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The convective cooling heat transfer in mini-channels with dimples, cylindrical grooves and low ﬁns is
numerically studied by using the ﬁeld synergy principle. We solve the synergy angle distribution to
examine the mechanisms of the heat transfer enhancement in the enhanced surfaces. The parameter PEC as
the evaluation coefﬁcient is employed to study the comprehensive performance of the enhanced surfaces.
The results show that the dimple surface presents the highest performance of heat transfer enhancement.
The geometry size effects of dimple are studied over a Reynolds number range of 2700e6100, and the most
favorable dimple geometric structures are optimized by using the performance evaluation plot of enhanced
heat transfer techniques.
Ó 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
In order to improve the heat transfer efﬁciency and operation
safety of heat transfer equipments, many techniques have been
proposed [1,2], such as treated surfaces, rough surfaces, extended
surfaces, swirl ﬂow devices, shaped pipes, surface tension devices,
mechanical aids, electrostatic ﬁelds, suction or injection. Most of
these techniques are usually applied in macro-channels. However,
in the micro- and mini-channels, due to processing technique restrictions, the heat transfer enhancements are mostly focused on
the techniques of treated surfaces, rough surfaces and extended
surfaces, and the most popular methods were summarized by
Steinke and Kandlikar in Ref. [3].
However, all of the above techniques will inevitably bring too
much ﬂow resistance, resulting in unnecessary power consumption. An effective method of heat transfer enhancement is required
to not only improve the heat transfer greatly, but also minimize the
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ﬂow resistance as much as possible. Recently, an effective method
called dimple surface has been investigated in the literature [4e9],
and all of the studies have proved that the dimple surface can
signiﬁcantly enhance the heat transfer without bringing too much
ﬂow resistance. Moreover, Lee et al. [10] studied the cylindrical
groove surface by the large eddy simulation, and the results show
that the heat transfer and ﬂow characteristics in a cylindrical
groove are similar to those in a dimple, which indicates that the
cylindrical groove surface is also an effective heat transfer
enhancement method. The purpose of this paper is ﬁrstly to
examine the mechanism of the heat transfer enhancement of the
dimple and cylindrical groove. And secondly to maximize the
ability of the convective cooling heat transfer enhancement in the
mini-channel heat sinks by optimizing the geometry sizes of
dimple.
2. Field synergy principle in study of convective heat transfer
enhancement
Studies on the heat transfer enhancement are mostly focused on
the Nusselt number and ﬂow resistance coefﬁcient, which do not
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Nomenclature

u
yH
y0
w
Dp

area of the inlet or outlet, m2
dimple diameter or cylindrical groove width, m
dimple or cylindrical groove depth, m
channel length, m
Nusselt number
evaluation parameter of a heat transfer unit
Prandtl number
Reynolds number
temperature, K
velocity vector, m s1
volume of computational zone, m3
speciﬁc heat capacity, J kg1 K1
hydraulic diameter, m
friction factor
heat transfer coefﬁcient, W m2 K1
direction vector of heat ﬂux
pressure, Pa
heat ﬂux, W m2
mass ﬂow rate, kg s1
dimple or cylindrical groove pitch, m

Ac
D
H
L
Nu
PEC
Pr
Re
T
U
V
cp
de
f
h
n
p
q
qm
s

Greek symbols
a, b
ﬁeld synergy angle, 
d
low ﬁn thickness, m
dh
low ﬁn height, m
l
thermal conductivity, W m1 K1
h
dynamic viscosity, Pa s
r
density, kg m3
sw
shear stress of the wall, Pa
Subscripts
in
inlet
m
mean
out
outlet
p
periodic
w
wall

completely explain the mechanism of the heat transfer enhancement. To further study the mechanism of convective heat transfer
enhancement, Guo et al., according to the interaction between the
ﬂuid temperature and its velocity ﬁeld, proposed the called ﬁeld
synergy principle of the heat transfer enhancement [11]. They
pointed out that a good synergy between the velocity ﬁeld and the
temperature gradient ﬁeld is helpful to improve the heat transfer
for convective heat transfer. From this view, numerical and experimental researches [12e17] have also demonstrated the advantages
of the ﬁeld synergy principle in analyzing the heat transfer
enhancement. The method of ﬁeld synergy is to integrate the energy equation in the total computational zone V, and substitute the
boundary condition yielding [11]:


Z
dT 
rcp ðU$VTÞdV ¼ l 
¼ hðTw  Tm Þ
dn wall

(1)

