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Abstract
The effects of surface roughness on the hydro-thermal performance of laminar mixed convection heat transfer of water
have been investigated numerically. The geometry was a semicircular curved horizontal dimples tube with a fixed
dimensionless radius of curvature (2R/D = 6.62) and dimensionless roughness height of e/D = 0.1. Under low values
of Re (100,200,400) and Gr numbers (20,000.100000,400,000), a constant heat flux was imposed on the tube walls. The
three-dimensional governing equations were discretized, using a finite volume method. Dimensionless temperature,
convective heat transfer coefficient, axial dimensionless velocity contours, secondary flow vectors, and surface friction
coefficient are presented and discussed. The results showed that for identical conditions, the dimpled tube has better
thermal performance compared to a smooth tube, especially in low Re values. So that in the low Re values, the dimpled
tube has 58.2% higher heat transfer coefficient in comparison with the smooth ones. However, this predominance in
thermal characteristics is mitigated by increasing Re number. Additionally, it has been shown that the skin friction
coefficient of a curved dimpled tube is less than that of a smooth one in low Reynolds values. Using Colburn j factor
and friction coefficient (f), and presenting j/f versus Re shows that the dimpled tube is more efficient at Re < 200.

NomenclatureSymbol
Cf Skin friction factor
D Tube diameter (m)
e Roughness height (m)
E Total energy (J/kg)
f Darcy-Weisbachfr ic t ion

factor

g Gravitational constant
(9.81m/s2)

h Heat transfer coefficient

j Colburn J factor
k Thermal conductivity

(W/m K)
L Tube length (m)
P Pressure (Pa)
q" Uniform heat flux (W/m2)
r Radial direction
R Curvature radius (m)
T Temperature (K)
V Velocity (m/s)
V
!

Velocity vector (m/s)

z Axial direction

Subscript
n New
w Tube wall
0 Inlet

Greek
θ Angular coordinate
ρ Density (kg/m3)
μ Dynamic viscosity (N s /m2)
τ Shear stress (Pa)

Dimensionless number
Den New Dean number Den = Re(D/2R)

Highlights
•Numerical study of a laminar mixed convection inside a curved dimpled
tube.

• Heat transfer coefficient of a curved dimpled tube is more than that of a
smooth one.

• Skin friction coefficient of a curved dimple tube, in low Reynolds
number, is negligible.

• Using dimple tubes in the low Reynolds numbers are more beneficial.
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Gr Grashof number Gr = gβq"D4/kν2

Nu Nusselt number Nu = hD/k
Re Reynolds number Re = ρVD/μ

1 Introduction

Increasing the performance is one of the most important goals
in designing modern heat exchangers. The performance of
heat exchangers can be improved by heat transfer enhance-
ment techniques which are, in general, categorized into two
main groups of active and passive [1]. The active techniques
require external forces, e.g. electric field, acoustic, surface
vibration, etc. While in passive techniques, fluid additives
such as nanoparticles or special flow geometries such as rough
surfaces are employed. Utilization of extended surfaces, such
as dimpled surfaces, can be very useful. Dimpled surfaces
simultaneously provides larger heat transfer area as well as
generating local flow disturbances and resulting in higher heat
transfer rate for both cooling and heating purposes. It is done
by increasing the flow turbulence, intensifying the secondary
flows, and by growing the thermal boundary layer infraction.
Therefore, a Vipertex tube, with dimples on its outer surface,
can be a good alternative for the conventional tubes in the
design of high efficiency thermal equipment.

