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Abstract The cross-grooved rectangular flow ducts are largely used for plate heat exchangers. In this work, so as to better the
heat transfer in cross-grooved rectangular ducts with circular grooves, rectangular baffles were located in the flow duct, and the
influences of the rectangular baffle angles and heights on the features of heat transfer were numerically performed in detail. Equations
of Navier–Stokes and energy were resolved by employing a program of Ansys-Fluent with k–ε turbulence model as steady and
three-dimensional. Air employed as working fluid has a temperature of inlet 293 K while the circular groove’s wall temperature is
373 K . Rectangular baffles have various angles of 30°, 60°, and 90°, and heights of 0.25 H, 0.5 H, and 0.75 H. The mean Nusselt
number (Num), temperature, turbulence kinetic energy (TKE), pressure, and PEC (Performance Evaluation Criterion) number of
the flow duct with rectangular baffles were evaluated by comparing it with the cross-circular grooved channel non-baffle. Besides,
the contours of velocity, turbulence kinetic energy, temperature, and velocity vector were exhibited for the cross-circular grooved
rectangular channels with different baffle angles and height arrangements. Results were matched with experimental and numerical
outcomes of the study found in the literature, and it was observed that they were fairly coherent. For Re � 6000, the number of
Num increases by 180.48% in the duct with a 90° angle and 0.75 H baffle height compared to the duct non-baffle, and for 30° baffle
angle, the PEC value at 0.25 H baffle height is 66.88% higher than that in the 0.5 H.

List of symbols

Ac Cross section of jet inlet, m2

H Duct height, m
L Duct length, m
W Duct width, m
Dh Hydraulic diameter of the duct, m
h Local convective heat transfer coefficient, Wm−2 K−1

k Thermal conductivity, Wm−1K−1

V Velocity of the fluid in the duct entry, ms−1

cp Fluid specific heat capacity, Jkg−1K−1

P Perimeter length of jet inlet cross section, m
p Pressure, Nm−2

T Temperature, K
u,v, w Components of velocity in x,y,z directions, ms−1

u’,v’,w’ Components of fluctuating velocity in x,y,z directions, ms−1

−
u,

−
v, w Velocities of mean in coordinates, ms−1

Re Reynolds number (� V∞Dh/ν), dimensionless
Nu Local Nusselt number (� h L/k), dimensionless

Greek symbols

μ Viscosity of dynamic, kgs−1m−1

μt Viscosity of turbulence, kgs−1m−1
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υ Viscosity of kinematic, m2s−1

ρ Density, kgm−3

φ Term of viscous dissipation, m2s−3

k′ Kinetic energy of turbulence, m2s−2

ε Dissipation rate of turbulence, m2s−3

ϕ Rectangular baffle angle, (°)

Subscripts

s Surface
sm Surface mean
∞ Fluid
m Mean

1 Introduction

In late years, the enhancement in energy use and the necessity of using energy-efficient and economical devices have revealed the
necessity of developing heat exchangers in this direction. In line with the demand for heat exchangers that are economical, high-
performance, lightweight and space-saving, the interest in researching compact surfaces is increasing. Compact heat exchangers,
defined by their surface area of high heat transfer against their volumetric rates, attract great interest due to their coefficients of high
heat transfer when compared to other types of heat exchangers.

Plate heat exchangers which are compact present maximum technology, efficiency and user-friendliness in widescale implemen-
tations from particular technology to the motor vehicle industry and broad industry usages from nourishment processing to actinic
and medication implementations. In the meantime, cross-grooved ducts are used in plate heat exchangers and have some advantages
like the high coefficient of heat transfer and high strength of mechanical besides the disadvantage of a big drop of pressure.

In the heat exchangers of plate type, a series of cross-grooved flow ducts exist and these ducts are created by giving the shape of
an angle to contiguous sheets, so, warm and cool fluids are separated from one another via these sheets. Thus, the basic geometrical
characteristics are determined: inclination angle, angle of apex, height and pitch of groove of the cross-grooved duct. The groove
cross section of the cross-grooved duct can create a vortex and subsidiary flow in grooves, which enhances heat transfer between
contiguous flow ducts. This enhancement fundamentally belongs to duct geometric features. Therefore, designing and optimizing
processes of the cross-grooved ducts are one of the most important issues on account of heat transfer and properties of flow, and
related studies are carried out numerically and experimentally by researchers [1].