V

where, r, cp, U, T, VT, l, and n indicate the density, speciﬁc heat
capacity, velocity vector, temperature, temperature gradient, thermal conductivity, and direction vector of heat ﬂux, respectively.
And then we can ﬁnd that the heat transfer coefﬁcient is proportional to the value of dot product U$VT. In other words, if the ﬂow
velocity direction is closer to the temperature gradient direction, it
will be more likely to improve the heat transfer. Similarly, by
integrating momentum equation along the ﬂow direction, the
pressure drop in the streamwise direction can be described as
follows [18,19]:

Dp ¼

Z

ZL

rðU$VuÞdV þ
V

sw dL

streamwise velocity, m s1
channel height, m
height of the control volume of a single dimple, m
channel width, m
pressure drop, Pa

(2)

0

where L is the channel length, u is streamwise velocity, and sw
stands for shear stress of the wall. From Eq. (2), we can know that
the decrease of the dot product U$Vu will reduce the ﬂow resistance in the streamwise direction, i.e. the larger of the deviation
between the direction of velocity vector and streamwise velocity
gradient, the more beneﬁt achieved to reduce the ﬂow resistance.
Moreover, in Eq. (2), we can also ﬁnd that the ﬂow resistance is

composed of two parts: convective inertial resistance (convective
term) and viscous resistance (resulting in wall shear stress). At low
Reynolds numbers, the viscous resistance dominates the total ﬂow
resistance. However, as the Reynolds number increases, the effect
of the convective inertial resistance will gradually exceed that of
the viscous resistance, so the convective inertial resistance often
dominates the total ﬂow resistance.
It is known that the vector dot product in Eqs. (1) and (2) can be
expressed as:

U$VT ¼ jUjjVTjcos b

(3)

U$Vu ¼ jUjjVujcos a

(4)

In this way, the heat transfer will be easily estimated by using
the ﬁeld synergy angle [11,18]. Obviously, the decrease of synergy
angle b and the increase of synergy angle a are most preferable to
promote the heat transfer enhancement, i.e. we need a smaller b to
improve the heat transfer and a larger a to reduce the pressure loss.
For convective heat transfer, turbulent ﬂow generally achieves a
higher heat transfer coefﬁcient than laminar ﬂow. Liu et al. [20]
analyzed the zero-equation turbulence model and k-ε twoequation turbulence model, and established the turbulent heat
transfer ﬁeld synergy relations for these two turbulence models.
And the results show that the turbulent synergy relations have
similar forms to those of the laminar ﬂow. Some studies [21e23]
applied the ﬁeld synergy principle to analyze turbulent heat
transfer, and the results also veriﬁed that the ﬁeld synergy relations
can still be used.
From the above introduction, we can see that the ﬁeld synergy
principle reﬂects the relationship between the temperature ﬁeld
and ﬂuid velocity ﬁeld, and thus in the following study, we use the
ﬁeld synergy to analyze the mechanism of the heat transfer
enhancement.
3. Analysis of convective heat transfer in three typical minichannels with ﬁeld synergy principle
In this section, we focus on simulating the convective heat
transfer in the mini-channels with dimple surface, cylindrical
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transfer capacities. Besides, the height (dh) and thickness (d) of a
low ﬁn presented in Fig. 3(e) are 15% and 10% of the channel width,
respectively.
In the simulations, we assume that the ﬂow and heat transfer
are fully developed, and the working ﬂuid is the water with constant physical properties. We solve the energy equation and
NaviereStokes equations with the Fluent Solver, and details are set
as follows.
(1)
(2)
(3)
(4)

Turbulence: realizable keε model and enhance wall treatment.
Discretization for convection term: second order upwind.
Pressure discretization: PRESTO! [24].
Pressure-velocity coupling: SIMPLEC [25].

3.2. Parameter deﬁnition
The hydraulic diameter is deﬁned as

Fig. 1. Geometry structure of the mini-channel.

