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in hybrid corrugated channels. The study was conducted using the finite volume method
(FVM) with the standard k-¢ turbulence model. The study consisted of three different hybrid KEYWORDS

corrugated channel flows created by combining the rectangular groove profile and the circular, Hybrid wave profile
trapezoidal, and triangular-shaped groove profiles separately. In addition, the numerical Heat transfer
results were compared with the rectangular corrugated duct and the straight duct. The Performance factor
corrugated surfaces were kept constant at Tw= 380 K. Nusselt number, friction factor, and Pressure drop
performance factor were calculated for different Reynolds numbers (2000 < Re < 10000). Turbulent flow

Images of flow and temperature contours were presented to demonstrate the effects of groove
profiles. According to the numerical findings, the combination of the rectangular groove profile
with other groove profiles significantly improved the heat transfer without any significant
increase in pressure drop. The thermal performance was significantly affected by Re and the
hybrid groove profiles. The rectangular-circular and rectangular-trapezoidal hybrid corrugated
channels showed similar behaviors in terms of hydraulic and thermal attitude. It was
determined that heat transfer in rectangular-circular and rectangular-trapezoidal hybrid groove
profiles improved 4.38 times compared to straight ducts at Re = 8000 and 1.23 times
compared to rectangular corrugated ducts at Re = 2000.

1. INTRODUCTION

Increasing, intensifying, and improving heat transfer play a critical role in many areas, such as heat exchangers [1, 2],
chemical and food processes [3, 4], cooling of electronic devices [5-7], and thermal management of nuclear reactors [8].
Heat transfer improvement methods attract great attention in engineering applications due to the fact that they promote
the effective use of limited energy resources, increase the efficiency of energy systems, provide energy savings, and
reduce energy costs. These methods are generally classified as active, passive, and combined heat transfer improvement
methods [9, 10]. Compared to active methods, passive methods are advantageous because they do not require an external
power input to increase thermal efficiency, and they are more reliable and economical since they do not contain
mechanical parts [11]. Therefore, the interest in passive techniques is increasing day by day. Passive methods include
arrangements made in the channel geometry, extended surfaces, and modifications such as pin/fin, winglet, and turbulator
added to the channel [12-14]. Many numerical and experimental research involving these modifications have been carried
out, and the results of these studies have indicated that the baffles/winglets/turbulators provide significant enhancement
in heat transfer with an increment in pressure drop [11, 15, 16]. In a numerical study, Feng et al. [17] investigated the
thermal enhancement and hydraulic performance of a triangular corrugated duct including trapezoidal baffles in different
arrangements. Their study results revealed that the friction factor and Nu increased by 3.5 times and 1.7 times,
respectively. Although these modifications added into the channel improve heat transfer depending on the geometric and
flow parameters used, they cause a significant increase in pressure drop because they create resistance to flow [18]. This
will result in more energy consumption, and thereby lead to an increase in heat transfer and pumping costs. Therefore,
researchers focused on wavy/corrugated surfaces, which are widely used among passive methods [19, 20]. It has been
reported that wavy channels have an effective potential in improving heat transfer of thermal devices since they create
additional flow areas that promote heat transfer and improve flow mixing [21]. For this reason, wavy/corrugated channels
are widely used in many heating and cooling applications, solar collectors, and especially heat exchangers. Many wave
profiles have been investigated to improve hydraulic and thermal performance in these applications [22].

In previous studies, the thermohydraulic behaviors of corrugated/wavy channels with a uniform wave profile have
been investigated for different fluids and flow situations. As a result of these studies, it has been declared that
wavy/corrugated ducts provide a significant improvement in thermal performance with a slight increase in pressure drop
compared to straight ducts [23-25]. The effects of different groove profiles on thermal and hydraulic behavior in channel
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flows have also been investigated in many experimental and numerical studies [26-28]. Among these groove profile
geometries, sinusoidal wave profile [29, 30], semi-circular groove profile [31-33], triangular groove profile [34-37],
trapezoidal groove profile [38, 39] and rectangular groove profile [40], and new type groove profiles [41-43] have been
examined for different parameters. Some researchers have examined the impacts of geometric parameters on the groove
profile of corrugated channels. In these studies, flow and heat transfer characteristics have been investigated by changing
geometric parameters such as the length and amplitude of the wave profile, the distance between the wave profiles, and
the arrangement of the profiles (symmetrical, staggered, etc.) [44, 45]. Ajeel et al. [46] analyzed the hydraulic and thermal
performance of a turbulent nanofluid case in a wavy channel with trapezoidal groove profiles placed in a symmetrical and
staggered arrangement by using a finite volume approach and compared the results with smooth duct flow. It was noticed
that the heat transfer performance of the trapezoidal grooved channel in the symmetrical arrangement was higher than
that of the straight channel and staggered arrangement. In other studies of Ajeel et al. [47], the authors experimentally
and numerically examined the turbulent flow heat transfer of two different channels with inward circular and inward
trapezoidal waves in SiO2-water nanofluid flow, and they compared the results with the smooth duct. They found that
the pressure drop and Nu in the trapezoidal wavy duct were higher than in the circular duct. The results showed that the
maximum enhancement rate was acquired as 3.1 for Re = 10000 in the trapezoidal wavy duct and it was recommended
that the trapezoidal profile structure is a good choice for heat exchangers.

