exchanger, at its upper part,
reaching 2.72 m.s™! for the lowest flow rate, increasing by 43%
with an increase in the Re to 17 (x10°), 86% in the case of the
next rate (Re =22 x 10°), 129 % in the case of Re = 27 (x10%),
while 172% in the case of the Re maximum (Re = 32 x 10%).
These speed improvements can also record as follows: 259%,
370%, 476%, 594% and 705% are greater than the inlet speed
with Re = 12, 17, 22, 27 and 32 (x 10%), respectively.

These dynamic improvements prove the effectiveness of the
FBs and VBs as velocity values advance with improved flow
rate.

L [

05 0 05 1 13

2 XY 3 o ™ 6 7

x-velocity:  -1.5 -1

Figure 5. u = f (Re)
4.5 Y-velocity fields

The velocity values are also analyzed according to the
vertical axis of the exchanger (v) as the speed values are low
over the entire structure of the exchanger, except for those
areas adjacent to the lower VBs. There is already an
improvement in the vertical component of velocity as its
greatest on the upper right wing of the FLVB, while it is less
valuable near the solid lower part of the FUFB (Figure 6). At
the highest flow rate (Re = 32 x 10%), the optimum v is 5.18
m.s". This speed decreases by 16% by decreasing the flow rate
to 27 (x 10°). Also, 32% when the flow rate drops to 22 (x 103),
48% when the flow rate reduces to 22% and finally, the
vertical component of the flow speed is reduced to 64% if the



Re falls below its minimum value, Re = 12 (x 10%). Therefore,
the v component has a direct relationship with its rate.

TR

25 22 -1 0 1 2 3 4 5§

y-velocity: 45 -4 35 -3

Figure 6. v =f(Re)

4.6 Turbulent intensity fields

Re =12,000

Re =17,000

Re =22,000

Re =27,000

Re = 32,000

x 100
tuth-intensity: 0.1 0.2 0.3 04 05 06 0.7 08 09 1 12 14 1.6 18

Figure 7. I = f(Re)

In terms of the intensity (I)of the turbulence, there are zones
of low I value as observed from the inlet of the exchanger to
the region of the FUFB presence. There are also areas of
medium I, that is, those that are centered behind the SUFB and
SLVB. In addition, the I values are found in hight intensity in
the regions contained the FBs and VBs. Next to the front solid
limits of all obstacles, i.e. FUFB, SUFB, FLVB, and SLVB,
the disturbance intensity increases significantly. The I across
the FBs and VBs holes also improves dramatically in relation
to those values across the gaps. In general, the Is are very high
in the deflector regions compared to those in the same zones
without turbulators and this, mainly highlights the importance
of these FBs and VBs in improving the exchanger structure
also in terms of the turbulence intensity. The I value is
maximum in the case of the best flow rate (Figure 7).

4.7 Turb-viscosity fields

Investigating the viscosity () values and their change for
different flow rates is shown in the following figure, which
mainly highlights two main zones for high p; values, namely,
the centering in front of the attack head of the FLVB, while
the rest of the other values are located at the exit of the
exchanger, where they are centered. Also, there is a change in
the degree of viscosity according to the change in the rate of
flow, as they are proportional (Figure 8).

Re = 12,000

Re =17,000

Re =22,000

Re = 27,000

Re = 32,000

Figure 8. 1 = f'(Re)
4.8 Turb kinetic-energy and dissipation-rate fields

The study also shows the development of the & flow energy
in the presence of two distinct currents, main and secondary,
for a continuous flow rate from 12 to 32 (x 10%). The plot gives
a different structure in the presence of the FBs and VBs
compared to those zones that do not contain them (Figure 9).
The plot clearly shows that there is an improvement across the
deflector holes while there is a failure throughout the
exchanger structure. The fluid field reflects the effect of both
factors, the deflectors (FBs and VBs) and the flow rate, on



energy development, as it is proportional to Reynolds values
that is, as it improves, the energy values rise near the baffles.
On the other hand, the ¢ rate changes with the same behavior
of the k energy. It is also proportional to the Re rate (Figure
10).

Re =12,000

Re = 17,000

Re =22,000

Re =27,000

Re =32,000

turb-kinetic-energy:

Figure 9. k =f(Re)

Re =12,000

Re =17,000

Re =22,000

Re =27,000

Re =32,000

o |

60000 80000 120000 160000

200000

turb-diss-rate: 20000 40000

Figure 10. ¢ = f(Re)

100

4.9 Thermal fields

The heat exchanger has a hot surface with a constant
temperature of 375 K. The FUFB is also subjected to the same
temperature as the top surface of the exchanger, while the rest
of the surfaces are all insulated. This thermal boundary
condition has been used by many researchers such as Menni et
al. [18-35], and Nasiruddin and Kamran Siddiqui [37]. The
fluid T has high values near the hot solid boundaries and low
values over the rest of the flow regions (Figure 11). Higher T
values are found on both sides of the FUFB, especially on the
front. The area containing the hot deflector is higher in terms
of temperature compared to the same area in the absence of the
fin, as confirmed by many studies [18-35, 37]. On the other
hand, high T gradients (TGs) are evident on the front and
undersides of the solid parts from the FUFB, and also along
the hot exchanger wall behind the SUFB. However, the lower
T gradients are centered around the attachment base of the
FUFB.