2yH w
yH þ w

de ¼

(5)

groove and conventional low ﬁn surface, and then analyze the
physical quantity synergy so that we can make a deeper understanding of the mechanisms and characteristics of the heat transfer
enhancement.

where yH and w are the height and width of the channel crosssection, respectively. The Reynolds number is

3.1. Physical model and numerical method

where uin is the inlet average velocity which is given by

The mini-channel has a hydraulic diameter of 1.0 mm with a
rectangular cross-section (aspect ratio: yH/w ¼ 5.0), see Fig. 1, and
the boundary conditions are as follows.

uin ¼ qm =Ac ¼ qm =ðyH wÞ

(1)
(2)
(3)
(4)
(5)

Streamwise direction: periodic boundary.
Top: constant heat ﬂux q ¼ 1 106 W m2.
Bottom: adiabatic boundary.
Stream bulk temperature: 293 K.
Other boundaries: symmetry (assuming all the heat taken
away by the working ﬂuid).

The enhanced heat transfer surfaces are arranged in the side
wall (y direction) of the channels, and the structures of these surfaces are shown in Fig. 2. The length of a period (Lp) in the channel
is equal to the channel height (yH). Dimples are uniformly arranged,
and the dimple pitch in the streamwise direction is equal to that of
cylindrical grooves and low ﬁns, and the relative dimple pitch is set
to s/Lp ¼ 0.5 as shown in Fig. 3. The dimple diameter and cylindrical
groove width also have an identical relative value, i.e. D/s ¼ 0.5, and
the depth of dimple is equal to that of cylindrical groove, i.e.
H/D ¼ 0.4. Thus, the characteristic size of the dimple is equal to that
of the cylindrical groove, and it would be fair to compare their heat

ruin de
h

Re ¼

(6)

(7)

where qm is the mass ﬂow rate, and Ac is the channel cross-section
area or inlet area. The Nusselt number is

Nu ¼

hde

l

(8)

where h is the heat transfer coefﬁcient, and is deﬁned by

h ¼

qw

DTm

(9)

where qw is the heat ﬂux on the channel wall, and DTm is the mean
temperature difference between the wall and the water

DTm


 

 Tw;in  Tm;in  Tw;out  Tm;out 


¼ 
Tw;out  Tm;out 
ln Tw;in  Tm;in

(10)

where Tw, in, Tm, in, Tw, out and Tm, out are the wall and water mean
temperatures at the inlet and outlet, respectively. The ﬂow resistance coefﬁcient is

Fig. 2. Three types of enhanced heat transfer surfaces.
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Fig. 3. View of the three typical surfaces.

f ¼

2Dp de
ru2in L

(11)

where Dp and L refer to the pressure drop and channel length,
respectively.
3.3. Grid independence and numerical validation
The grid independence is studied by simulating the heat transfer
in the dimple channel (see Fig. 3(a)). Here, we use tetrahedral grid,
and the results are shown in Table 1.
According to the comparison in Table 1, we can choose the third
mesh with a unit cell size of 0.03 mm to simulate other cases and
groove channel. In addition, for low ﬁn channel, the hexahedral grid
with an average cell size of 0.02 mm is used since the low ﬁn
channel has a simple geometry structure.
The validation of the present numerical method is to compare
the values of the Nu and f between the numerical results and the
experimental correlations in the smooth rectangular channel. The
experimental correlations are recommended by Ref. [26]:
Gnielinski equation (for liquid) [27]

Nu ¼

i Pr 0:11
ðf =8ÞðRe  1000ÞPr h
2=3
1
þ
ðd
=LÞ
pﬃﬃﬃﬃﬃﬃﬃﬃ 2=3

e
Prw
1 þ 12:7 f =8 Pr  1

(12)

where Pr and Prw are the Prandtl Number corresponding with the
ﬂuid temperature and the wall temperature, and the parameter
ranges are 0.6 < Pr <105, 2300 < Re < 106, and 0.05 < Pr/Prw < 20.
The friction factor can be obtained from Filonenko equation [28]

f ¼ ð1:82lgRe  1:64Þ2

(13)

