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Abstract. The performance of corrugated baffles inserted in a rectangular channel heat exchanger is
investigated. The fluid flows and thermal distribution are determined via numerical simulations. The working
fluid has a shear thinning behavior. The influence of the baffle design is explored, we interest to the “wavy”
shape. The corrugation angle of baffle (a) is changed from 0° (i.e. a straight baffle) to 45°. Also, the height (%)
of the corrugated baffle is changed and three cases are considered, namely: #/H = 0.4, 0.5 and 0.6, where
“H” is the channel height. In comparison with the unbaftled channel, the overall performance factor has
increased from 1.27 up to 1.53 when the corrugation angle is increased from 0° to 45°. Concerning the
corrugation height, the predicted results allowed us to select the case #/H = (0.5 as the best configuration from
the cases studied.

Keywords: Heat exchanger; Corrugated baffles; Baffle design; Laminar flow; Non-Newtonian fluids.

1. Introduction

Different techniques are used to enhance heat transfer such as fin, jet impinging and modification of wall surfaces by
introducing various protrusions. The vortex generators are well-known for their efficiency in heat transfer enhancement
[1-7]. They are encountered in various engineering applications such as heat exchanger, vortex combustor, gas turbine,
drying process, biodiesel, etc. [8, 9].

Many studies have been achieved for different shapes of vortex generators, such as angled baffles [10, 11], V-shaped
baffles [12], W-shaped baffles [13], inclined V-shaped discrete thin baffles [14], arc-shaped baffles [15], orthogonal baffles
[16], diamond-shaped baffles [17], isosceles triangular baffles [18], Z-shaped baffles [19] and other different shaped
baffles [20-22].

The presence of baffles in a channel heat exchanger interrupt the hydrodynamic and thermal boundary layers,
leading thus in augmented heat transfer rates. Many researchers focused on the effect of baffles and their shape and
arrangement. Compared to the smooth channel, Sahu and Bhagoria [23] found an enhancement in heat transfer by
about 1.25-1.4 times with a rectangular channel roughened by broken transverse baffles. Aharwal et al. [24] conducted
an experimental investigation on the performance of inclined square split-baffle with a gap on one wall of a rectangular
channel and they found an augmentation in friction factor and Nusselt number by about 2.3 to 2.9 and 1.5 up to 2.6
times higher than those for the smooth channel, respectively. The increase of blockage ratio of baffles participates in the
increase of Nusselt number, as reported by Taslim et al. [25]. Due to the breaking of laminar sub-layer and formation of
secondary flows, the inclined baffle yields higher heat transfer rates than that of the transverse baffle. And due to
reduced force drag, the reduced attack angle decreases the friction factor [26]. For a rectangular channel, the increase in
the number of baffled walls yields a rise in heat transfer rates, as reported by Chandra et al. [27]. The experimental works
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achieved by Promvonge et al. [28, 29] on the turbulent flow over 30° angle—finned tapes fitted diagonally in a rectangular
channel revealed that the smaller fin pitch spacing yields the highest heat transfer and pressure drop. For a rectangular
heat exchanger channel, Yang et al. [30] pointed out that the staggered arrangement baffles give less high heat transfer
coefficient than the symmetric arrangement baffles. Also, the one-side baffled channel provides less heat transfer rates
than the two-side baffled one. Ke et al. [31] investigated by numerical simulations the performance of delta-shaped
winglet longitudinal vortex generators (LVGs) in a rectangular channel. Their results revealed that the LVG aspect ratio
and channel height are the two most critical factors influencing the performance of this kind of LVGs. For solar air

heater and Re ranging between 3000 and 15,000, Singh et al. [26] compared the performance of transverse baffles having
a uniform cross-section (trapezoidal, square and circular) with other baffles having a non-uniform cross-section in the
form of saw-tooth. The maximum enhancement in Nusselt number was obtained with the saw-tooth baffles, followed by
the trapezoidal form (1.78 and 1.50, respectively). The saw-tooth baffles have given the lowest value of friction factor (a
maximum enhancement in fby 2.49).

For the corrugated shape of baffles, only a few papers are available in the literature. Menni et al. [32] studied the
turbulent forced convection in a channel provided by staggered corrugated baffles. Benzenine et al. [33] studied by
numerical simulation the turbulent air flow in a rectangular channel equipped with two waved baffles sequentially
arranged in the bottom and top of the channel walls. They used plane and waved baffles at different inclination angles
(0° up to 45°). They found an improvement in the skin friction by about 9.91% in the case of undulated baffle inclined by
15°, and improvement in pressure drop starter from 10.43% in all cases compared with the plane baffles. For a solar air
collector, Kumar and Chand [34] studied the performance of herringbone corrugated fins inserted below the absorber
plate along the fluid flow channel. Compared to the conventional solar air heater and for a fixed mass flow rate of 0.026
kg/s, they found an improvement from 36.2% to 56.6% with fin pitch 2.5 cm.

