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Abstract. The performance of a novel airfoil-based tube with dimples is numerically studied in the present work. The effect of Reynolds
number Re, dimples number N, relative depth H/D, and cross-distribution angle α on flow and heat transfer characteristics are discussed for
Re in the range between 7,753 and 21,736. The velocity contour, temperature contour, and local streamlines are also presented to get an insight
into the heat transfer enhancement mechanisms. The results show that both the velocity magnitude and flow direction change, and fluid dynamic
vortexes are generated around the dimples, which intensify the flow mixing and interrupt the boundary layer, resulting in a better heat transfer
performance accompanied by a certain pressure loss compared with the plain tube. The Nusselt number Nu of the airfoil-based tube increases
with the increase of dimples number, relative depth, and Reynolds numbers, but the effect of cross-distribution angle can be ignored. Under
geometric parameters considered, the airfoil-based tube with N = 6, H/D = 0.1, α = 0◦ and Re = 7,753 can obtain the largest average PEC
value 1.23. Further, the empirical formulas for Nusselt number Nu and friction factor f are fitted in terms of dimple number N, relative depth
H/D, and Reynolds number Re, respectively, with the errors within ±5%. It is found that the airfoil-based tube with dimples has a good
comprehensive performance.
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1. INTRODUCTION
Enhancing the efficiency of heat transfer plays a key role in
solving energy issues [1]. Generally, heat transfer enhance-
ment techniques can be grouped into active and passive tech-
niques. As a typical passive heat transfer enhancement tech-
nology, dimples have been extensively used because of their
obvious advantages with respect to simple structure, excel-
lent capacities of heat transfer, and relatively low-pressure loss
penalty [2–7]. The majority of previous studies on dimples
have largely focused on rectangular or cylindrical channels, as
shown in Fig. 1. The arrangement is usually a conventional tube
with concave or convex spherical dimples on the surface of the
channel.

The heat transfer and flow characteristics have been numer-
ically investigated in the cross-combined dimple tube (Fig. 1a)
by Zhang et al. [8]. Wang et al. [9] and Liao et al. [10] stud-
ied the effect of a spherical dimpled tube (Fig. 1b) and el-
lipsoidal dimpled tube (Fig. 1c), respectively, on heat trans-
fer and flow characteristics. Zhang et al. [11] studied the flow
and heat transfer performance of a new type of biomimetic
tube (Fig. 1d). Xie et al. [12] numerically investigated the heat
transfer enhancement mechanisms of an enhanced tube with
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cross ellipsoidal dimples (Fig. 1e). It is found that the trans-
verse and longitudinal dimples can cause downward flow, im-
prove the flow mixing and reattachment, interrupt the bound-
ary layer, and then greatly improve the heat transfer perfor-
mance. Shi et al. [13] proposed a novel airfoil PCHE with dim-
ples (Fig. 1f). In the range of Reynolds number studied, the
comprehensive performance can be improved by 3.5%~8.7%.
Li et al. [14] reported that when the Reynolds number is low,
the heat transfer efficiency of a tube with smaller dimples is
higher, which is opposite to that with a high Reynolds num-
ber. Chen et al. [15] compared four NACA 00XX series fin
PCHEs (printed circuit heat exchangers) to investigate the in-
fluence of airfoil profile on flow and heat transfer performance.
Among the four NACA airfoil fin PCHEs, NACA 0010 air-
foil fin PCHE demonstrates the best comprehensible perfor-
mance.

Previous works mainly pay attention to enhanced tubes
with rectangular or cylindrical channels. However, rare inves-
tigations have been reported for the newly designed airfoil-
based tube. The object of this study is to provide a predic-
tion of its flow and heat transfer characteristics in the range
of the Reynolds number from 7,753 to 21,736. The effect
of the Reynolds number, dimples number, relative depth, and
cross-distribution angle on performance are discussed. Also,
the mechanisms of heat transfer enhancement are analyzed by
the velocity contour, temperature contour, and local stream-
lines.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 4, p. e141984, 2022 1

https://orcid.org/0000-0003-4334-376X
mailto:hj_pei@nuaa.edu.cn


H. Pei, M. Liu, K. Yang, Z. Li, and C. Liu

(a) cross-combined ellipsoidal dimple tube [8] (b) spherical dimpled tube [9] (c) ellipsoidal dimpled tube [10]