In our simulation, we ﬁnd that the temperature of the working
ﬂuid is in the range of 293e305 K and the wall temperature is in the
range of 310e330 K, and then in Eqs. (12) and (13) we have
5.4 < Pr < 7.1 and 3.5 < Prw < 4.3. We assume that the maximum
allowable errors of Eqs. (12) and (13) are less than 20% and 10%,
respectively. The comparison results are shown in Fig. 4. From
Fig. 4(a), we can ﬁnd that all the numerical results of f are in the
allowable error range. In Fig. 4(b), except for Re ¼ 2770, all the
numerical results of Nu are also in the allowable error. However,
there are still some obvious deviations between the numerical results and the solutions from experimental correlations, especially
for Re < 5000. These deviations may be ascribed to that the ﬂow in
the smooth channel is in the transitional regime, however, the
transitional ﬂow is also modeled with turbulence models as the
fully turbulent ﬂow, though most popular turbulence models (like
k  ε and k  u) cannot predict the transitional ﬂow well according
to Refs. [29,30]. In the enhanced channel with the same Re, the ﬂow
turbulence may be much closer to the fully turbulence than that in
the smooth channel, so the simulation of enhanced channels will be
more accurate than that of smooth channel. Therefore, we can
believe that the present numerical method meets the computational requirements for engineering applications.
3.4. Analysis of local physical ﬁeld synergy in dimple, cylindrical
groove and low ﬁn channels
In this section, we focus on analyzing the impacts of the enhanced
heat transfer surfaces on the synergy between the velocity ﬁeld and
temperature ﬁeld, and Re is ﬁxed at 3323 for a turbulent ﬂow.
3.4.1. Dimple channel
Fig. 5 shows the local distribution of the synergy angles of a and
b in a single dimple, in which all the proﬁles locate at the dimple
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Table 1
Grid independence study.
Grid cell size mm

Total grids

Nu

Difference %

f/f0

Difference %

U$VT

Difference %

0.05
0.04
0.03
0.02 (reference)

150,887
319,580
492,549
932,276

55.3
57.6
59.1
59.9

7.68
3.84
1.34
e

0.1121
0.1144
0.1169
0.1160

3.36
1.38
0.78
e

1869
1685
1617
1661

12.5
1.4
2.6
e

centerline. Fig. 5(a) and (b) presents the proﬁles at the dimple
centerline along the streamwise direction, and Fig. 5(c) and (d)
presents the proﬁles at the dimple centerline perpendicular to the
streamwise direction.
Eqs. (2) and (4) indicate that the smaller of a, the greater of the
ﬂow resistance. From Fig. 5(a) we can see that the distribution of
small a is more concentrated inside the dimple but less in the main
stream, which indicates that the dimple does not bring too much
ﬂow resistance to the mainstream. Fig. 5(c) shows that the distribution of a with low values also exists in the non-streamwise direction, which veriﬁes the existence of the secondary ﬂows in the
dimple. However, compared with Fig. 5(a), the values of a in
Fig. 5(c) are larger, which denotes that the secondary ﬂows do not
bring too much ﬂow resistance. In addition, from Eqs. (1) and (3) we
can see that the smaller of the b, the higher of the heat transfer.

From Fig. 5(b), we can see that the small b is mainly distributed
both in the central region of the dimple and in regions where the
ﬂuid inside dimple contacts with the mainstream ﬂow. We can
conclude that the dimple surface is mainly to enhance the heat

0.06

experimental relation
numerical

f

0.05

0.04

0.03
2500

3000

3500

4000

4500

5000

5500

6000

6500

6000

6500

Re
(a) Flow resistance coefficient
70

experimental relation
numerical

60

Nu

50

40

30

20
2500

3000

3500

4000

4500

5000

5500

Re
(b) Nusselt number
Fig. 4. Numerical validation by experimental relations.

Fig. 5. Synergy angle distribution in a dimple.
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transfer between the ﬂuid inside the dimples and the mainstream
ﬂow instead of strengthening the heat transfer between the ﬂuid
and dimple wall. Moreover, Fig. 5(d) shows that the small values of
b also exist in the dimple, indicating that those secondary ﬂows can
enhance heat transfer. Therefore, the advantage of the secondary
ﬂow is clear: secondary ﬂow is one of the main contributors to the
heat transfer enhancement, instead of a major factor to increase the
ﬂow resistance.
3.4.2. Cylindrical groove channel
Fig. 6(a) shows that the distribution of small a in the cylindrical
groove is similar to that in the dimple, which is also concentrated
inside the grooves. Moreover, compared with the dimple, the cylindrical groove nearly causes no secondary ﬂows, and the affected
region in the mainstream by the cylindrical groove is greater than
that by the dimple. Thus we can conclude that a cylindrical groove
will lead to larger ﬂow resistance than that by a dimple under the
same geometric conditions (D, s, and H).
From the view of heat transfer, Fig. 6(b) shows that at the end of
the groove tail near the wall, there is a small b region and it results
in an enhanced region for the heat transfer between the groove
wall and the working ﬂuid, which is positive to improve the Nu in
the groove channel. In addition, the small b is mainly concentrated
in the central region of the groove, which is similar to the case in