As exhibited in the previous literature review, the case of non-Newtonian fluid flows through heat exchangers with
corrugated baffles seems to be not treated. Therefore, the purpose of this work is to investigate the development of flow
and thermal fields of the most common class of non-Newtonian fluids, the shear-thinning fluids, in a heat exchanger
equipped with corrugated baffles. Effects of some geometric parameters on convection and pressure drop are
highlighted. It concerns the waviness angle of baffles and their height.

As known, the design of heat exchangers is not an easy task when complex non-Newtonian fluids are involved. This
issue concerns primarily chemical and food industries wherein products to be treated may exhibit complex rheological
behavior. Also, such fluids as fruit purees and tomato sauces have generally high apparent viscosity, so the cooling inside
the exchanger exhibits a complexity [35].

2. Problem Studied

The geometry of the problem studied is shown in Fig. 1. It concerns a rectangular channel having baffles on the
upper and lower walls. All required details on geometric parameters are provided in Table 1 and Fig. 1.
The fluid used is the Ketrol solution which has the following rheological properties: consistency index £ = 9.5 Pa s,
power law index n = 0.8 and density p = 997 kg/m?. The inlet temperature of hot fluid is 333 K and the temperature at
the upper and lower walls of the channel is 268 K. The left and right surfaces of channel are supposed to be symmetric.
Effects of the corrugation angle (a) are explored via the creation of three geometries, which are &« = 0°, 22.5° and 45°.
Also, effect of the baffle height (%) is investigated by realizing three geometrical configurations, namely: #/a = 0.4, 0.5
and 0.6.

Table 1. Details on geometric parameters of the problem studied
L[mm] H/L I/L h/L  W/L w/L
400 0.05 0.156 0.025 0.156 0.005

a ]
h
=3 Outlet hot l
—>
w

\ =~ fuid

Fig. 1. Geometry of the problem studied
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3. Governing Equations

The behavior of the fluid flowing through the channel is shear-thinning, which is modeled by the Ostwald law. The
shear stress and apparent viscosity are determined by Egs. (1) and (2) as follows:

T=ky (1)
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n=ky )

where 7 is the shear stress, y is the shear rate and 7 is the apparent viscosity.

The flow is continuous and steady-state and the heat transfer is natural. Also, the flow laminar where Reynolds number
for a shear-thinning fluid is given by:

-n

Ulfn Dn
. p h 81-)1 (3)

+
Re — 3n+1
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m

where D is the hydraulic diameter.
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@

t

where A. is the minimum cross sectional flow area. The continuity, momentum and energy equations are given as:
- Conservation of continuity:

0
g(ﬂ%):(’ ®)
- Conservation of momentum:
0 Ou, | Op
Ox, (puis,) 8xi[ ‘x| Ox, ©
- Conservation of energy:
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where G, is the specific heat of working fluids. The heat transfer coefficient and pressure drop are usually expressed in
terms of dimensionless factors. Two well-known dimensionless parameters, Colburn factor, j, and Fanning friction factor,
f, were used to describe the heat transfer performance and pressure drop characteristics:

) 2
j= pr? ¥
puC,
2Ap D,
f o L ©)
where Pr is the Prandtl number, Dj is the hydraulic diameter and # is the convective heat transfer coefficient, given by:
h — QCOHV (10)
At (Tw -, )LMTD
where A; is the total heat transfer area and Q..nv is the convective heat transfer rate expressed as follows:
Qconv = me (Tvb,cut - ]—;J,in ) (1 1)

where m is the mass flow rate, Tyin and Ty oue are the average temperature of fluid at the inlet and outlet of test section,
respectively. (T - Tv)mrp 1S the log mean temperature difference given by:

—AT
w-b,in w-b,ou
(TW -7, )LMTD = AT . (12)

w-b,in

AT

w-b,out

where ATy and A Ty denote the differences between the wall temperature and the bulk fluid temperature at the inlet
and outlet of heat transfer section. The Ap is the pressure difference between inlet and outlet defined as:

Ap = pav,in - pav,out (13)

where subscripts ‘av, in’ and ‘av, out’ refer to the average pressure values at the inlet and outlet cross sections.
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4. Numerical Details

The geometry of the problem studied is created by the computer tool ICEM CFD and the computational domain is
meshed by tetrahedral grid elements (Fig. 2). A control volume approach is used for the discretization of the governing
equations. Also, a refined mesh near the heat exchanger walls was created in order to capture details of the
hydrodynamic and thermal boundary limit. Many cases of unstructured meshes were created to ensure the accuracy and
consistency of the predicted results. The non-uniform grid was confirmed to be efficient to have the independency of
predicted results from the grid system. This was concluded by achieving grid independency tests (comparison of the
pressure drop results and relevant errors for various grids). After mesh test, the selected mesh grid had about 1.2 million
of elements.