The effect of adding dimples or extending the surface
on the thermal characteristics of a flow have been studied
by several researchers and all of them confirmed that this
modification is a useful and effective technique from ther-
mal point of view. Among them, Bilen et al. [2] reported
an experimental study on heat transfer and friction char-
acteristics of fully developed turbulent air flow in a tubes
made by different extended surfaces. They found that at
the highest Reynolds number (Re = 38,000), in the tubes
with circular, trapezoidal, and rectangular groove on their
surfaces, the heat transfer rate is 63%, 58%, and 47%
higher than that of the smooth tube, respectively. Chen
et al. [3] modeled turbulent flow in a protruded-surface
channel for Re values between 3000 and 6000. The results
for different depth ratio of protrusions indicated that at
higher ratios, due to increase in flow turbulence, friction
factor and heat transfer rate became higher. Kumar et al.
[4] investigated the heat transfer enhancement due to
implementing the protruded surface tubes in the heat ex-
changers. Their outcomes revealed that for turbulent flow
regime, using dentate surfaces improves the heat transfer
rate and the hydro-thermal performance of the heat ex-
changers by 3.43 and 2.31 times, respectively. Vicente
et al. [5] experimentally studied the hydro-thermal behav-
ior of helically dimpled tubes in the low Reynolds values.
Their results showed that, the skin friction coefficient of
this kind of pipes is 10 to 30% more than that of the
smooth ones. They also concluded that in low Rayleigh

numbers these pipes are similar to the smooth tubes, while
in high Rayleigh numbers, heat transfer rate is increased
up to 30% due to buoyancy force increase. Solanki and
Kumar [6] experimentally compared the condensation
heat transfer coefficient and the frictional pressure drop
of R-134a of the smooth straight tubes with the smooth
helically coiled tubes, and the dimpled helically coiled
ones. They showed that heat transfer coefficient and fric-
tional pressure drop in the dimpled helically coiled tube is
higher than those of the smooth helically coiled and the
smooth straight tubes. Nivesrangsan et al. [7] experimen-
tally evaluated the thermal performance of the dimpled
tubes with two different dimpled-surface patterns includ-
ing aligned arrangement and staggered arrangement. The
results indicated that, at the lowest pitch ratio, the mean
heat transfer rate of the dimpled tube with staggered ar-
rangement is around 127 and 8% higher than those of the
smooth tube and the dimpled tube with aligned arrange-
ment, respectively. Kukulka and Smith [8] compared the
thermal performance of Vipertex enhanced surface tube
with and the smooth one. The results indicates that, for
heating mode of the system, the heat transfer rate of the
Vipertex tube, with the turbulent flow, is 100% more than
that of the smooth tube. However, in laminar mixed con-
vection, the growth of heat transfer rate due to using the
dimpled tube is little. Kukukla et al. [9] experimentally
evaluated the performance of Vipertex tube under fouling
conditions. They showed that in the same fouling condi-
tions, the dimpled tube leads to more heat transfer com-
pared to the smooth tubes. Another study performed by
Kukulka et al. [10] showed that the average evaporation
heat transfer coefficient of R22, R32 and R410A in the
Vipertextube are about two times greater compared to the
smooth tubes. Mashayekhi [11] numerically investigated
the effect of roughness on the forced convection heat
transfer in a pipe with dimples and protrusions. Their
results indicated that the thermal efficiency of the pipes
in the lower Re values were higher.

An optimization of dimples in microchannel heat sink
was performed by Ming et al. [12]. Their results show that
the combination of dimples and impinging jets signifi-
cantly improves heat transfer performance. Shui et al.
[13] numerically and experimentally investigated the ef-
fects of dimples on heat transfer enhancement in a tree-
like branching microchannels. Significant improvement
on the averaged heat transfer performance is seen using
dimples. However, its performance decreases by increas-
ing Reynolds number.

The results indicate that the dimples can significantly im-
prove the averaged heat transfer performance of branching
microchannels. Recently Sobhani and Behzadmehr [14] in-
vestigated the effects of different dimples- protrusions pattern
on the mixed convection heat transfer in a horizontal tube.
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They presented a modified model for which heat transfer co-
efficient and pressure drop is balanced.

Curved tubes as a passive technique of heat transfer en-
hancement could be seen in different thermal devices such
as helical coil tubes in heat exchangers. Thus several theoret-
ical studies have been done on them. Georing et al. [15] eval-
uated the simultaneous effects of curvature and buoyancy
force on laminar flow regime in a curved tube under two
different thermal boundary conditions. They presented heat
transfer and pressure drop data also flow velocity and temper-
ature contours for both constant heat flux and constant wall
temperature. Wael [16] numerically investigated curvature ra-
tio and nanoparticle volume concentrations influence on heat
transfer and pressure drop characteristics of nanofluid flowing
in a helically coiled heat exchanger. The results revealed that
with an increase in diameter of coil, both the heat transfer
coefficient and the friction factor increased. Chimres et al.
[17] studied the thermal performance of semi-dimple fin in
fin and tube heat exchangers numerically. They showed the
existing semi-dimple fins have the highest heat transfer coef-
ficient and pressure drop in comparison with semi-dimle pair
and plain fins. However, the goodness factor of semi-dimple
pair is about 33-37% greater than the existing semi-dimples
and about 15-20% greater than the plain fin.