Fig. 6. Synergy angle distribution in a cylindrical groove.

the dimple. But the region in the groove is smaller than that in the
dimple. Then we can conclude that the degree of the ﬁeld synergy
related to heat transfer in the dimple channel is larger than that in
the cylindrical groove channel, and it is believed that the lack of
secondary ﬂow in the groove channel reduces the ﬂow turbulence
intensity.
3.4.3. Low ﬁn channel
From Fig. 7(a) we can see that the small a is distributed in the
main stream on the top region of the low ﬁn, and the distribution is
extended to the downstream region until the next period. This
phenomenon indicates that the ﬂuid around low ﬁns will lead to a
sharp increase in the ﬂow resistance, and the impact will further be
delivered to the downstream region. Besides, in the corner of the
downstream region of the low ﬁn, there also exists a zone with
relatively small a (resulting from the back ﬂow), but the area is very
small compared with that of the mainstream. Thus we can conclude
that the increase of ﬂow resistance in the low ﬁn channel is mostly
caused by that the ﬁns seriously destroy the synergy between the U
and Vu when the ﬂuid ﬂows around the ﬁns. Fig. 7(b) reveals that
when the working ﬂuid ﬂows around the low ﬁn, the small b is
mainly distributed in the corner of the downstream region of the
low ﬁn, rather than in the mainstream. This phenomenon indicates
that low ﬁns have little effect on enhancing the heat transfer in the
mainstream region, but have a positive effect in the boundary layer
at the downstream region of the low ﬁn. Thus we can conclude that
the primary function of the low ﬁn in heat transfer enhancement is
to promote the heat transfer in the boundary layer, which brings a
higher heat transfer coefﬁcient than that in the dimple or groove
surfaces.

Fig. 7. Synergy angle distribution in a low ﬁn channel.

C. Bi et al. / Applied Thermal Engineering 55 (2013) 121e132

3.5. Comparisons of heat transfer enhancement in three typical
channels
The synergy angle can be employed to analyze local characteristics of heat transfer in channels. We can easily identify which
factor is sensitive to affect the heat transfer. If comparing the performance of heat transfer in different types of channels, it is
believed that the sole use of synergy angle is not enough because
different geometric structures must lead to different vector
magnitude (jUj, jVuj, and jVTj). We should use the vector dot
product in the left hand of Eqs. (3) and (4) for analysis. To highlight
the degree of the heat transfer enhancement, we introduce 4=40 , a
relatively mean parameter, to describe and evaluate the heat
transfer enhancement, where the parameter 4 refers to Nu, Dp, f,
U$Vu, U$VT and so on, and the subscript 0 represents the corresponding numerical value in the smooth channel without any
enhancement.
Fig. 8(a) and (b) shows ðU$VuÞ=ðU$VuÞ0 and f =f0 against Re in
the three types of channels (here we, respectively, refer to dimple,
groove and low ﬁn for simplicity, and “smooth” represent the numerical results in the smooth rectangular channel). Fig. 8(a) shows
that the values of ðU$VuÞ=ðU$VuÞ0 from low to high are dimple,

Fig. 8. The characteristics of the ﬂow resistance in the enhanced channels.
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groove, and low ﬁn, respectively. Meanwhile, with the increase in
Re, ðU$VuÞ=ðU$VuÞ0 for the low ﬁn channel increases slightly while
the value keeps nearly unchanged for the dimple and groove
channels. It indicates that: with the increase of Re, the ﬂow resistance in low ﬁn channel will increase faster than that in the dimple
or groove channel, and it is veriﬁed directly by Fig. 8(b), in which f/f0
in the low ﬁn channel increases signiﬁcantly with the increase of Re
while f/f0 keeps nearly unchanged in the dimple and groove
channels. Moreover, the value of f/f0 in dimple channel is around 1.7
at 2700 < Re < 6100, which is even less than 2.0 and much lower
than those in the groove and low ﬁn channels. Kim and Shin [31]
also showed that the dimple surface presented f/f0 < 2.0 even at
Re ¼ 60,000. Wang et al. [32] showed that the pressure drop in
dimple surface was even lower than that in smooth surface when
the Reynolds number was in the laminar regime of 60e350, and
Lan et al. [33] also showed that the dimple surface could achieve
f/f0 < 1.0 at Re < 300. Therefore, we can conclude that one of the
most important advantages of the dimple surface is to save more
pumping power compared with other enhanced surfaces.
As for the heat transfer enhancement, Fig. 9(a) and (b) presents
ðU$VTÞ=ðU$VTÞ0 and Nu=Nu0 against Re in the enhanced channels,