Zheng et al. [42] conducted a numerical study on heat transfer in turbulent nanofluid flow of triangular and circular
barriers with different heights on the surfaces of a rectangular channel. They reported that the pumping power increased
as the height of the barriers increased and explained that the circular barriers provided higher Nusselt number and
performance value than the triangular barriers. Choudhary et al. [48] investigated the heat transfer and hydraulic behaviors
of corrugated channels in heat exchangers by comparing them with the smooth duct, and they determined that the wavy
channel was superior to the corrugated duct in terms of hydraulic, and the thermal performance of the wavy duct increased
by 28.46% compared to the straight channel. However, they found that the pressure drop in the corrugated channel was
also higher. In a numerical study, Naderifar et al. [49] simulated the impacts of the number of grooves (1-5 grooves) and
the length of the fins (5-10 mm) on thermal performance in a rectangular grooved duct with fins on the inner surface in
laminar case. It was reported that Nu was higher in the channel with 2 waves compared to the smooth duct, and the best
thermal improvement was obtained when the fin height was 7.5 mm. Other researchers have examined the thermal and
hydrodynamic behavior of multiple channel flows with different wave profiles and compared thermo-hydraulic
performance values. Zhang and Che [50] examined the heat transfer and flow characteristics in different wavy ducts
(sinusoidal, rectangular, trapezoidal, elliptical, and triangular-shaped) and revealed that trapezoidal wave profile provided
higher heat transfer and friction factor than other channels. Ahmet et al. [51] conducted a numerical study investigating
the heat transfer and fluid flow in grooved ducts with different geometries (sinusoidal, trapezoidal, and triangular). They
noticed that, compared to other profiles, while the maximum Nusselt number and pressure loss were achieved in the
trapezoidal wave, the sinusoidal wave profile provided the highest thermohydraulic performance. The results of Salami
et al. [52] indicated that the highest thermal performance was provided in the trapezoidal corrugated duct, while the best
thermo-hydraulic performance was provided in the sinusoidal wavy duct. Ameur and Sahel [2] reported that in
rectangular, triangular, and semicircular wavy channels, while heat transfer increased, pumping power decreased. Ajeel
et al. [53] carried out a computational study to compare the thermal behavior of three different groove profiles in a
corrugated channel. They used different particle volume ratios (0 < ¢ < 0.08) and different Reynolds numbers (10000 <
Re < 30000) of ZnO-water nanofluid. As a result, they found that the trapezoidal wavy channel provided higher thermal
performance than other models. They also reported that within the given Reynolds number range, the highest pressure
drop occurred in the circular duct, and it was followed by the trapezoidal and the house-shaped duct, respectively.
Shahsavar et al. [54] examined the thermal and hydraulic characteristics of nanofluids in different wavy ducts (sinusoidal,
triangular, and trapezoidal), and reported that the sinusoidal corrugated duct provided higher thermal enhancement. In a
numerical study, Togun et al. [32] investigated the heat transfer behavior of nanofluids in a circular wavy duct for different
modifications of ribs at 10000 < Re < 25000. They indicated that the heat transfer increased with Re.

The studies mentioned above show that the geometric shape of the groove profile in corrugated channels affects the
hydraulic and thermal performance. Among different wave profiles, rectangular and trapezoidal wave profiles provide
higher thermal performance due to their high surface area, while circular and sinusoidal wave profiles require lower
pumping power. Considering these advantages and disadvantages of wave profiles, the idea of combining different wave
profiles in a single channel design has emerged. Therefore, new channel designs with hybrid waves involving the
combination of wave profiles with different geometries have been recently investigated [55]. Ahmad et al. [28] conducted
a numerical study to examine the impact of the amplitude of different groove profiles (rectangular, sinus-shaped, and V-
shaped) in a mini channel on thermal performance under turbulent nanofluid flow conditions. They found that the highest
thermal improvement was 22.19 % in the rectangular wavy mini-channel when the wavelength/amplitude ratio was 0.12.
Khan et al. [43] numerically investigated the effects of the geometric parameters of the wavy tube at different Reynolds
numbers by using a tube geometry with a new groove model in parabolic trough solar collectors to increase energy
efficiency. As a result, they proposed an optimum model for the wavy absorber tube. Kumar et al. [56] conducted a
numerical study on the entropy production, heat transfer, and pressure drop at different Reynolds numbers (15000 < Re
< 37500) in hybrid wavy channel flows consisting of the combination of three different profiles in the form of arc,
trapezoidal, and triangular. They reported that the highest Nu was obtained at Re = 37500 in the inward arc-outward
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triangular hybrid wave profile. In inward-outward hybrid corrugations, the lowest friction factor was obtained in the arc-
tri profile, while the highest friction factor was found in the trapezoidal-arc profile.