Additionally, several extensive investigations have been
dedicated to the heat transfer phenomenon in the curved tubes
(Li et al. [18], Akbarinia and Behzadmehr [19], Ghaffari and
Behzadmehr [20], Alikhani and Behzadmehr [21]). Huminic
[22] summarized newly published articles evaluating the heat
transfer characteristics of conventional fluids and nanofluids
in curved tubes.

The current research evaluates the laminar mixed convec-
tion in a horizontal curved dimpled tube for the low values of
Re and Gr numbers. The effect of dimples on the hydro-
thermal characteristics of the considered geometry, have not
previously reported. To compare the curved dimpled tube with
the smooth one, the axial velocity, the secondary flow and the
temperature contours are considered as the criteria and these
parameters are presented for different values of Re. Also the
profiles of convective heat transfer coefficient and skin fric-
tion coefficient are shown and discussed.

2 Model

2.1 Physical model

It was assumed that the laminar and steady flow of a non-
compressible Newtonian fluid enters into the dimpled
tube at the state of fully developed (Fig. 1). The three-
dimensional structure of dimpled tube is shown in Fig. 1.
The r-θ plan presents the horizontal surface which means
the tube is rest on the horizontal surface.

2.2 Mathematical model and governing equations

For better analysis and calculation, the following assumptions
are adopted.

(a) Physical properties of the fluid were assumed to be con-
stant except for the density in the body force, which
varies linearly with the temperature (Boussinesq’s
hypothesis).

(b) Heat losses and pressure drop were neglected.:

Therefore, the dimensional governing equations for the
steady state conditions can be written as follows:

Continuity equation:

∇ : ρV
!� �

¼ 0 ð1Þ

Momentum equation:

∇ : ρV
!

V
!� �

¼ −∇P þ ∇ : τ½ � þ SM ð2Þ

Energy equation:

∇ : V
!

ρE þ Pð Þ
� �

¼ ∇ : k∇Tð Þ þ SE ð3Þ

It should be mentioned that the velocity and the tempera-
ture of the fluid have been become dimensionless by the fol-
lowing equations:

Fig. 1 The computational domain
zone (a) and a cross section of the
considered dimpled tube (b)
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V
V0

ð4Þ

T−T0

q}D
k

� � ð5Þ

2.3 Boundary conditions

This set of nonlinear elliptical governing equations has been
solved considering the following boundary conditions:

– At the tube inlet (θ = 0):

Fully developed velocity; T ¼ T 0 ð6Þ

–At the fluid–solid interface (r = D/2):

Vθ−Vr ¼ Vz ¼ 0 ð7Þ

q}w ¼ −k
∂T
∂r

ð8Þ

–At the tube outlet (θ = π): the diffusion flux in the direction
normal to the exit plan is assumed to be zero for all variables
and an overall mass balance correction is also applied.

2.4 Grid independence

As shown in Fig. 2, the unstructured mesh was applied in
mesh system and for more accuracy, near the wall, the grid
was refined with a growth factor of 1.2. A grid independent
test was carried out to find the suitable grid number. The effect
of increasing the number of grid on the axial velocity profile
and the dimensionless temperature profile in a horizontal di-
rection at θ =5π/6, Re = 400 and Gr = 400,000 also were
shown in Fig. 2. It can be seen when the grid number were
more than 802,000, the results were independence of grid.

2.5 Model validation

In order to see the accuracy of the computational results the
friction factor of the current research has been compared
with the corresponding experimental results that were pre-
sented by Wojtkowiak and Popiel [23]. The results have
been calculated for Den numbers between 20 and 303 for
the adiabatic flows; and for Den numbers from 80 to 203 for
the non-adiabatic ones. As shown in Fig. 3 there are good
agreement between the experimental results and present
work. In the case of adiabatic flows, the average deviation
is about 5% and for the non-adiabatic flows, it is about 4%.