For the boundary conditions, a uniform inlet velocity and a uniform inlet temperature 7= 333 K and non-slip boundary
condition for the fluid velocity at the walls are used. All axial derivatives are considered to be zero at the exit of the
channel, i.e. the fully developed assumption is used. A fixed temperature T, = 268 K is imposed at the upper and lower
walls of the channel. The side surfaces of the channel were considered to be symmetric. Baffles are considered to be
adiabatic. The constant intensity turbulence of 1% is employed. Further, the turbulent kinetic energy and its dissipation
are equal to zero.

The computer code CFX (version 18.0) was used to conduct all computations. The SIMPLE (Semi Implicit Method for
Pressure Linked Equation) algorithm was used to perform pressure-velocity coupling. The diffusion term was
approximated in the momentum and energy equations by the second-order central difference. For the discretization of
convection terms, a second-order upwind scheme was adopted. The above mentioned governing equations were solved
by a segregated implicit iterative scheme. To ensure the computational convergence, the following under-relaxation
factors were set for the pressure, momentum and energy, respectively: 0.3, 0.7, and 0.8. The residual target was set to 107
for the continuity, momentum and energy equations. With a machine (Intel Core 17 CPU, 2.20 GHz of clock speed and
8.0 GB of RAM), the convergence took about 1300-1600 iterations and 5-6h of CPU time.

Fig. 2. Meshing of the computational domain with tetrahedral elements

5. Validation

In order to confirm the reliability of the calculation code and the accuracy of the numerical method undertaken, we
proceed to the validation of some predicted results. For this purpose, we referred to the experimental work of Demartini
et al. [36]. We note that the working fluid used by Demartini and his co-workers is Newtonian (air) and the baffles
inserted in the channel are plane. Where the channel height is 0.167 m and the baffle height is 0.08 m, U is the entrance
velocity, 7.8 m/s, and the total length of the channel is equivalent to 3.307 hydraulical diameters. Our predicted results
of the axial velocity along the channel height are presented in Fig. 3 and compared with the experimental data of
Demartini et al. [36]. As observed, the validation shows a satisfactory agreement.

6. Results and Discussion

The insert of periodic baffles in the channel heat exchangers yields an interruption of thermal and hydrodynamic
layers. The flow of fluid separates re-circulates and impinges on the walls of the channel after the passage of each baffle.
The fluid flow is also altered by these vortex generators where their design and configuration should be optimized. These
phenomena are the main reasons of the improvement of heat transfer. However, a substantial increase in pressure loss
remains a major issue [37]. Until present, researchers continue in the development of various methods and techniques to
respond to the industries needs of higher thermal performances.

6.1. Effect of the corrugation angle

The presence of baffles in heat exchangers is known as an efficient technique in terms of improving thermal
performance. In the first part of our investigation, we look for the influence of the vortex generator design (VG) on the
thermo-hydraulic performance. The exchanger studied is a horizontal and rectangular channel provided with vertical
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baffles. The baffles are supposed adiabatic while the wall has a fixed and low temperature. The objective of these baffles
is to generate turbulence even at low Reynolds number and to increase the residence time of the hot fluid. This can serve
as a heat exchange promoter, which will allow a reduction in the length traversed by the hot fluid before it will be
cooled.
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Fig. 3. (a) Axial velocity versus the channel height upstream of the first baffle plate, Re = 200, x = 0.159, (b) Mean axial velocity
after the second baffle plate, near the channel outlet, x = 0.525
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Fig. 5. Axial velocity behind the baffle, for Re = 30, #/H = Fig. 6. Axial velocity near the channel wall, at the mid-
0.5 distance between 2 baffles, Re = 30, n//H =0.5

In this section, an investigation into the effects of baffle curvature is made. Three angles of curvature are considered
which are: a = 0° (which corresponds to a straight baffle), a = 22.5° and a = 45°. Results of the velocity fields are shown
in Fig. 4 for the three values of corrugations. The first observation to emphasize is the periodicity of the flow regardless
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of the curvature of the baffle. Also, the speed is the highest at the baffle tip, and it decreases gradually behind this VG
and the flow is re-circulated in this region. The comparison between the three cases studied shows that the size of vortex
developed behind the baffle is greater for a = 0°, then it begins to decrease with the increase of a. In the case of a = 45°,
a secondary vortex is formed just after the baffle tip.