Feng et al. [2] researched the influences of three distinct types of trapezoidal baffles on the features of heat transfer and flow
of the cross-grooved triangular flow ducts. The Nu number, f factor and the value of the PEC number were also evaluated. They
achieved an increase in PEC value of up to 30% compared to without baffle. Liu and Niu [3] carried out the survey employing a
computational heat transfer study for the geometrical influence on the thermohydraulic properties of a cyclical cross-grooved duct.
The influence of the angle of apex and ratio of aspect on heat transmission, pressure drop, and performance of thermohydraulic
in the grooved duct was researched for this aim. Their results pointed out that the angle of the apex effectively influenced the loss
of pressure and heat transfer in a triangular grooved duct. With the aim of improvement of heat transfer, cross-grooved triangular
ducts at the apex angles of 90° and 120° were advised. Besides, it was determined that the rate of aspect has a comparatively strong
effect on frictional loss in comparison to its influence on the heat transfer for the performed situations. Chen et al. [4] compared
four triangular grooved ducts. According to the results obtained, the triangular grooved ducts have the most appropriate increase
effect in terms of gradients of velocity, temperature and pressure. Chen [5] researched the mean values of friction factor and Nu
numbers for a triangular grooved duct under the conditions of laminar flow and uniform wall temperature. It was discovered that for
higher values of Re numbers, recirculation regions in the lower grooves are a predominant effect for heat transfer, while for lower
values of Re numbers, parallel flows in the upper grooves are the dominant effect. In another study, the economic effect and rate of
entropy generation were evaluated for a heat exchanger with triangular grooved ducts by Men et al. [6]. The duct height H, angle
of apex θ , duct number of each layer on the fresh air side nf, and exhaust air side ne, and the total number of plates nh were taken
into consideration as geometric design parameters. Sharif et al. [7] designed to investigate the influence of the angle of the apex on
the thermal and hydraulic properties of triangular grooved heat exchangers for a range of Re numbers of 310–2064 by employing
a 3D CFD approach with the Reynolds stress model. By increasing the angle of the apex both the drop of pressure and coefficient
of heat transfer enhance. Focke and Knibbe [8] experimentally and numerically searched the transfer of heat in a cross-grooved
duct used for compact heat exchangers. They used the angle of the groove, geometric ratio, and Re number as research parameters.
They found that the mean Nu number enhances almost the ratio of Re2/3 for whole geometry, and investigated the change of Nu
number with the angle of groove and pitch-to-height ratio. Hall et al. [9] experimentally reached a correlation of the coefficient of
mass transfer for a heat exchanger with triangular grooved with an angle of apex of 90° for the range of Re number of 200–2300.
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They discovered that the regime of the flow was not laminar in the studied Re number range. Zhang and Che [10] obtained the Nu
number, Nu and friction factor, f for grooved ducts with different groove profiles of sinusoidal, triangular, rectangular, and elliptic.
The results pointed out that the Nu and f of the flow duct with trapezoidal grooved profiles are higher than those of the other ducts.
Liu and Niu researched the effects of the angles of the apex on the thermohydraulic properties of triangular grooved ducts. They
discovered that the ducts with the angles of the apex of 90° and 120° have the highest heat transfer coefficients. Leung and Probert
[11] searched the thermal features of three types of heat exchangers with isosceles triangular grooves having the angles of the apex
of 40°, 60°, and 90° at a Re number range of 5000–20000. Zhang [12] numerically analyzed the properties of heat transfer of a
triangular grooved flow duct with a 60° apex angle using a turbulence model of k-ω for the 100–6000 Re number range. In their
work, they proposed two equations for the Nu number at constant boundary conditions of the flux of heat and temperature. Doo
et al. [13] suggested innovator surfaces to enhance the thermal–hydraulic performance of the grooved flow ducts. The suggested
surface geometries created a 15% reduction in pressure drop without causing a significant reduction in Nu number. However, many
researchers studied innovative surface geometries in order to enhance the performance of heat transfer of grooved ducts [14–18]. In
addition to this, the heat transfer improvements that can be achieved with passive surface shapes are limited.

Baffles, commonly employed in heat exchangers of shell-and-tube, are largely used to increase the transfer of heat area. In
addition, baffles have the ability to shift the main flow direction, and enhance the mixing of the flow and transfer of heat. However,
there are not many works on baffles that cause increased heat transfer by creating the flow of turbulence in the duct at low Re
numbers. Li and Gao [19] researched the heat transfer of convective in a grooved flow duct with a triangular baffle by using the
principle of synergy. Their results pointed out that heat transfer can be increased with a large loss of pressure. Li et al. [20] searched
the angles of the apex of 60°, 90° and 120° and baffle settlement on the heat and flow properties of the triangular grooved duct with
trapezoidal baffles. Computational results of friction factor, Nu number, and PEC were analyzed for different duct arrangements.
The outcomes illustrated that the f value for the ducts with apex angles of 60° and 90° are close to each other but higher than that
of 120°. Liang et al. [21] investigated the influence of six distinct cases of installing distinct baffles in the triangular grooved ducts
on heat transfer by employing a model of SST k − ω. The resistance of frictional, and coefficient of heat transfer in the Re number
range of 1000–6000 were worked, and the baffle influence on the pattern of flow and distribution of temperature was analyzed. It
was observed that compared to without baffle, the Nu number increase can be reached 1.5–1.6 times.