As understood, in the studies conducted so far on the use of wavy channels to increase heat transfer, a uniform wave
profile (triangular, trapezoidal, sinusoidal, or circular, etc.) has generally been preferred. In these studies, the effects of
many geometric parameters, such as the geometry of the groove profile, distance between groove profiles, wavelength,
wave amplitude, and wave angle, were examined. In addition, multiple channels with different groove profiles were
compared. However, there are very few studies examining the hydrodynamic and thermal characteristics in a hybrid wavy
duct containing a combination of different wave profiles. Therefore, in this study, the hydrodynamic and thermal behavior
of turbulent flow in three different hybrid corrugated ducts consisting of the combination of triangular, trapezoidal, and
circular wave profiles with a rectangular wave profile was comprehensively simulated. In addition, the numerical study
was compared with rectangular groove channel and straight channel flow. The main purpose of this study is to determine
the wavy channel structure, which includes different combinations of commonly used groove profiles (triangular, circular,
trapezoidal, and rectangular) to increase heat transfer without causing a significant increase in pressure drop, and to guide
channel designers in this regard.

2. MATERIALS AND METHODS
2.1  Description of the Physical Model

Figure 1 shows two dimensional geometric schemes of corrugated channels with different groove profiles. The hybrid
channel designs include a combination of rectangular wave profile and three different groove profiles (circular,
trapezoidal, and triangular-shaped) separately. Maximum and minimum height of the channels are H, = 38 mm and
Hi = 18 mm. There is an unheated flat section of L, = 360 mm and Lz = 500 mm at the inlet and outlet of the channels,
respectively. The length of the grooved part of the duct is L, = 500mm. The maximum width of the wave profile is
a =20 mm, and the distance between the wavy sections is b = 40 mm. The side lengths of the triangular wavy profile are
equal. The trapezoidal wave profile is also an equilateral. Heated length of the channel (L) includes a total of 9 wave
profiles.
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Figure 1. The channel geometries with different wave profiles: (a) rectangular, (b) rectangular-triangular hybrid,
(c) rectangular-circular hybrid and (d) rectangular-trapezoidal hybrid

2.2 Governing Equations and Assumptions

The solutions of the numerical study were carried out with the help of ANSY'S Fluent program [57]. Water was used
as the fluid. Assumptions adopted for the solutions are listed as follows:

e The fluid is Newtonian, single phase and incompressible.
o Itisassumed that fluid properties do not change with temperature.
e The flow field is two-dimensional. The flow is fully developed, turbulent and steady.
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o Viscous dissipation is neglected.
e There is no internal heat production within the channel.
e The effect of body forces (such as gravity) is not considered.
o Itis accepted that heat transfer does not occur by radiation.
Considering the above assumptions, the conservation equations can be presented as in the following equations:

Continuity equation:

0 _
a—xi(pui)=0 (1)
Momentum equation:
+a( YA Y L Y I
(p i) PU;l; “ax T ox (e + pe) o, T ox, - puy (2)
Energy equation:
g T+6 ‘T—a r+r, ot
3¢ P axj(pui )_axj r+1) 5%, A3)
— aul au]
(k)+ (k )= ( +“t)ak +6
p plit) = o |+ 5o ) x| + Gk = pe (5)
? (pe) + o) = |+ 2) 2]y ¢, S - oS
ot PE) + 5 (et =% ht ox; 1e Gk = Coep - (6)
——0u
G = —puj 5 L e = pC, = F—7 L=y )

For the constants in the turbulence model, ok = 1.0, 0. = 1.3, C;; = 1.44, C,, = 1.92, C, = 0.09, and Pr;= 0.9 were
used [40, 58].

2.3 Numerical Solution Method and Boundary Conditions

In the study, the drawings of the wavy channels were created in two dimensions with the Gambit software, and then
all channels were divided into cells. The image of the mesh structure created for the rectangular wavy channel is given in
detail in Figure 2. To determine the optimal number of elements where the numerical results were not affected by the grid
numbers, the mesh independence test was utilized to all the studied wavy channels. As a result of this test, element
numbers of 238868, 240674, 246524, and 243840 were used for the numerical model for the rectangular grooved channel,
rectangular-triangular hybrid grooved channel, rectangular-trapezoidal hybrid grooved channel, and rectangular-circular
hybrid grooved channel, respectively. Figure 3 shows the changes of Nu and friction factor with the element numbers at
Re = 10000 for the rectangular wavy channel.

Figure 2. Element structure of the numerical model with detail (for rectangular channel)
The numerical solutions were carried out with ANSYS Fluent version 15.0, which is Computational Fluid Dynamics

(CFD) software. The second order upwind approach was utilized to discretize the equations. The relationship between
velocity and pressure was assessed with the SIMPLE algorithm. Zontul et al. [40] reported that there was a fine agreement
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between the numerical results acquired using the standard k-¢ turbulence approach and the experimental results. For this
reason, the standard k-¢ turbulence approach was preferred as the flow model in this study.
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Figure 3. Mesh independence testing

As the convergence criterion, 10° were set in the energy equations and 105 in the other equations. Some initial and
boundary conditions were utilized in the model for numerical solutions. In all corrugated channels, the fluid entered the
duct with an average velocity of ui, and a constant temperature of Ti,= 300 K.