Secondary currents passing through the holes completely
eliminate the recirculating cells to avoid low T gradients in the
area behind the fins. The effect of the flow rate is also shown
in the same figure. The analysis of the heat behavior of the
exchanger indicates that the T gradients improve as the flow
rate improves. It means that there is a direct proportionality
between the two variables (Re and TG).

Re =12,000

Re = 22,000

Re =27,000

Re =32,000

BT [ 7 7T |

305 310 315 320 325 330 340 350 360 370

total-temperature:

Figure 11. T = f(Re)
4.10 Thermal fields

The plots for both P4 and u/Uj, at the exchanger’s outlet are
illustrated in Figures 12a and 12b, respectively. Their
maximum values are 22.65 Pa and 5.8, respectively. There is
a reduction of about 85 and 62 percent if the flow rate drops to
its minimum value.



0,08

Heat exchange values are greatest in the vicinity of the
0,06 upper surface of the SUFB (Figures 12c). This region has high
' T gradients because the flow is subjected to high P4 and V.
0,04 However, the transfer of the heat decreases near the base of the
~ FUFB in all flow rate cases. Friction values (Cf/fy) are also
_‘E o high in the high T gradient regions, as well as to the right of
;j' 0,00 45 the lower deflectors (VBs) (Figures 12d). All of these amounts
g : change positively with the flow rate.
5 -0,02
F 5. CONCLUSION
-0,06
' Details on the hydrothermal characteristics inside a heat
_U‘UBB ; . p : M exchanger provided with discontinuous FBs and VBs were
- resented.
(a) Outlet Py Dynamie pressure (Fa) P 1- The role of the secondary flows is to eliminate all the
08 recycling zones behind all the FBs and VBs, so this
006 | ; effectively reflects the presence of the discontinuous
‘ deflectors. Also, the flow lines are greatly strained
0,04 4 with the continuous increase in flow rates.
- 2- Secondary streams flow through the holes of both
£ adjacent FUFB and SUFB. While, there is a main
E 0,00 1 flied below these upper deflectors, it also flows in
£ parallel lines until it reaches the FLVB and SLVB.
5 0024 3- The pressure changes with the evolution of the flow
o4 | rate from 12 to 32 (x10%), being 45 Pa at Remax.
4- Secondary flows through holes have high speeds, due
0,06 1 to high P4 over the entire frontal area of these
o0n . | . . | deflectors in both cases simulated.
T 1 9 N p 5 6 5- The main currents that traverse the two gaps, the
(b) Outlet u/Us, Normalized axial velocity lower, i.e. below the FUFB and SUFB, and the upper,

i.e. above the FLVB and SLVB, increase in speed,
due to the increased Pq in the region.

6- The V value in the case of Remis is estimated at 3.18
m.s!, i.e. an average value of 0.95 m.s™!. These values
improve to 8.73 m.s™! as the maximum velocity while
to 2.62 m.s™! as the medium value in the case of the
highest flow rate.

7- The u reaches large values in the last side of the
exchanger, at its upper part, reaching 2.72 m.s™!' for
the lowest flow rate, increasing by 43% with an
increase in the Re to 17 (x10%), 86% in the case of the
next rate (Re = 22 x 10%), 129% in the case of Re =
27 (x10%), while 172% in the case of the Re maximum
(Re =32 x 10%).

120

100 4

Normalized local Nusselt number
=
(=]

20 A

0

00 0,1 02 03 04 05 06 8- At the highest flow rate, the optimum v is 5.18 m.s"!.
(¢) Nu,/Nug Upper channel wall (m) This speed decreases by 16% by decreasing the flow
200 rate to 27 (x 10%). Also, 32% when the flow rate drops

to 22 (x 10%), 48% when the flow rate reduces to 22%

o Rl and finally, the vertical component of the flow speed
300 Y Ee-no0 is reduced to 64% if the Re falls below its minimum
n Re-32000 value, Re = 12 (x 10).

9- The area containing the hot deflector is higher in
terms of temperature compared to the same area in
the absence of the fin.

10- Secondary currents passing through the holes
completely eliminate the recirculating cells to avoid
low T gradients in the area behind the fins.

11- Heat exchange values are greatest in the vicinity of
the upper surface of the SUFB. This region has high
T gradients because the flow is subjected to high Pqg
and V. Friction values are also high in the high T
gradient regions, as well as to the right of the lower

Figure 12. Hydrothermal parameters in function of Re deflectors (VBs) and, all of these amounts change

positively with the flow rate.

Nomalized skin friction coefficient

06

(d) C]‘/ f 0 Upper channel wall (m)
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