As can be seen from the available literature research, the effect of different baffle setups, spacings, and apex angles of the
corrugated channels is investigated on heat transfer and flow properties in cross-grooved flow ducts in most of the works. In this
study, unlike works in the literature, the influences of placement angles and heights of rectangular baffles in the cross-circular
grooved rectangular ducts on heat transfer, flow structure, variations of temperature, pressure drop, PEC number, and TKE are
searched. Thus, the most important difference of this study from other studies in the literature is that it specifies the great benefit in
terms of the development of engineering systems by determining whether the baffle angle or height is a more effective parameter by
means of the detailed examinations on the thermal–hydraulic performances of the cross-circular grooved rectangular flow ducts. The
rectangular baffles were placed at the top of the upper rectangular channel at different angles and heights. The study was numerically
attained by solving the equations of Navier–Stokes and energy in 3D and steady employing the Ansys-Fluent program with the k–ε
turbulence model. The circular grooved ducts employed in the work were designed according to the studies in the literature, by
asking the flow to move easily in the grooves and the heat transfer to be at the highest level. The temperature of the inlet of the air
employed as the working fluid is 293 K (Ti), and the duct surfaces with circular grooves are at a constant temperature of 373 K
(Ts). The Reynolds number (Re), the rectangular baffles angles (ϕ) to the top of the section of cross-circular grooved rectangular
ducts, and the heights are the variable parameters examined in the study. The investigated range of the Re number is 1000–6000,
and the angles and heights of the baffles horizontally to the upper part of the duct are 30°, 60°, and 90° and 0.25H, 0.5H, and 0.75H,
respectively. However, in the case of a baffle height of 0.75H when using an angle of 30°, the baffle protrudes from the channel, so
the baffle height of 0.75H could not have been analyzed at this angle. The results of this work were checked against the numerical
and experimental outcomes of the work in the literature and it was attained that the studies were fairly coherent. The results obtained
from the work were presented as velocity, TKE, pressure changes, mean Nu number (Num) and PEC number along the midpoint
of the upper section of the cross-circular grooved rectangular duct, and temperature (T ) and heat amounts (Q) of the fluid at the
duct exit for the various baffle angles and heights comparing with the non-baffled case. The fluid contour distributions of velocity,
velocity vector, temperature, and TKE for the cross-circular grooved rectangular ducts with and non-baffle were exhibited at Re
numbers of 1000 and 6000, respectively.

2 Numerical analysis

In this work, the numerical solution of flow and heat transfer with a three-dimensional, steady and turbulence model of k–ε of the
cross-circular grooved rectangular duct with various angle and height arrangements of the rectangular baffle has been performed by
employing the Ansys-Fluent software program, which is the finite volume method.

The convergence criterions are 10–6 for the energy equation, and 10–7 for the momentum equation. The mean number of iterations
is 2,000,000 and the mean time taken to obtain numerical solution results is 5380 s. Besides, the standard k–ε turbulence model for
cross-circular grooved ducts has been implemented in the computational calculations.
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The heat transfer and flow analysis for the cross-circular grooved rectangular duct with the various rectangular baffle angles of
placement and heights have been performed by the analysis of equations of partial differential derived from the time-averaged mass,
momentum, and energy conservation equations for turbulence flow under the conditions of steady-state where there are not forces
of body as identified as follows [22, 23]:

Continuity equation,

∂u

∂x
+

∂v

∂y
+

∂w

∂z
� 0, (1)

Equation (1) presents the conservation of continuity (mass) equation of the fluid entering cross-circular grooved rectangular
ducts.

Momentum equation.
x momentum equation,⌊

u
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⌊
v
∂u

∂y
+

∂(u′v′)
∂y

⌋
+

⌊
w

∂u

∂z
+

∂u′w′
∂z

⌋
� − 1

ρ

∂ p

∂x
+ ν

(
∂2u

∂x2 +
∂2u

∂y2 +
∂2u

∂z2

)
, (2)

y momentum equation,⌊
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z momentum equation,⌊
u
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, (4)

Momentum equations in the x, y, and z directions are shown for the cross-circular grooved rectangular ducts in Eqs. 2, 3, and 4,
respectively.

Energy equation, ⌊
ū
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(5)

Equation 5 indicates the energy equation for the cross-circular grooved rectangular duct
Turbulence kinetic energy equation,
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Turbulence viscosity,

μt � C
μ

′ ρ
k

′2

ε
, (7)

Equations of turbulence kinetic energy and turbulence viscosity (μt) of turbulent flow due to the baffles in the channel are given
in Eqs. 6 and 7, respectively.

For the turbulence model of k–ε employed in the study used by Karabulut [24], when ε shows distribution of turbulence, k′ and
φ indicate the terms of turbulence kinetic energy and viscous dissipation as in Eqs. 8 and 9, respectively.

Turbulence kinetic energy,

k
′ � 1

2

(
u′2 + v′2 + w′2

)
, (8)

Viscous dissipation term,
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+
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(9)

Turbulence kinetic energy disappearance equation,
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k′ (10)
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Turbulence kinetic energy disappearance equation is pointed out in Eq. 8 employed to solve k–ε turbulence model, and also Cμ,
C1ε, C2ε , σ k , and σε which are constants of model are the typical values of default used in the standard k–ε turbulence model [22].
These constant values were achieved by numerous data-fitting iterations for many turbulence flows.

Re number is figured out by the given Eq. 11 [19, 23, 24],

Re � V∞Dh

ν
, (11)

Dh is the hydraulic diameter of the jet inlet as shown in Eq. 12 [19, 23, 24],

Dh � 4Ac

P
, (12)

The Nu number is characterized to be a rate of the convection heat transfer rate to the conduction heat transfer in Eq. 13 as given
as follows [25]:

−k

(
∂T

∂n

)
s

� h�Tlm and Nu � hL

k
, (13)

Here, h is the coefficient of local heat transfer on the plane, n is the vertical direction to the surface and the local Nu number is
computed as above.