Fig. 2 Meshed geometry (a) and grid independence test results for axial velocity profile (b) and the dimensionless temperature profile (c)
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It should be noted that the Dean number was introduced
Wojtkowiak and Popiel [23] as:

Den ¼ Re
D
2R

� �
ð9Þ

Furthermore, the Darcy friction factor for the adiabatic and
non-adiabatic wavy pipe flows was calculated using the below
formula.

f ¼ ΔPD
0:5ρV2

mL

� �
ð10Þ

3 Numerical method

In order to have a fully developed flow at the entrance, a
straight pipe was employed to develop flow along the straight

pipe before enters to the bend. The governing equations were
discretized using the Control Volume Method and solved by
steady-state implicit method. Second order upwind scheme is
adopted for the convective and diffusive terms while the
SIMPLEC algorithm was used for the velocity–pressure cou-
pling and the convergence criterion is set to be 1E-06.

4 Results and discussions

Figure 4 indicates the dimensionless velocity contours, the
secondary flow vectors, and the dimensionless tempera-
ture of the fluid inside the dimple and smooth curved
tubes. The outcomes presented here have been achieved
at the cross section of θ = 5π/6 and for Gr = 80,000, Re =
400. As it can be seen in Fig. 4a, the bumps at the inner
side of the dimple tube, have directed the flow to the
central axis and due to a constant mass flow rate, com-
pared to that of the smooth tube flow, the axial dimen-
sionless velocity increases. For the case in which Re is
400, owing to the dominant amount of centrifugal forces,
the secondary flow vectors have been driven completely
to the direction of the inertial forces. Therefore, the sec-
ondary flows are completely symmetric with respect to
the horizontal axis (Fig. 4b). Also as previously men-
tioned, the cross sectional area in the rough tubes is small-
er and the flow is mostly forced into the tube center.

Additionally, because of constant mass flow rate the
dimensionless velocity is higher than that of the smooth
tube. As a result, compared to the smooth tubes, the sec-
ondary flows’ magnitude in the rough tubes is more. In
the dimensionless temperature contours (Fig. 4c), it can
be seen that due to weak buoyancy forces, the contours
are almost symmetry with respect to the horizontal axis.

A region with higher temperature can be observed at
the inner side of the tube where the centrifugal forces are
low and the fluid velocity is lower than that of the outer
zone. Again because of low Grashof number, symmetry is
expected to be seen with respect to the horizontal diame-
ter. There is an interesting behavior in the dimensionless
temperature contours of the fluid inside the dimpled tube.
The fluid temperature tends to become more uniform be-
cause of higher heat transfer rate caused by dimples
throughout the tube cross section. Subsequently, more
heat transfer rate leads to higher temperature gradient
close to the dimpled tube wall, compared with that of
the smooth tube.

Figure 5 shows the axial evolution of mean heat transfer
coefficient along the smooth and the dimple curved tubes,
for different Reynolds numbers. In both tubes, for a given
Gr and Re numbers, in the absence of the buoyancy force,
the centrifugal force tends to improve the heat transfer
coefficient. However, increasing the buoyancy forces
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Fig. 3 Comparison the present simulation with the experimental results
of Wojtkowiak and Popiel [23] for Adiabatic flow (a) and Non-adiabatic
flow (b)
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along the tube, mitigates the positive effects of the cen-
trifugal forces. The concurrent effects of these forces re-
duce the convective heat transfer coefficient and even lead
to a downward trend in the chart. This is clearly shown in
Fig. 6.

In the dimpled tube, at Re = 100 the buoyancy forces are
dominant over the centrifugal forces. However, by increasing
Re number up to 200, the simultaneous effects of the buoyan-
cy and the centrifugal forces are almost the same order. These
two secondary forces have opposite effect on the heat transfer

coefficient because of reducing the generated secondary
flows. On the other hand, by more increase in Re the centrif-
ugal forces become dominant and the buoyancy forces are not
able to reduce its positive effect on the heat transfer coeffi-
cient. Therefore, by increasing Re up to 400, heat transfer
coefficient also augments. Comparing both tubes reveals that
the dimple one has better performance in terms of heat transfer
at the low Re values.