* u; =upy,u; =0,T =T, = 300K, in the channel inlet

No-slip and adiabatic conditions were defined for the straight sections (L1 and Ls) at the inlet and exit of the duct.

aT

° U =u = 0,—y = 0, the straight lengths at the inlet and exit of the duct.

a
The lower and upper wavy surfaces of the channel (L) were maintained at a constant temperature of Ty, = 380 K.
e u;=u;=0,T =T, = 380K, in the wavy channel surface
At the channel outlet, the pressure outlet condition was used.

u; ou; aT .
o =0, —L =0, = =0, in the channel outlet
dx ax on

The boundary conditions applied to the computational area in the numerical model are shown in Figure 4.
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Figure 4. Description of the boundary conditions

2.4 Validation of Numerical Solutions

To determine the validity of numerical solutions, the results of the present study were compared and validated with
the results of previous numerical and experimental studies. For straight duct and rectangular wavy duct, Nusselt numbers
and friction factor values obtained in this study were compared with the numerical and experimental results of Zontul et
al. [40] (see for detail, Akcay [58]). Dittus-Boelter correlation (Eg. (8)) is widely used to determine the Nusselt number
in straight channels, and Petuklov correlation (Eq. (9)) is used to calculate the friction factor [59]. In addition, in this
study, the Nu and f values obtained for the straight channel were compared with empirical relations. The comparison of
numerical solutions with previous study results is given in Figure 5.

The Dittus-Boelter correlation is given by Eq. (8):
Nu = 0.023Re®8pro* 8)

The Petuklov correlation is calculated by Eqg. (9):
f =10.791In(Re) — 1.64] 2 9)
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Figure 5. Validation of this study with previous works: (a) Nu with Re and (b) f with Re

2.5 Data Reduction

In this study, the channel inlet velocity was determined by the Re calculated based on the hydraulic diameter, Dn. The
Reynolds number varied in the range of 2000 < Re < 10000. Hydraulic diameter and Reynolds number were calculated
using Egs. (10) and (11), respectively [58].

Dh = Hmin + Hmax (10)
Ui, D
Re =" ‘: h (11)

where, p, Uin, and u show density of fluid, inlet velocity, and dynamic viscosity, respectively.

The heat transfer achieved in the duct was evaluated by the Nusselt number. The average Nusselt number, Nuaye was

calculated with Eq. (12) [40].
h Dy,

Nuave = T (12)
where, h is the convection heat transfer coefficient, and 2 is the thermal conductivity coefficient.
The convection heat transfer coefficient, h is given by [59].
qll
= 1
h ATy, (13)
where, ATy is the logarithmic temperature difference, and g shows heat flux.
The logarithmic temperature difference is found as shown in Eq. (14) [59]:
_ (To _Tin)
(BT (14)
Tw_To

where, Tin, To, and Ty are the inlet and outlet temperatures of the water and the temperature of the grooved surfaces,
respectively.

The thermal enhancement rate is calculated in two different ways by taking the straight channel and the rectangular
wavy channel as reference. TEs and TE,, are the thermal enhancement rates obtained by taking the straight channel and
rectangular wavy channel as reference, respectively [33]:

Nu,,
TE, = 1
= N (15)
Nu
TE, = —— (16)
Nurec

where, Nuw, Nus, Nu,, and Nurec refer to the Nusselt number obtained in all grooved channels, the Nusselt number obtained
in the straight duct, the Nusselt number obtained in hybrid grooved channels, and the Nusselt number obtained only in
the rectangular wavy channel, respectively.
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The friction factor, f is calculated by using the equation below [40]:

_ 24PD, )
pLug,
AP =P, — P, (18)

The relative friction factor was calculated in two different ways by using the straight channel and the rectangular wavy
channel as reference. (fre))s and (fret)w Show the relative friction factors obtained by taking the straight channel and
rectangular wavy channel as reference, respectively [58]:

f

(frel)s = TS (19)
_ S
(frel)w - ﬁ'ec (20)

where, (frel)w, (frer)s, (fre))n and (frer)rec refer to the friction factor obtained in all wavy channels, the friction factor obtained
in the flat duct, the friction factor obtained in hybrid wavy channels, and the friction factor obtained only in the rectangular
wavy channel, respectively.

Wavy channels increase heat transfer, but they also cause an increase in pressure drop inside the channel. Therefore,
the performance factor, PF in the channel is found by taking the ratio of the heat transfer increase to the friction factor.
Eg. (21) shows the performance factor, PFs calculated using straight channels as reference. Eq. (22) shows the
performance factor, PF,, calculated by taking the rectangular wavy channel as reference [33]:

PF, = (Nu,,/Nuy) (fy, /f)~* (21)

PE, = (Nup/Nttroe) (fo frec) * (22)

If the performance factor exceeds 1, it shows that the increase in heat transfer is greater than the friction factor. If the
performance factor is below 1, it means that the friction in the channel is higher than the heat transfer. In research studies,
it is aimed that the PF value is above 1 [58]. In this study, the performance factor was calculated based on two different
reference values.