Fig. 9. The characteristics of the heat transfer in the enhanced channels.
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respectively. From Fig. 9(a) we can see that the synergy between U
and VT in the low ﬁn channel is the largest, whereas the synergy in
the groove channel is slightly larger than that in the dimple
channel. With the increase of Re, the value of ðU$VTÞ=ðU$VTÞ0 in
the dimple channel increases gradually until it exceeds the value in
the groove channel, but in the low ﬁn channel the value of
ðU$VTÞ=ðU$VTÞ0 ﬁrstly increases and then decreases slightly. From
the ﬁgures we can obtain two conclusions: (1) at the same Re, the
convective heat transfer coefﬁcient in the low ﬁn channel can be
promoted more greatly than that in the dimple or groove channel;
(2) the ratio of convective heat transfer coefﬁcient promoted in the
groove channel is slightly higher than that in the dimple channel at
low Re, but as Re increases, the convective heat transfer coefﬁcients
in the two types of enhanced channels will be gradually close.
These conclusions also can be demonstrated by the Nusselt number
presented in Fig. 9(b).
For the heat transfer enhancement, usually we need to consider
both heat transfer and ﬂow resistance. The PEC is a universal
evaluation parameter which represents comprehensive performance of a heat transfer unit, deﬁned as [34]:

PEC ¼

Nu=Nu0

(14)

ðf =f0 Þ1=3

The parameter PEC against Re in the enhanced channels is
presented in Fig. 10. We can see that when Re < 3323, the value of
PEC in the groove channel achieves the highest. As Re increases, the
value of PEC in the dimple channel exceeds that in the groove
channel, and then the dimple surface achieves the best performance in the heat transfer enhancement. This can be explained as
follows: (1) at low Re, the value of f/f0 in the groove channel is
not much higher than that in the dimple channel, and the value of
Nu/Nu0 has more important effect on the magnitude of PEC. But as
Re increases, the value of f/f0 gradually increases while the value of
Nu/Nu0 decreases, so that the f/f0 has more signiﬁcant effects on the
PEC; (2) the ﬂow resistance in the dimple channel is lower than that
in the groove channel on the same condition (Re, D, s, and H), and
thus the dimple channel has the best performance at high mass
ﬂow rate. In addition, we can also observe that the value of PEC in
the low ﬁn channel is always the lowest in the study range of Re,
and at high Re, the value of PEC is even below 1.0, which will result
in excessive pumping power waste.

1.4

dimple
groove
low-fin
smooth

1.3

PEC

1.2

1.1

4. Geometric optimization of dimple surface
From the above analysis in Section 3, the dimple surface has the
highest performance of heat transfer enhancement, and we know
that the region of the enhanced heat transfer is mostly concentrated inside the dimple but little in the mainstream. Once we
change the geometry size of the dimple, the performance of the
heat transfer enhancement will be affected signiﬁcantly. So, we can
design the geometry sizes of dimple reasonably to optimize the
heat transfer enhancement further. For this reason, in this section,
ﬁrstly we study the effects of the independent geometry sizes of the
dimple on the heat transfer enhancement, and then we employ the
performance evaluation plot of enhanced heat transfer techniques
[35] to study dependent geometry sizes to obtain the most
reasonable geometry sizes of the dimple for high performance of
heat transfer enhancement.
4.1. Effect of independent geometry sizes of dimple on heat transfer
enhancement
More dimples arranged in the channel would enhance the
disturbance in the boundary layer. However, they also usually bring
too much pressure loss. To save numerical time, we arrange three
dimples per row in y direction, which is similar to Fig. 3(a) by
setting two dimples. We will quantitatively compare the Nu and f to
study the effects of dimple depth (H), dimple diameter (D), and
dimple pitch (s), and the parameter of PEC is also employed to
evaluate the comprehensive efﬁciency of the heat transfer
enhancement.
4.1.1. Effect of dimple depth (H) on heat transfer enhancement
In order to analyze the effect of dimple depth on the heat
transfer, other geometry parameters keep ﬁxed. We set Lp ¼ yH,
s/yH ¼ 1/3, and s/D ¼ 2.0, and only change the relative dimple depth
H/D ¼ 0.2, 0.3, 0.4, and 0.5. The upper limit of H/D ¼ 0.5 means that
the dimple recovers a concave hemisphere in the channel.
Fig. 11(a) shows the value of f/f0 as the function of Re. With the
increase in Re, the value of f/f0 in all cases increases. We can see that
f/f0 also increases with the increase of dimple depth, and the value
of f/f0 in the cases of H/D ¼ 0.5 is slightly greater than that in the
case of H/D ¼ 0.4, but much greater than that in the case of
H/D ¼ 0.2. Fig. 11(b) shows the effect of dimple depth on the heat
transfer. It is clearly found that the deeper of the dimple, the higher
of the value of Nu. Although the value of f/f0 in the case of H/D ¼ 0.4
is close to that in the case of H/D ¼ 0.5, the value of Nu/Nu0 in the
case of H/D ¼ 0.5 is much higher than that in the case of H/D ¼ 0.4,
and the value of Nu/Nu0 in the case of H/D ¼ 0.2 is not high enough
for the heat transfer enhancement. Considering the comprehensive
performance of the heat transfer enhancement, the case of
H/D ¼ 0.5 is of the best performance according to the value of PEC
shown in Fig. 11(c). The cases of H/D ¼ 0.2 and H/D ¼ 0.3 are not
recommended, and the case of H/D ¼ 0.4 also presents high performance when Re < 4300. To get high performance of the heat
transfer enhancement, we recommend H/D  0.4 in the Reynolds
number range of 2700e6100.
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Fig. 10. Comparison of the comprehensive capacity of the heat transfer enhancement
in the three typical enhanced channels.