The temperature difference of logarithmic (�T lm) between the wall surface of the circular grooves and fluid is computed by
Eq. 14 [3],

�T lm � (Ti − To)

ln
(
Tw−Ti
Tw−To

) , (14)

where Ti, To, and Tw are the temperatures of the entry and exit of the fluid and the temperature of the wall surface of the circular
grooves, respectively.

Mean heat transfer coefficient (hm) [25],

hm � 1

L

∫ L

0
hdx, (15)

Mean Nu number (Num) [25],

Num � hmL

k
, (16)

Mean heat transfer coefficient (hm) and mean Nu number (Num) are calculated by Eqs. 15 and 16 along the cross-circular grooved
surfaces of the rectangular duct, respectively.

Pressure drop (Δp) is calculated with Eq. 17 between the cross-circular grooved rectangular duct inlet and exit [3],

�p � fρL

2Dh
u2
m , (17)

where f is the friction factor and L is the length of the duct.
PEC (Performance Evaluation Criterion) number [17],

PEC � Num duct with baffles/Num duct without baffles

(�pduct with baffles/�pduct without baffles)
, (18)

PEC number is a thermal–hydraulic performance indicator that indicates the increase in pressure drop (Δp) against the increase
in Nu number (Num) in ducts with fins compared to ducts without fins and is calculated with Eq. 16.

The dimensionless duct length variable (z*) is described as shown in Eq. 17,

z∗ � z

L
(19)

where z displays the local channel length.

3 Geometric model

Projection view of the cross-circular grooved rectangular duct having baffle and boundary conditions employed in the analyses are
given in Fig. 1. A mesh structure of tetrahedral was employed for the simulations as the proper duct type and exhibited in Fig. 2.

While the length, L, and width, W of the cross-grooved duct are 70.71 mm and 8.165 mm, respectively, duct height, H, and space
between two baffles, d, are 7.071 mm and 8.165 mm, respectively. Besides, the employed rectangular baffle heights are 0.25H,
0.5H, and 0.75H. However, the range of entry velocity of the air changes with 2.25 ms−1 (Re � 1000)-13.50 ms−1 (Re � 6000). A
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Fig. 1 Projection view of the
cross-circular grooved rectangular
duct having baffle and boundary
conditions

Fluid Outlet

Fluid Inlet

Hot circular groove

Adiabatic upper wall

Rectangular baffle

Adiabatic side walls

Fig. 2 Mesh structure of the
cross-circular grooved rectangular
duct

constant radius of 4.0825 mm for circular grooved is employed depending on the channel length. There are ten rectangular baffles
in the upper part of the rectangular duct, which are formed according to the dimensions of the ducts found in the literature, and
ten circular grooves in the lower part. Also, as a boundary condition, a fixed temperature of 373 K is implemented to the circular
surfaces of the grooved duct, while the air temperature entering the rectangular duct at the top is 293 K . Besides, velocity inlet and
pressure outlet boundary conditions are applied at the duct inlet and outlet, respectively. The upper and side walls are adiabatic.
However, this work was performed under the following suppositions:

-The domain of the flow is 3D, steady and turbulent for the cross-circular grooved rectangular duct,
-Air employed is incompressible, and its thermal features are fixed,
-Generation of the heat for the air, and the surfaces of the rectangular baffles do not exist.

4 Valuation of the results

The Num outcomes of the empirical study of Scott and Lobato [27] and the computational results of Liu and Niu [3], Zhang [12],
Zhang [28] and Li and Gao [19] are compared with the computational outcomes of this work for triangular grooved ducts with 60°
and 90° apex angles and non-baffle are indicated in Fig. 3a and b respectively. Comparisons of the computational outcomes of Zhang
[12] and Zhang [28] performed by employing a turbulence model of k-ω with a low Re number and Li and Gao [19] implemented
employing the turbulence model of k–ε and this work are indicated in Fig. 3a for the grooved duct with the angle of apex of 60° and
non-baffled. Figure 3b points out the comparisons of Scott and Lobato [27]’s empirical outcome and the computational outcomes of
Liu and Niu [3] performed by employing the model of Reynolds stress, Li and Gao [19] and this work for the grooved duct with an
angle of the apex of 90°, and without baffle. For the Num in Fig. 3a, the highest deviation of this work is 4.82% with computational
studies at the 60° apex angle. However, as indicated in Fig. 3b, the differences between the experimental outcomes of Scott and
Lobato [27] and the computational outcomes of this work are within 3.53% for an apex angle of 90°. Therefore, the agreement level
of this study performed by employing the turbulence model of k–ε with the computational and empirical works is considered to be
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Fig. 3 Comparing the Num
outcomes of the empirical and
computational with the outcomes
of this study for the apex angles of
a 60°, b 90°

Table 1 Grid independence test
results considering the Num for
the grooved duct non-baffle

Mesh numbers Re � 1000 Num Re � 2000 Num Re � 3000 Num Re � 6000 Num

450,571 9.1025 14.823 19.5614 30.985

957,842 9.1095 14.8294 19.5704 31.001

1,184,080 9.11 14.83 19.57 31.001

1,254,150 9.1120 14.9804 19.5725 31.0015

acceptable and consistent with each other and hence is employed for various baffle angles and heights, and channel set-ups at this
work.