3. RESULTS AND DISCUSSION

In this section, images of velocity, temperature, pressure and vorticity contours were obtained at different Reynolds
numbers in order to observe the impacts of hybrid channel profiles on flow and heat transfer. The numerical findings were
compared with the rectangular groove duct. Nusselt number, thermal enhancement rate, friction factor, and performance
factor were obtained for all channel flows, and the results were plotted graphically.

3.1  Effects on Flow and Heat Transfer of Hybrid Groove Profile

In Figure 6, images of velocity contours and temperature contours at Re = 2000 are presented for all wavy channel
configurations. The images given belong to the 5™, 6™ and 71" grooves in the upstream. As seen in Figure 6(a), while the
main flow goes parallel to the surface along the channel, flow loops occur in groove gaps. These loops seem to completely
cover the wavy cavities. Since the triangular groove has the lowest surface area compared to the other groove profiles,
the flow loop in the triangular cavity is smaller. These flow loops transport the colder fluid in the channel center to the
hot groove surfaces. The contact of hot surfaces with cold fluid induces the temperature of corrugated walls to decrease.
In Figure 6(b), it can be seen that the wavy cavities are covered with hot fluid for all channel flows. Especially in
rectangular wavy cavities, the temperature gradient is higher than other wave profiles. Lower surface temperature has
occurred in hybrid wave profiles. It is observed that for each wavy cavity, the temperature gradient is lower where the
flow loops begin and higher where the flow loops end. It has been determined that the surface temperature in the triangular
groove is lower than in other profiles. This may have been due to the fact that the flow loops completely covered the
surface because of the low surface area.

In Figure 7, images of velocity contours and temperature contours at Re = 10000 are given for all wave profiles. The
images presented in the figure belong to the 5th, 6™, and 7th wave profiles in the upstream. As seen in Figure 7(a), higher
mass flow rate was provided by increasing the inlet velocity. In addition, increasing inertial forces within the channel
caused the flow loops occurring in wavy cavities to grow. These loops completely surrounded the wavy spaces. Flow
loops are important phenomena in terms of heat transfer because they improve the flow mixing and create a homogeneous
flow structure. As seen in Figure 7(b), the temperature of the corrugated walls decreases considerably compared to
Figure 6(b) for all grooved ducts. The rectangular wavy profile has the highest temperature gradient. It was observed that
the surface temperatures in the hybrid channels were lower than the surface temperature of the rectangular grooved duct.
Figures 6 and 7 reveal that the shape of the duct profile and the Re significantly affect the heat transfer and flow behavior.
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Figure 6. Images of: (a) velocity and (b) temperature contours at Re = 2000 for all channel flows
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Figure 7. Images of: (a) velocity and (b) temperature contours at Re =10000 for all channel flows

Figure 9 shows the images of vorticity magnitudes at Re = 10000 for all wavy channels. The images belong to 4™, 5%,
and 6™ wave profiles. Vorticity lines continue horizontally in all channels. At the beginning of the wavy profiles, the lines
intensify and then spread into the cavities. The presence of lines along the wavy surface is observed in all profiles except
rectangular profiles. In rectangular profiles, vorticity lines are observed only on the right and upper walls of the cavity.
The reason for this is that the flow in the cavity reverses and completely covers the wavy surface in hybrid wave profiles,
while the flow loop in the cavity cannot reach the left edge of the cavity in rectangular profiles. Among the hybrid wave
profiles, the vorticity magnitudes of the rectangular-circular and the rectangular-trapezoidal profiles are quite similar
since the surface areas of these profiles are close to each other.
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Figure 9. Images of vorticity contours for all wavy channels at Re = 8000

In Figures 10 to 12, the velocity vectors of the 5™ and 6" wave profiles in the flow direction of the hybrid wave
channels are given for Re = 8000. The image of the velocity vectors of the rectangular-triangular hybrid wavy channel is
seen in Figure 10. The 51" wave profile is rectangular, while the 6™ wave profile is triangular. It is seen that in both wave
profiles, the main flow velocity vectors flow in the upward direction and parallel to each other. When it comes to wavy
cavities, the direction of the velocity vectors changes and is directed towards the wave cavities (downstream). From the
right edge of the cavities, a large flow loop is formed along the wavy surface. The flow loop formed in a rectangular
cavity is closer to the right edge of the cavity, and velocity vectors near the left edge are smaller in size. In the triangular
cavity, the flow loop is in the middle of the cavity, and the velocity vectors are closer in terms of size. Because the surface
area of the triangular wave profile is smaller than the rectangular profile, the magnitudes of the vectors are less affected
along the flow. In the rectangular groove with a larger surface area, the size of the vectors that cannot participate in the
flow loop becomes smaller due to the decrease in velocity. In the rectangular groove, the flow mixing is better in the
region close to the right edge, while it is not good in the region close to the left edge. In the triangular groove, the flow
affects both sides homogeneously.