4.1.2. Effect of dimple diameter (D) on heat transfer enhancement
The values of H/D, s/yH and Lp ¼ yH are ﬁxed and the simulated
D/y0 changes from 0.3 to 0.8, where y0 ¼ yH/3, indicating the height
of the control volume of a single dimple, which is similar to that of
y0 ¼ yH/2 deﬁned in Fig. 3(a).
Fig. 12(a) shows the effect of dimple diameter on the ﬂow
resistance. The value of f/f0 in each case increases with the increase
of Re, and for the dimple diameter, the larger of the dimple diameter, the higher of the f/f0, but the value of f/f0 in the case of
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Fig. 11. Effect of dimple depth on the heat transfer enhancement.
Fig. 12. Effect of dimple diameter on the heat transfer enhancement.
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D/y0 ¼ 0.8 is larger than 4.5, which is much higher than those of the
other cases with f/f0 < 3.0. From the point of saving pumping power,
too large diameter dimple should be excluded. Fig. 12(b) presents
the effect of dimple diameter on the heat transfer. We can recognize
that Nu/Nu0 increases when the dimple diameter increases at the
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The study of the geometry sizes of dimple.
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same Re, but in the case of D/y0 ¼ 0.3, Nu/Nu0 is still less than 1.2,
which denotes that small diameter dimple cannot enhance heat
transfer signiﬁcantly. By comparing the values of PEC, see Fig. 12(c),
we can ﬁnd that the case of D/y0 ¼ 0.64 has the highest value of PEC,
but for Re > 4500, PEC in the cases of D/y0 ¼ 0.5 and D/y0 ¼ 0.4 are
close to that in the case of D/y0 ¼ 0.64. Therefore, when designing
the dimple surface, we should avoid too large or too small diameter
dimples, and in this study we recommend the non-dimensional
diameter of dimple D/y0 in the range of 0.4e0.64.
4.1.3. Effect of dimple pitch (s) on heat transfer enhancement
As the dimple pitch changes, the periodic length (Lp) also
changes. The relation of Lp ¼ 3s keeps ﬁxed, which is similar to that
of Lp ¼ 2s in Fig. 3(a), and we also keep dimple depth (H), and
dimple diameter (D) ﬁxed as H/D ¼ 0.4, and D/y0 ¼ 0.5, respectively,
with y0 ¼ yH/3.
From Fig. 13(a) and (b), we can see that whether the value of
non-dimensional dimple pitch s/D is small or large, the trend of the
f/f0 and Nu in each case behaves similar as the Re increases. We can
also ﬁnd that the smaller of the s/D, the larger of f/f0 and Nu/Nu0,
and vice versa. Fig. 13(c) shows the comparison of PEC. We can see
that the smaller dimple pitch is more helpful to bring higher PEC,
because the small dimple pitch can allow arranging more dimples
in the channels, which will enhance the heat transfer greatly but
simultaneously without bringing too much pressure loss, and then
the PEC increases with the increase of dimple pitch. In order to get
high performance of heat transfer, in this study we recommend the
non-dimensional dimple pitch s/D in the range of 1.4e2.0.
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Fig. 13. Effect of dimple pitch on the heat transfer enhancement.
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4.2. Effect of dependent geometry sizes of dimple on heat transfer
enhancement
In Section 4.1, we studied the effects of the dimple depth, dimple
diameter and dimple pitch independently, but these geometry sizes
of dimple are often interrelated. We study these parameters
dependently in this section. According to the analysis in Section 4.1,
we choose 24 structures of dimples to evaluate their performance
of the heat transfer enhancement by the performance evaluation
plot of enhanced heat transfer techniques [35] to seek high performance of dimple surface.
The geometry sizes of the 24 dimples are shown in Table 2, and
the performance evaluation plot of enhanced heat transfer techniques is shown in Fig. 14 [35]. The plot can be divided into four
regions by three straight lines with different slopes. In Region 1, the
increase rate of Nu/Nu0 is less than that of f/f0, and this denotes that
the heat transfer is enhanced but without energy-saving. In Region
2, the heat transfer of the enhanced surface is more than that of the
smooth surface on the condition of identical pumping power. In
Region 3, the enhanced surface presents higher heat transfer rate
than the smooth surface under identical pressure drop. Region 4
denotes that the heat transfer rate is higher than the increase of
friction coefﬁcient under the same ﬂow rate. Therefore, Region 4 is
the most favorable for the heat transfer and energy-saving, Region 3
is the second most favorable region, and Region 1 is the worst which
should be avoided when designing the enhanced surface. By simulating the heat transfer in the dimple surfaces, the comparisons of
the performance of heat transfer enhancement are shown in Fig. 15.
In Fig. 15(a), we can see that most of the cases are in Region 3,
and case 21 and case 22 are even in Region 4, which indicates that
the chosen dimples have high performance for the enhanced heat