In general, comparing both tubes reveal that the dim-
ple one shows better performance in terms of heat

Re=400, Gr=80000, θ=5π/6 

Dimple tube Smooth tube 

a) 

b) 

c) 

Fig. 4 Comparison between
Dimensionless axial velocity
contours (a) Secondary flows (b)
and dimensionless temperature
contours (c) of smooth and
dimple tubes for Re = 400, Gr =
80,000 at θ = 5π/6
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transfer at the low Re numbers as well as low Gr num-
bers. Its heat transfer coefficient can be affected by the
Dean number, Re and surface roughness.

To compared the necessary pumping power between the
dimple tubes and smooth tubes Table 1 is presented.
Roughening a tube is believed to intend more uniform veloc-
ity profile. Thus as seen in Table 1 increasing the Re > 200
causes to see more pressure loss in the case of smooth tube
than the dimple one. It is well known that in mixed convection
flow in a curved tube both centrifugal and buoyancy forces
induce secondary flows are important. These secondary flows

alone intend to uniform the fluid flow. However, their simul-
taneous effects are opposite. At Re = 200 these two forces are
almost at the same order and their simultaneous effect is min-
imum. While increasing or decreasing the Reynolds number,
the centrifugal forces augments or decline (decline or aug-
ments buoyance forces) respectively. Which means by in-
creasing or decreasing the Reynolds number (from 200) one
of these forces becomes more important and thus their effects
augment. This effect intends to uniform the fluid flow and thus
the effect of roughening tube on the pressure drop becomes
less important.

To compare the performance of the dimpled and
smooth tubes for a given Gr, j/f at different Reynolds
number is presented in Fig. 7. As it is seen roughening
a tube improve its performance at the lower Reynolds
number. Increasing the Reynolds number pressure drop
becomes more important in dimple tube. In this figure f
is friction factor (Eq. 10) and j is the Colburn J factor
which is defined as:

j ¼ h
ρVCp

Pr2=3 ð11Þ
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Fig. 6 Axial evolution of peripheral average convective heat transfer
coefficient along the curved tube length for different Gr
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Fig. 5 Axial evolution of peripheral average convective heat transfer
coefficient along the curved tube length for different Re

Table 1 Ratio of the pressure drop throughout the tubes in percent

Re (Pout – Pin) Dimple

tube / (Pout – Pin)
Smooth tube %

ΔP Dimple tube

(Pa)
ΔP Smooth tube

(Pa)

100 101.1779511 0.02213 0.02187

200 107.3807328 0.05708 0.05316

400 101.738774 0.14172 0.13930

600 0.9153276 0.23438 0.25606
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Fig. 7 j/f versus Re for smooth and dimple tubes
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5 Conclusion

In this research, a dimpled tube is numerically studied to un-
derstand its effects on the thermo-fluid behavior of a laminar
mixed convection flow regime inside a curved tube.
Simultaneous effects of the buoyancy forces and centrifugal
forces are considered. It is shown that These forces signifi-
cantly affected the fluid flow. For a given Reynolds number
inlet flow velocity is slightly lower than the one in smooth
tube because of dimple structure. Thus higher axial velocity
and stronger secondary flow compared to a smooth tube is
resulted with using dimpled tubes. It is seen that for a given
Reynolds number increasing the Grashof number causes to
decrease heat transfer coefficient as results of opposing effect
of buoyancy and centrifugal forces. Comparisons between the
dimpled tube and smooth tube shows that heat transfer coef-
ficient augments with using dimpled tubes. While the
pumping power slightly decreases where the simultaneous
effects of these forces reduces (Re < 100 and Re > 500). In
the case of dimpled tubes the effective solid-flow interface
augments and also the near wall flow is affected by the dim-
ples. Therefore, it can be said the dimpled tube shows better
performance in terms of heat transfer at the low Re numbers as
well as low Grashof number. Its heat transfer coefficient can
be affected by the Dean number, Re and surface roughness.
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