Figure 10. Image of velocity vectors for rectangular-triangular hybrid wavy channels at Re = 8000

The image of the velocity vectors of the rectangular-circular hybrid wavy channel for Re = 8000 is given in
Figure 11. As seen, the 5™ wave profile has a rectangular shape, while the 6™ wave profile has a circular shape. The main
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flow vectors are parallel to each other in the channel, while the magnitude and direction of the vectors change in the wavy
cavities. The structures of the vectors formed in the rectangular cavity are shown in Figure 8(a). In the circular cavity,
velocity vectors leaving the main flow create a large flow loop in the middle of the cavity by moving in the opposite
direction parallel to the wavy surface. The magnitudes of the vectors near the right edge of the cavity are larger than the
magnitudes of the vectors at the left edge because these vectors have just separated from the main flow and their speeds

are higher. Due to the slowing down of the flow velocity, the magnitudes of the vectors decreased in the region near the
left surface of the cavity.

Figure 11. Image of velocity vectors for rectangular-circular hybrid wavy channels at Re = 8000

Figure 12 shows the image of the velocity vectors of the rectangular-trapezoidal hybrid wavy channel for Re = 8000.
The 5" wave has a rectangular profile, while the 61" wave has a trapezoidal profile. The structures of the vectors formed
in the rectangular cavity are similar to the situation in the rectangular profiles presented in Figures 10 and 11. In the
trapezoidal cavity, the velocity vectors separated from the main flow continue parallel along the trapezoidal surface in
the opposite direction (downstream). A large flow loop occurs in the middle of the cavity (slightly near the right). The
magnitude of the vectors near the left edge of the groove is slightly smaller than that at the right edge because the velocity
of the fluid in the region near the left edge of the groove has decreased, and therefore the size of the vectors has decreased.

Figure 12. Image of velocity vectors for rectangular-trapezoidal hybrid wavy channels at Re = 8000

Figure 13 shows the local surface heat transfer coefficients along the lower wavy walls of all studied wavy profiles
for Re = 6000. The heat transfer coefficient continues as a straight line on the straight walls connecting the wavy grooves,
and there are fluctuations in the grooves due to the cross-section expansion. The heat transfer coefficient of the rectangular
groove duct is quite low compared to other hybrid groove profiles. The heat transfer coefficient of the rectangular-
triangular groove duct is slightly lower than other hybrid wave profiles. It is seen that the values of rectangular-circular
and rectangular-trapezoidal groove ducts are very close to each other.
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Figure 13. (a) Local surface heat transfer coefficient for all grooved ducts at Re = 6000 and (b) detail view

Figure 13(a) shows the average Nusselt number (Nu) by Reynolds number (RE). Nu increases as Re increases.
Compared to straight channels, the Nusselt number obtained in grooved channels is quite high. It is seen that the Nu is
higher in hybrid grooved channels than in rectangular grooved channels. When hybrid grooved channels are compared
among themselves, it is observed that the Nusselt numbers obtained in rectangular-trapezoidal and rectangular-circular
grooved ducts are quite close to each other, and they are higher than Nusselt numbers obtained in the rectangular-
triangular wave profile. In the context of the study, since the surface area of the triangular geometry was smaller among
the hybrid groove profiles, a lower Nusselt number was found compared to other hybrid groove profiles. Because the
surface area of circular and trapezoidal geometries was quite close to each other, the Nusselt number was found to be
quite similar. The highest Nusselt number was found as 64.43 in the rectangular-trapezoidal hybrid profile at Re = 10000.
This was followed by rectangular-circular hybrid profile (Nu=64.30), rectangular-triangular hybrid profile (Nu=62.13),
rectangular wave profile (53.81), and straight channel (16.20), respectively. The use of the hybrid wave profile in channel
flows enabled higher Nusselt values to be obtained compared to the uniform wave profile.

Figure 14 shows the local surface heat transfer coefficients along the lower wavy walls with different Reynolds
numbers for the rectangular-trapezoidal hybrid wavy channel. It is seen that surface heat transfer coefficients are
significantly affected by Re. Heat transfer coefficients increase as Re increases. While the difference between the heat
transfer coefficient is higher between Re = 2000 and Re = 6000, this difference is smaller between Re = 6000 and
Re =10000.
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Figure 14. Local surface heat coefficient with Re in the rectangular-trapezoidal hybrid corrugated channel