(d) biomimetic tube [11] (e) cross ellipsoidal dimple [12] (f) airfoil PCHEs with dimple [13]

Fig. 1. Schematic of different types of dimpled tube

2. GEOMETRY MODEL
Figure 2 shows the geometric schematic of the airfoil-based
tube with dimples used in the present study. The length L is
100 mm, the diameter D is 20 mm. NACA0012 standard air-
foil (Fig. 2b) is adopted with an airfoil length of 20 mm and
an aspect ratio of 50/3. In consideration of the full-developed
flow and backflow at the outlet boundary, the extended section
with a length of 4.5L is defined both upstream and downstream
(Fig. 2a). The drawing of the airfoils and dimples section is
shown in Fig. 2c. The main geometric parameters include dim-
ple number N, relative depth H/D (where H is the depth of the
dimple, as shown in Fig. 2d, D is the diameter of the airfoil-
based tube), and cross-distribution angle α . The primary ge-
ometric parameters are N = 3, H/D = 0.1 (H = 2 mm) and
α = 0◦. The arrangement for different cases is listed in Table 1.

Fig. 2. Geometry model of the airfoil-based tube: (a) NACA0012
airfoil; (b) airfoil and dimple section; (c) cross distribution angle

and relative depth of the dimple

Table 1
Values of the geometric parameters

N H/D α [◦]

3, 4, 5, 6 0.1 0

6 0.1, 0.075, 0.05, 0.025 0

3, 4, 5, 6 0.1 0, 10, 20, 30

3. NUMERICAL METHOD
3.1. Governing equation
In the present work, continuity equation, momentum equation,
and energy equation are used to describe the flow and heat
transfer characteristics.

Continuity equation:

∇ · (ρ~u) = 0. (1)

Momentum equation:

∇~u · (ρ~u) =−∇P− 2
3

∇ [µ (∇ ·~u)]

+∇ ·
[
µ (∇~u)T

]
+∇ · [µ (∇~u)] . (2)

Energy equation:

ρCp~u ·∇T = ∇[λ (∇T )]+~u ·∇P+ϕ, (3)

where ρ , P, T , µ , λ and Cp represent density, pressure, temper-
ature, viscosity coefficient, heat transfer coefficient, and spe-
cific heat at a constant pressure of the flowing medium, respec-
tively. ϕ is the viscous dissipation and~u is the velocity vector.

In consideration of its accuracy, the realizable k-ε turbulence
model and enhanced wall function are used in the study of flow
and heat transfer characteristics of an enhanced tube [16, 17]
and the simulation results will also be validated.

3.2. Non-dimensional parameters
Several non-dimensional parameters used in the present work
are expressed as follows:

Reynolds number (Re):

Re = ρV D/µ. (4)

Nusselt number (Nu):

Nu = hD/λ . (5)
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Prandtl number (Pr):

Pr =Cpµ/λ . (6)

Friction factor ( f ) [12]:

f = 2∆pD/ρV 2L, (7)

where ∆p is the pressure drop of the tube, V is the fluid velocity.
Comprehensive performance evaluation criteria (PEC)

[18–20]:

PEC =
Nu/Nu0

( f/ f0)
1/6 , (8)

where Nu0 and f0 are the Nusselt number and friction factor of
the plain tube, respectively.

3.3. Grid details, boundaries, and grid independence
validation

3.3.1. Grid details
In the numerical simulation, the unstructured hybrid grids are
generated, as shown in Fig. 3. In addition, the prism grids near
the tube wall (Fig. 3b) are refined enough (the first grid height
is set to 3.5×10−5 m) to ensure that the wall y+≈ 1.

(a) Grids of flow domain

(b) Prism grids near the tube wall

Fig. 3. Schematic of the grid system

3.3.2. Boundaries
In the present work, the fluid is water, and the working
temperature is given as 288 K, the corresponding density is
998.2 kg/m3, viscosity coefficient is 0.001 and Pr is 8.27. The
inlet is set as the velocity inlet with values are 0.4 m/s, 0.6 m/s,
0.8 m/s, 1.0 m/s and 1.4 m/s, respectively. The correspond-
ing Reynolds numbers are 7,753, 11,630, 15,506, 19,383 and
27,136, respectively. The outlet is set as a pressure outlet and
the pressure value is 0 Pa. The wall boundary conditions are
specified with Twall = 338 K, ux = uy = uz = 0.