More explanation on the velocity distribution is shown in Figs. 5 and 6, where the axial velocity is followed vertically for
a position just after the baffle, then horizontally over a distance between two consecutive baffles which correspond to a
position very close to the wall, respectively. It is clear that the increase of corrugation angle decreases the intensity of the
axial component of velocity (Fig. 5). The negative values of velocity (in Fig. 6) indicate the existence of recirculation of
the flow. Then, for a position close to the wall, the main vortex appeared for a flat baffle, and then it will be dissipated by
increasing the curvature of the baffle. The thermal fields for the three cases of corrugated baffles are shown in Fig. 7.
Reducing the recirculation zone developed behind the baffle with the increase of o weakens the intensity of molecular
interaction, and as a result, the cooling of the liquid will be less effective. But on the other hand, this can be useful in
terms of reducing the pressure drop. This fall is mainly due here to the geometrical singularity (Fig. 8).
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Fig. 8. Pressure drop for #/H =0.5
Results of the overall thermal performance factor for different corrugation angles are presented in Fig. 9. We remind that
this factor takes into account the friction factor and heat transfer coefficient, as defined by Egs. (8) and (9). As shown in
this figure, the performance factor is superior than 1 for all cases, which means that the baffling technique is an efficient
technique to enhance the performance of such exchangers. Furthermore, the performance factors for the corrugation
angles 0°, 22.5° and 45° are: 1.27, 1.40 and 1.53, respectively. We remind that these values are compared with the case of
unbaffled channel and the case 0° corresponds to the plane baffle.
The undulation of baffle leads to a good enhancement of the overall performance factor. This is due to the curved shape
which allows an easy passage of fluid particles around the baffle accompanied with a rotation of fluid, resulting thus in
intensified interaction between fluids particles and reduced pressured drop.

6.2. Effect of the baffle height (4)

Effect of another geometrical parameter is analyzed in this section; it concerns the baffle height (4#/H). Three
geometric configurations were realized to carry out the test and which are: #/H = 0.4, 0.5 and 0.6.
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The predicted results for temperature and pressure drop are shown in Figs 10 and 11, respectively. The baffle height has
a major effect on the performance of the exchanger:

- Increasing the ratio //H increases the residence time of the fluid, which reduces the distance traversed by the hot fluid.

- A second consequence is the considerable growth of pressure drops.

So this 4/H ratio needs to be optimized. To our belief, this ratio must not exceed the ratio 0.5.
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Fig. 9. Performance factor for Re = 30
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Fig. 10. Thermal fields for Re = 3, a = 22.5°
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Fig. 11. Pressure drop for a = 22.5°

7. Conclusion

The performance of a rectangular channel heat exchanger equipped with baffles was analyzed by numerical
simulation. The calculation code used has allowed a three-dimensional visualization of thermal and hydrodynamic fields
throughout the volume of the exchanger. Effects of the baffle shape have been explored; we have been interested in the
"wavy" shape. The ripple angle (@) has been varied from 0° to 45°, where the value of 0° corresponds to a straight baffle.
Also, effects of the height of the corrugated baffle were highlighted. The obtained results confirmed the need to optimize
the design of such heat exchanger. The straight baffle has been found to be better than the corrugated baffle in terms of
heat exchange intensification, since the vortex size region, in which there are strong molecular interactions, is wider. But,
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the maximum value of the pressure drop was observed for the design (¢ = 0 °). In comparison with the unbaffled
channel, the performance factor has increased from 1.27 up to 1.53 when the corrugation angle is increased from 0° to
45°. Finally, concerning the baffle height which plays also a role in improving the thermal efficiency, the obtained results

allowed us to qualify the case #/H = 0.5 as the best configuration.
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Nomenclature
a H Channel height
A The minimum cross sectional flow area
A, Total surface area in contact with working fluid
h height of baffle
w ‘Width of channel in z direction
w Width of baffle
Dh Hydraulic diameter, Dn = (4 L Ac)/(4y)
h Effective heat transfer coefficient
k Consistency index
L Length of channel
] Distance between two consecutives ranges of baffles
m Mass flow rate
n Power law index
Ap Pressure drop
Qconv Convective heat transfer rate
T Temperature
T, Inlet temperature
T Wall temperature
Toin , Thout The average temperature of fluid at the inlet and outlet of test section
(Tw - To)imtp log mean temperature difference
ATwb, in Differences between the wall temperature and the bulk fluid temperature at the inlet of heat
transfer section
ATus on Differences.between the wall temperature and the bulk fluid temperature at outlet of heat
' transfer section
u Mean velocity
Greek symbols
o Corrugation angle of baffle
Ua Apparent viscosity
0 Density
. Shear rate
/4
G Specific heat
ke Thermal conductivity

Dimensionless groups

f Fanning friction factor
j Colburn factor
Nu Nusselt number
Pr Prandtl number
Re Reynolds number
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