transfer at Re ¼ 3233, but as the Reynolds number increases, see
Fig. 15(b) for Re ¼ 4985 and Fig. 15(c) for Re ¼ 6092, we ﬁnd that
some cases move to Region 2, and the higher of the Re, the more
cases falling into Region 2. We can conclude that the performance
of the dimple surface declines with the increase of Re.
In Fig. 14, the three boundary lines of the regions correspond to
three constraints, and those straight lines parallel to the boundary
lines are called working lines and correspond to the three constraints as well [35]. For example, the dot line, dash line and the dot
dash line schematic in Fig. 14, which are parallel to the boundary line
between Regions 2 and 3, are the contours of the heat transfer ratio
under the identical pressure drop constraint, and the larger of the
intercept, the higher of the enhancement ratio. As the studied cases
locate mostly in Region 3, we can make working lines with large
intercepts based on the boundary line between Region 2 and Region
3 to seek high performance of dimple surface, and these working
lines (in blue) are shown in Fig. 15. In Fig. 15(a), there are about 10
points near the working line, which denotes that the corresponding
cases have larger heat transfer enhancement ratio at Re ¼ 3233.
Similarly, in Fig. 15(b) and (c), we can observe that the working
points corresponding cases 13e15 and 21e24 are near the working
lines, respectively. Combining with Fig.15(a), (b), and (c), we can ﬁnd
that the working points of the cases 13e15 and 21e24 are always
near the working lines at 3233 < Re < 6092. Therefore, we can
conclude that cases 13e15 and 21e24 in the present study are the
most favorable dimple structures for the heat transfer enhancement.
5. Conclusions
In this study, we studied the local heat transfer characteristics in
the mini-channels with enhanced dimples, cylindrical grooves and
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low ﬁns by using the ﬁeld synergy principle, and the obtained
synergy angle contours can help us to recognize the mechanisms of
the heat transfer enhancement further. The comprehensive performance of the enhanced surfaces is evaluated by the parameter
PEC. The dimple surface presents the highest performance of the
heat transfer enhancement, the performance of cylindrical groove
surface is slightly lower than that of the dimple surface, and the low
ﬁn surface presents the lowest performance. The study on the independent geometry size effects of the dimple suggests that the
deep dimple with large diameter can enhance heat transfer more
easily. The performance evaluation plot of enhanced heat transfer
techniques is introduced to study the dependent geometry size
effects of dimple, and the most favorable dimple structures for the
heat transfer enhancement are obtained.
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