Figure 15(b) indicates the variation of thermal enhancement rate by Reynolds number. The straight channel is
considered as a reference. In the context of the study, it was determined that there was an increase in heat transfer in other
ducts compared to the flat duct. In all groove ducts, the thermal enhancement rates were significantly higher than the rate
in the flat duct. In all wavy channels, thermal enhancement rate tended to increase up to Re < 8000. However, it showed
a decreasing trend after Re = 8000 because the Nusselt number was found to be higher at high Reynolds numbers in the
flat duct. The thermal enhancement rate showed similar characteristics in rectangular-trapezoidal and rectangular-circular
hybrid profiles. TE was higher in hybrid profiles compared to rectangular groove duct flow. The highest TE (4.39) was
obtained in the rectangular-circular hybrid profile at Re = 8000. This was followed by rectangular-trapezoidal hybrid
profile, rectangular-triangle hybrid profile, and rectangular wave profile (Nu = 4.37, Nu = 4.24, and Nu = 3.64),
respectively.
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Figure 15. (a) Average Nusselt number and (b) Thermal enhancement rate by Re for all channel flows

3.2  Effects on pressure drop and friction factor of hybrid groove profiles

In Figure 16, contour images of the pressure changes along all the wavy channels for Re=2000 and Re=10000 are
given. It is observed that the pressure drop along the corrugated ducts increases for both Re values. On the other hand, it
is not seen that there is a significant difference in the pressure contours along the corrugated ducts at Re = 2000. The
pressure drop at Re = 10000 is higher than the pressure drop at Re = 2000. However, the change in wave profiles did not
cause a significant change in the pressure contours.
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0 18 42 6.7 9.13 122
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Figure 16. The total pressure images for all wavy channel flows: (a) Re = 2000 and (b) Re = 10000

Figure 17 presents the variation of local surface friction coefficients along the examined wavy surfaces at Re = 4000
for all wavy channels. It is seen that surface friction coefficients are not much affected by wave profiles. Similar surface
friction coefficients were obtained for all wave profiles. While the structure of the wave profiles affected the heat transfer
coefficient positively (Figure 13(a)), it hardly changed the friction factor. This result reveals that there is an improvement
in heat transfer in hybrid wavy channels while the friction factor remains the same for the same Reynolds humber. This
result is very important for duct designers since higher heat transfer improvement is achieved with unchanged pumping
Costs.
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Figure 17. Variation of local surface friction coefficient in all wavy channels for Re = 4000
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Figure 18 shows the surface friction coefficients along the lower wavy walls for different Reynolds numbers in the
rectangular-circular hybrid wavy channel. It is seen that surface friction coefficients are highly affected by Reynolds
number. In the context of the study, it was determined that frictions occurring along wavy surfaces increased as Reynolds
numbers increased. While very low surface friction occurred at Re = 2000, these friction values increased at Re = 10000.
As seen in the figure, especially at Re = 6000 and Re = 10000, the curves continue to rise along the corrugated surfaces,
then form a small peak and continue with straighter lines between the two grooves.
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Figure 18. Variation of local surface friction coefficient with different Re in the rectangular-circular hybrid profile

The variation of pressure drop by Reynolds number is presented in Figure 19(a). For all channel flows, as the Re
increased, the pressure drop also increased dramatically. The pressure drop was higher in wavy channels than in straight
channels. Interestingly, the shape of the wave profile had little impact on the pressure drop. Whereas almost the same
pressure drop was obtained in all wave profiles for Re < 6000, a slight difference occurred after Re > 6000. The pressure
drop in hybrid wave profiles increased slightly at higher Reynolds numbers compared to the rectangular wave profile.
Here, the main purpose is to provide high heat transfer with low-pressure drop in channel flows. In the literature, it has
been reported that high heat transfer is achieved in wavy channels, but there is a significant increase in pressure drop [33,
40, 58]. In the present study, in hybrid wavy channels, higher heat transfer was achieved compared to the uniform wave
profile, but there was no significant increase in pressure drop. The highest-pressure drop was seen in the rectangular-
triangular wave profile of 62.15 Pa at Re = 1000, and it was followed by the rectangular-trapezoidal wave profile (61.18
Pa), rectangular-circular wave profile (61.06 Pa), rectangular wave profile (59.42 Pa), and straight channel
flow (17.21 Pa). Figure 19(b) shows the friction factor by the Reynolds number. The friction factor was calculated taking
into account the pressure drop. It is seen that the friction factor in all wavy channels is higher than in the straight channel
and decreases as the Reynolds number decreases. The friction factor in hybrid wavy channels is very close to each other
and is slightly higher than the rectangular wavy channel.
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Figure 19. (a) Pressure drop and (b) Friction factor by Re for all channel flows