Grid independence tests in order to specify the influence of number of grid on the Num for the grooved duct surfaces non-baffled
at various Re number values are pointed out in Table 1. The attained results displayed that grid elements of 1,184,080 are sufficient
for the corrugated duct non-baffled. In addition, 2,587,450 grid elements were used for the cross-circular corrugated rectangular
duct with rectangular baffles.

In Fig. 4A and B, the velocity contour distributions of circular grooved rectangular ducts non-baffle, and with baffle angles of
30°, 60°, and 90°, and baffle heights of 0.25H, 0.5H, and 0.75H are shown for distinct Re numbers of A-Re � 1000 and B-Re �
6000, respectively. In the without baffle duct, the direct contact of the fluid entering the duct with the circular groove is quite low
and the fluid leaves the duct directly. When baffles are added to the duct, the fluid can be directed to the grooves. Although this
orientation increases with the increase of the baffle angle, it becomes especially evident with the increase in the baffle height. While
jet flow-like flow characteristics occur along the duct at 60° and 90° baffle angles at 0.75H baffle height, the most movement of
fluid in circular grooved ducts is obtained at a baffle angle of 90° and height of 0.75H, which has an increasing influence on heat
transfer. In addition, the increase in the baffles’ height ensures the fluid’s movement between the baffles. However, by raising the
Re number to 6000, the flow-activating effect of the baffles on the circular grooves increases, further improving the heat transfer.

The distributions of the velocity vector contour for the first five circular grooves and Re numbers of A-Re � 1000 and B-Re
� 6000 of the circular grooved rectangular ducts non-baffle, and with 30°, 60°, and 90° baffle angles, and 0.5H and 0.75H baffle
heights where vector densities are higher than 0.25H are given in Fig. 5A and B, respectively. In the without baffle, since the fluid
moves along the top half of the duct toward the duct outlet, the fluid movement in the circular grooves is very low. In addition, small
clockwise vortex movements occur in the circular grooves. When 30° angled baffles are added to the upper part of the grooved
duct; while the fluid motion in the upper half of the duct moves similar to the one without baffle, the fluid motion intensifies at the
entrance of the circular grooves and clockwise vortices are formed there. When the baffle length is increased to 0.5H at the same
angle, the intensity of vortex formation in the grooves increases. In addition, counterclockwise vortices occur between the baffles.
When the baffle angle is increased to 60°, it has been observed that fluid mobility increases both between the baffles and in the
grooves, especially at 0.5H and 0.75H baffle heights. At the 90° angle of the baffle and the height of 0.75H, the vortex motion in the
circular grooves reaches a maximum level, since the fluid velocity between the baffle endpoint and the top of the groove exhibits a
jet flow-like motion. When the Re number is increased to 6000, although there are similar fluid movements in the circular grooves
and the duct, the velocity of the fluid and hence the intensities and densities of the velocity vectors increase.

The distributions of temperature contours in the rectangular ducts with circular grooved non-baffle and with baffle having distinct
placement angles of 30°, 60°, and 90°, and heights of 0.25H, 0.5H, and 0.75H at A-Re � 1000 and B-Re � 6000 are illustrated in
Fig. 6A and B, respectively. Compared to the temperature contour distribution in the without baffle state, the temperature gradient
increases due to the turbulence intensity created by the addition of baffles to the circular grooved ducts. When the baffle height is
increased to 0.75H, the increase in fluid temperatures toward the end of the ducts is the clearest evidence of this situation. Thus,
while cooling increases in circular grooves, the temperature gradient in the duct above the circular grooved section gets better,
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Fig. 4 Velocity contour distributions of circular grooved rectangular ducts non-baffle, and with baffle angles of 30°, 60°, and 90°, and heights of 0.25H,
0.5H, and 0.75H for distinct Re numbers of A-Re � 1000, B-Re � 6000
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Fig. 5 Velocity vector contour distributions of circular grooved rectangular ducts non-baffle, and with baffle angles of 30°, 60°, and 90°, and baffle heights
of 0.5H and 0.75H for distinct Re numbers of A-Re � 1000, B-Re � 6000

especially in the case of 0.75H height and 90° baffle angle. However, for Re � 6000, the heat transfer is much in evidence due to
the increased vortex effect in circular grooves.

Turbulence kinetic energy contour distributions of circular corrugated rectangular ducts non-baffle, and with baffle angles of 30°,
60°, and 90°, and various baffle heights of 0.25H, 0.5H, and 0.75H are shown in Fig. 7A and B for the A-Re � 1000 and B-Re
� 6000 values, respectively. As observed in Fig. 7A and B, the turbulence kinetic energy level increases because of the turbulence
created in the circular grooved ducts with baffled depending on the mixing ratio in the fluid. Depending on the increase in the baffle
angle and height, the turbulence intensity increases at the baffle tips and circular groove entrances; increasing the Re number also
improves the kinetic energy exchange in the grooves. However, while the greatest change in turbulent kinetic energy is seen in ducts
where the baffle angle is 90° and the baffle height is 0.75H, it can be determined from the contour distribution that turbulent flows
are more severe in the duct where the Re number is 6000.