3.3 Effects on Performance Factor of Hybrid Wavy Profiles

Figure 20(a) shows the performance factor calculated by taking the straight channel as reference, and Figure 20(b)
shows the performance factor obtained by taking the rectangular wavy channel as reference. A performance factor above
the reference value indicates that the thermal enhancement rate in the duct is greater than the resulting pressure drop. This
is a desirable condition. If the performance factor falls below the reference value, it shows that the friction losses in the
duct are higher than the heat transfer. As seen in Figure 20(a), in the context of this study, PFs values far above the
reference value were obtained for all studied wavy channels. While PF; values tended to increase in the range of 2000 <
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Re < 8000, they tended to decrease after Re > 8000. The reason for this is that the thermal enhancement rate increases in
the range of 2000 < Re < 8000 and then tends to decrease. In the case of rectangular-circular and rectangular-trapezoidal
hybrid profiles, the thermal enhancement rates were obtained at close values. This also caused the PF; values to be close
to each other. The highest PFs value was found to be 2.63 in the rectangular-circular hybrid profile at Re = 8000. This
was followed by rectangular-trapezoidal hybrid profile (2.62), rectangular-triangular hybrid profile (2.52), and rectangular
wave profile (2.22), respectively. Figure 6a shows that by using the hybrid wave profile in channel flows, PFs values of
more than 2.6 times can be obtained compared to straight channels. When the rectangular wavy channel was taken as
reference (Figure 20(b)), it was observed that the PF,, values of all hybrids corrugated channels exceeded the reference
value, and they decreased as Re value increased. The reason for these decreases is that the increase in thermal
enhancement rate is less at increasing Reynolds numbers and the increase in pressure drop is greater. The highest PFy
value was calculated as 1.22 in the rectangular-circular hybrid profile at Re = 2000. This was followed by rectangular-
trapezoidal profile (1.21) and rectangular-triangular profile (1.19), respectively. As seen in Figure 20(b), it is possible to
increase PF, values by more than 20 % if a hybrid wave profile is used instead of a uniform wave profile in channel
flows.
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Figure 20. Variation of performance factor by Re: (a) the straight channel is taken as reference and (b) the rectangular
wavy channel is taken as reference

4. CONCLUSIONS

In this study, the hydraulic and thermal characteristics of wavy channels with hybrid profiles were examined at
different Reynolds numbers (2000 < Re < 10000). The hybrid wavy channel includes separate combinations of a
rectangular wave profile with triangular, trapezoidal, and circular groove profiles. The obtained results were compared
with rectangular grooved duct and flat duct flows. Images of flow and temperature contours at different Reynolds numbers
were obtained for all wavy channels. The important findings of the study are presented below:

i) Rectangular-circular and rectangular-trapezoidal hybrid channels showed similar behavior in terms of hydraulic and
thermal enhancement. It was observed that large flow loops occurred in wave cavities in all wavy channels. While
these flow loops were in the middle of the cavity in circular, trapezoidal, and triangular profiles, they were close to
the right edge of the cavity in the rectangular profile.

ii) All wavy channels had higher pressure drop and heat transfer compared to the straight channel. Hybrid grooved
channels, on the other hand, provided higher heat transfer without a significant increase in pressure drop compared
to the rectangular grooved channel. The pressure drops in all hybrid wavy channels showed similar behavior and
were found to be slightly higher than the rectangular grooved duct.

iii) The highest Nusselt number Nu = 64.68 was obtained in the rectangular-trapezoidal grooved hybrid duct at
Re =10000. The heat transfer in the rectangular-circular grooved hybrid channel improved by 2.22 times at Re =
10000 compared to the flat duct. It was determined that heat transfer in rectangular-circular and rectangular-
trapezoidal hybrid groove profiles improved 4.38 times compared to straight ducts at Re = 8000 and 1.23 times
compared to rectangular corrugated ducts at Re = 2000.

iv) The performance factor in hybrid wavy channels was quite high compared to rectangular and straight channels.
Compared to the straight duct, the highest performance factor, PF = 4.46 was obtained in the rectangular-circular
hybrid channel at Re = 10000. Compared to the rectangular wavy duct, the highest performance factor, PF = 1.22
was obtained in the rectangular-circular hybrid channel at Re = 2000.

v) The results of the present numerical study have revealed that higher heat transfer and performance factor can be
achieved if the hybrid wave profile is preferred instead of the uniform wave profile.

journal.ump.edu.my/jmes 10041



D. Uysal et al. | Journal of Mechanical Engineering and Sciences | Volume 18, Issue 2 (2024)

In future studies, the effects of hybrid models of corrugated channels with different geometries on flow and heat
transfer can be studied for different flow regimes and different fluid types. In addition, flow and heat transfer behaviors
can be examined experimentally and numerically by adding different turbulators to hybrid corrugated channels.
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NOMENCLATURE

Abbreviations
CFD
FVM

PF
TE

Symbols
Co
Dn
f
Symbols
H
h
L
Nu

Computational Fluid Dynamics
Finite Volume Method
Performance Factor

Thermal Enhancement

specific heat (kJ/kgK)
hydraulic diameter (m)
friction factor

channel height (m)

heat transfer coefficient (W/m?K)
length of channel (m)

Nusselt number

heat flux (W/m?)

Reynolds number

temperature (K)

average velocity (m/s)

pressure drop (Pa)

logarithmic temperature difference (K)
heat conduction coefficient (W/mK)
dynamic viscosity (Pa.s)

density of fluid (kg/m®)

kinematic viscosity (m?/s)
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Subscripts
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hybrid
inlet

outlet
rectangular
straight
wavy, wall
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