The fluid temperature variation taken along the midpoints of the upper parts of the circular grooved rectangular ducts non-baffle,
and with baffle angles of 30°, 60°, and 90°, and baffle heights of 0.25H, 0.5H, and 0.75H are given according to the variation of the
Re numbers in Fig. 8. The temperature of the fluid entering the grooved ducts increases according to the amount of contact with the
hot grooves thanks to the baffles and the degree of turbulence created in the duct. However, increasing the baffle’s angle and height
allows the fluid to be better directed into the circular grooves. Fluctuations in temperature seen from the Z* � 0.1–0.4 parts of the
ducts starting from the 0.25H-60° to 0.75H-90° baffled duct are due to the movement of the fluid impinging the first row of baffle
in the duct after the first circular groove. While the highest temperature fluctuation seen in this part of the duct is in the baffled duct
with 0.5H-90°, these changes in temperature compared to the non-baffle duct are a result of the enhancement in the transfer of heat.
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Fig. 6 Temperature contour distributions of circular grooved rectangular ducts non-baffle, and with baffle angles of 30°, 60°, and 90°, and baffle heights of
0.25H, 0.5H, and 0.75H for distinct Re numbers of A-Re � 1000, B-Re � 6000
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Fig. 7 Turbulence kinetic energy contour distributions of circular grooved rectangular ducts non-baffle, and with baffle angles of 30°, 60°, and 90° and,
baffle heights of 0.25H, 0.5H, and 0.75H for distinct Re numbers of A-Re � 1000, B-Re � 6000
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Fig. 8 Fluid temperature
variations along the upper
midpoints parts of circular
grooved rectangular ducts
non-baffle, and with baffle angles
of 30°, 60°, and 90°, and baffle
heights of 0.25H, 0.5H, and
0.75H for distinct Re numbers
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Fig. 9 Mean Nu number (Num)
variations of circular grooved
rectangular ducts non-baffle, and
with baffle angles of 30°, 60°, and
90° for the baffle heights of
0.25H, 0.5H, and 0.75H

0.25H 0.5H

0.75H

The mean Nu number (Num) variations versus Re numbers for the rectangular ducts non-baffle and baffle angles of 30°, 60°, and
90° are shown in Fig. 9 depending on the baffle heights of 0.25H, 0.5H, and 0.75H. As can be observed in Fig. 9 with the rise of
the Re number, the Num also increases depending on the heat transfer enhancement from the circular groove ducts. For all three
baffle heights, while the Num rises with the rise of the baffle angle compared to the without baffle situation, the highest Num value
is reached at 90° angle and 0.75H height. For Re � 6000, the number of Num increases by 180.48% in the duct with a 90° angle
and 0.75H baffle height compared to the duct without a baffle. Also, when compared with the same Re number (Re � 6000) and
angle value (90°), the Num increment rate at 0.75H baffle height is 150.02% compared to 0.25H height due to the vortex movements
created by rectangular baffles.

Variations of heat transfer (Q) values taken exit of the grooved rectangular ducts from the warm surfaces of the circular grooves
to fluid are pointed out in Fig. 10 for the baffle heights of 0.25H 0.5H, and 0.75H, and distinct baffle angles of 30°, 60°, and 90°.
The vortex movements that occur in the duct due to the placement arrangements of the baffles to the duct affect the improvement
in the Q to the fluid. Besides, as the increase in Re number will intensify the movements of these vortexes in the circular grooves
of the duct, the amount of heat transfer to the fluid also increases. For Re � 3000, an increase of 53.42% and 87.33% in Q value is
obtained in ducts with a 60° angle and 0.75H height of the baffle compared to ducts with 0.5H and 0.25H baffle height, respectively.
Considering the 13% increase in heat transfer at a Re number of 10,000 in the works reached in the literature (Ajeel et al. [29, 30]),
it can be said that the baffle arrangements used in the circular grooved ducts in this study are suitable for increasing heat transfer.

In Fig. 11, the variations of the outlet temperature values of the fluid in the circular grooved rectangular ducts non-baffle, and
different rectangular baffle angles of 30°, 60°, and 90°, and heights of 0.25H, 0.5H, and 0.75H according to Re number. Depending
on the enhancement in the Q from the circular grooved duct surfaces, the outlet temperature value of the fluid increases. In addition,
while the Q rises with the rise of the Re number (Fig. 10), the outlet values of the fluid temperature decrease. However, it is observed
that the highest value of temperature is attained in the baffled duct with an angle of 90° and a height of 0.75H, while the lowest
values for all three cases are obtained in the non-baffle condition.

In Fig. 12, the variations of turbulence kinetic energy (TKE) with Re number are given along the midpoint of the upper part of
the circular grooved rectangular ducts non-baffle, and with different baffle angles of 30°, 60°, and 90°, and baffle heights of 0.25H,
0.5H, and 0.75H. The vortexes, which are formed as a result of the turbulent movements to be produced in the ducts thanks to the
baffles, increase the contact of the fluid with the grooves and the mixing, thus increasing the heat transfer. In parallel with the rise
in the Re number, the turbulence intensity in the baffle tips and between them, and also in the circular grooves enhances with the
enhancement in the angle and height of the baffles in the duct. Accordingly, while the cooling of the grooves in the duct improves,
pressure drop increases. In particular, for the 6000 value of Re, the baffle angle of 90° and the height of 0.75H intensify the TKE at
the maximum level. The fluctuations seen in TKE (Fig. 12) are due to vortex movements caused by turbulence. For Re � 6000, the
mean TKE value in a duct with a 90° baffle angle and 0.25H height is 97.12% higher than in the duct without a baffle. This value
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Fig. 10 Heat transfer (Q)
variations of circular grooved
rectangular ducts non-baffle, and
with baffle angles of 30°, 60°, and
90° for the baffle heights of
0.25H, 0.5H, and 0.75H

0.25H 0.5H

0.75H

Fig. 11 Fluid outlet temperature
variations of circular grooved
rectangular ducts non-baffle, and
with baffle angles of 30°, 60°, and
90° for the baffle heights of
0.25H, 0.5H, and 0.75H

0.25H 0.5H

0.75H

increases to higher values when the baffle height is increased. In the duct with 0.5H baffle height and 90° angle, and Re number of
6000, the increase in TKE value is 393.8% compared to the non-baffle duct. Moreover, when the baffle angle value is reduced from
90° to 30° at a baffle height of 0.25H for the same Re number (Re � 6000), the increase in value of the TKE decreases to 24.64%.
This proves that the baffle height is more decisive on the increase in TKE.
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Fig. 12 Turbulence kinetic energy
(TKE) variations along the upper
midpoints parts of circular
grooved rectangular ducts
non-baffle, and with baffle angles
of 30°, 60°, and 90°, and baffle
heights of 0.25H, 0.5H, and
0.75H for distinct Re numbers

Non-baffle 30o-0.25H

30o-0.5H 60o-0.25H

60o-0.5H 60o-0.75H

90o-0.25H 90o-0.5H

90o-0.75H

Pressure variations versus Re numbers along the upper midpoint part of the circular grooved rectangular ducts non-baffle, and
with different baffle angles of 30°, 60°, and 90°, and baffle heights of 0.25H, 0.5H, and 0.75H are displayed in Fig. 13. Since the
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baffle prevents the flow by decreasing the area of the flow cross section at the inlet of duct, higher pressure values are obtained at
the inlet in baffled ducts than in the non-baffled. However, while the pressure values decrease from the entrance to the exit of the
circular grooved ducts, they increase with the rise in the Re number. The highest drop of pressure is attained in the circular grooved
duct with a 90° baffle angle and 0.75H height considering all baffle arrangements. There are fluctuations in the pressure values in
the ducts depending on the baffle angle and height. The difference of pressure between the duct entry and exit is obtained with 9534
Pa for Re � 6000 and 90° angle and 0.75H baffle height. At the same Re number (Re � 6000), the pressure drop between the entry
and exit of the duct without baffle is 79.31 Pa.

While corrugated duct arrangements provide an increase in heat transfer, they cause a rise in pressure drop. Therefore, an effective
evaluation of this arrangement is possible by evaluating its thermal–hydraulic performance. Performance Evaluation Criterion (PEC)
number can be interpreted grooved duct with a baffle by comparing it to a grooved duct without a baffle ([26]).

In Fig. 14, the variations of PEC number values versus Re number are illustrated at various baffle angles of 30°, 60°, and 90°,
and baffle heights of 0.25H, 0.5H, and 0.75H. As the baffle angle and height increase, the PEC values decrease because the pressure
drops in the ducts enhance. The rise in the Re number also causes a decrease in PEC values as it increases the Δp. However, since
the raise in the value of the Num number is higher against the Δp, it is determined that the best value of PEC is reached in the circular
grooved duct with an angle of baffle of 30° and a height of 0.25H. For Re � 6000 and 30° baffle angle, the PEC value at 0.25H baffle
height is 66.88% higher than that in the 0.5H. These increment value reaches much higher level when compared a 90° angle and a
baffle height of 0.75H with 30° and 0.25H. Therefore, while the lowest PEC number value is obtained for the duct with 0.75H baffle
height and 90° angle, the highest PEC value is reached in the case with 30° angle and 0.25H baffle height. However, this result shows
that while the increments in baffle angle and height increase the Num number, they reduce the thermal–hydraulic performance of the
grooved ducts. Thus, it is necessary to consider the number of PEC to make a full assessment of baffle arrangement effectiveness.
In addition, when the graphs are examined, it is seen that the effect of reducing the baffle height is greater than the decrease in the
baffle angle on the rise of the PEC number.

5 Conclusions and evaluations

In this work, it is purposed to examine the influences of baffles with different angles and heights added to the upper part of circular
grooved rectangular ducts on heat transfer, drop of pressure, performance of thermal–hydraulic, turbulent kinetic energy and flow
structure. The solution of the work was performed by numerically finding out the equations of Navier–Stokes and energy employing
the turbulence model of k–ε and Ansys-Fluent program, in 3D and steady. As an outcome of this work, the following main outcomes
can be reached.

• In the without baffle duct, the direct contact of the fluid entering the duct with the circular groove is quite low and the fluid leaves
the duct directly. Small clockwise vortex movements occur in the circular grooves. When baffles are added to the duct, the fluid can
be directed to the grooves. Although this orientation increases with the increase of the baffle angle, it becomes especially evident
with the increase in the baffle height which intensifies vortex formation in the grooves. While jet flow-like flow characteristics
occur along the duct at 60° and 90° baffle angles at 0.75H baffle height, the most movement of fluid in circular grooved ducts is
obtained at a baffle angle of 90° and height of 0.75H where the vortex motion in the circular grooves reaches a maximum level.

• The temperature of the fluid entering the grooved ducts increases according to the amount of contact with the hot grooves thanks
to the baffles and the degree of turbulence created in the duct. However, increasing the baffle’s angle and height allows the fluid
to be better directed into the circular grooves. Fluctuations in temperature seen from the Z* � 0.1–0.4 parts of the ducts starting
from the 0.25H-60° to 0.75H-90° baffled duct are due to the movement of the fluid impinging the first row of baffle in the duct
after the first circular groove. While the highest temperature fluctuation seen in this part of the duct is in the baffled duct with
0.5H-90°, these changes in temperature compared to the non-baffle duct are a result of the enhancement in the heat transfer.

• With the rise in the Re number, the Num number also enhances depending on the heat transfer increase from the circular groove
ducts. For all three baffle heights, while the number of Num rises with the increase of the baffle angle compared to the without
baffle situation, the highest Num value is reached at 90° angle and 0.75H height. For Re � 6000, the increase in the number of
Num is 180.48% in the duct with a 90° angle and 0.75H baffle height compared to the duct without a baffle.

• As the increase in Re number will intensify the movements of the vortexes in the circular grooves of the duct, the amount of Q to
the fluid also increases. For Re � 3000, an increase of 53.42% and 87.33% in Q value is obtained in ducts with a 60° angle and
0.75H height of the baffle compared to ducts with 0.5H and 0.25H baffle height, respectively.

• In parallel with the rise in the Re number, the turbulence intensity in the baffle tips and between them and also in the circular
grooves rises with the rise in the angle and height of the baffle in the duct. For Re � 6000, the mean TKE value in a duct with a
90° baffle angle and 0.25H height is %97.12 higher than in the duct without a baffle. This value increases to higher values when
the baffle height is increased.

• In the duct with 0.5H baffle height and 90° angle, and Re number of 6000, the increase in TKE value is 393.8% compared to the
non-baffle duct.
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Fig. 13 Pressure variations along
the upper midpoints parts of
circular grooved rectangular ducts
non-baffle, and with baffle angles
of 30°, 60°, and 90°, and baffle
heights of 0.25H, 0.5H, and
0.75H for distinct Re numbers
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Fig. 14 PEC number variations of
circular grooved rectangular ducts
non-baffle, and with baffle angles
of 30°, 60°, and 90° for the baffle
heights of 0.25H, 0.5H, and 0.75H

0.25H 0.5H

0.75H

• When the baffle angle value is reduced from 90° to 30° at a baffle height of 0.25H for the Re � 6000, the increase in value of the
TKE decreases to 24.64%. This proves that the baffle height is more decisive on the increase in TKE.

• Due to the fact that the baffle prevents the flow by decreasing the cross-sectional area of flow at the inlet of the duct, higher
pressure values are obtained at the inlet in baffled ducts than in the non-baffled duct. However, while the pressure values decrease
from the entrance to the exit of the circular grooved ducts, they increase with the increase in the Re number. The highest Δp is
attained in the circular grooved duct with an angle of baffle of 90° and 0.75H height considering all baffle arrangements. Besides,
there are fluctuations in the pressure values in the ducts depending on the baffle angle and height. The difference of pressure
between the duct entry and exit is obtained with 9534 Pa for Re � 6000 and 90° angle and 0.75H baffle height.

• As the baffle angle and height increase, the PEC number values decrease because the drop of pressure in the ducts increases. The
rise in the Re number also causes a decrease in PEC values as it increases the Δp. However, since the rise in the value of the
Nu number is higher against the Δp, it is determined that the best value of PEC is reached in the circular grooved duct with an
angle of baffle of 30° and a height of 0.25H. For Re � 6000 and 30° baffle angle, the PEC value at 0.25H baffle height is 66.88%
higher than that in the 0.5H. These increment values reach much higher levels when compared to a 90° angle and a baffle height
of 0.75H.

• While increasing the baffle angle and height increases the Num number, they reduce the thermal–hydraulic performances of the
grooved ducts. Thus, it is necessary to consider the number of PEC to make a full assessment of baffle arrangement effectiveness.

• In addition, the effect of reducing the baffle height is greater than the decrease in the baffle angle on the rise of the PEC number.

As a result, the addition of baffles with different angle and height arrangements to the circular grooved ducts provides an important
increase in heat transfer while causing a negligible pressure drop. For this reason, it is thought that the outcomes of this work will
benefit engineers working in the application of grooved heat exchangers, which have been intensively studied in recent years.

However, no results have been obtained because the 30° angled baffle at the end of the channel protruded from the channel
at 0.75H baffle height. Besides this, it is aimed to improve the usability of the models in the study by using nanofluids whose
thermophysical properties will be obtained experimentally in future works and to widely use the channel applications in the industry.
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