3.3.3. Grid independence validation
To ensure that the simulation results are free of the grid number,
four grids system are chosen to repeat debugging in respect of
Nu and f . The primary model is employed as an illustration to
test the grid independence. The results are shown in Table 2. It
is obvious that Nu and f change by 0.4% and 0.3% as the grid
number increases from 3,132,955 to 3,168,270, respectively. It
means that when the grid number exceeds 3,132,955, the effect
of the grid number on simulation results can be neglected. In
order to keep a balance between computational efficiency and
accuracy, the grid system of 3,132,955 cells is chosen for the
grid independence validation.

Table 2
Grid independence validation (Re = 19,383)

Number of cells Nu |Nu error (%) | f | f error (%) |

3,058,930 137.04 Baseline 0.02676 Baseline

3,100,715 135.41 1.19 0.02654 0.8

3,132,955 134.83 1.6 0.02645 1.2

3,168,270 134.28 2 0.02635 1.5

3.3.4. Validation of numerical method
To validate the accuracy of the numerical method, the simu-
lation results are compared with the empirical correlations in
terms of Nu and f . The empirical correlation of NuT can be
expressed as [9]:

NuT =
( fT/8)(Re−1000)Pr

1+12.7( fT/8)1/2
(

Pr2/3−1
) [1+

(
D
L

)2/3
]

ct . (9)

The empirical correlation of fT can be calculated as fol-
lows [9]:

fT = (1.82lgRe−1.64)−2 . (10)

The comparison between the numerical and empirical results
as shown in Fig. 4. From Fig. 4, it can be seen that the variation
trend of the numerical results is consistent with the empirical
correlations. That is, with the increase of Reynolds number,

Fig. 4. Comparison of numerical results of Nu and f with empirical
correlation
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Nusselt number increases, and friction factor decreases. The
largest deviations for Nu and f are 18% and 8%, respectively,
which are less than 20% (the maximum deviation of 90% of
the experimental data from the empirical correlation is within
±20%). It means that the numerical results agree well with the
empirical correlations. For further validation, Fig. 5 shows the
y+ distribution along the tube wall, which clearly meets the re-
quirement of y+ ≈ 1. Therefore, the validation results for the
plain tube confirmed the correction of the simulation method
used in the present study.

Fig. 5. y+ distribution along the tube wall

4. RESULTS AND DISCUSSION
4.1. Flow characteristics
Figure 6 shows the velocity magnitude distribution of Y = 0 m
plane and for different X planes along the flow direction. As
can be seen in Fig. 6a, the velocity profile of the plain tube

(a) Plain tube

(b) Airfoil-based tube

Fig. 6. Velocity magnitude distribution of Y = 0 m plane and for dif-
ferent X planes along the flow direction (Re = 19,383, N = 6, α = 0◦,

H/D = 0.1)

is relatively uniform: the minimum velocity occurs near the
tube wall and the maximum velocity occurs at the center of
the tube. Contrary to the plain tube, the velocity profile of the
airfoil-based tube fluctuates greatly, accompanied by several
high-velocity regions and low-velocity regions. Compared with
the plain tube, the average velocity and maximum velocity of
the airfoil-based tube are greater, which are 1.24 and 1.53 times
higher than that of the plain tube, respectively. The local veloc-
ity increases along the airfoil or dimples surface, reaching the
maximum at about 1/6 of the airfoil and about 1/2 of the surface
of the dimples. At this time, the boundary layer separates and
vortexes are generated at the forward and backward of the dim-
ples surface. In addition, the flow direction also changes due to
the shape change of the tube wall. The above phenomena will
enhance the turbulence of the fluid, weaken the thickness of the
boundary layer, and thus improve the heat transfer performance,
but at the same time, it will increase the flow drags.

4.2. Heat transfer characteristics
Figure 7 shows the local Nu distribution for Re = 19,383 along
the flow direction. As shown in Fig. 7, the variations of the lo-
cal Nu for the plain tube can be ignored, and the average value
is 133.46. On the Contrary, the variations of the local Nu are
more obvious for the airfoil-based tube, the maximum local Nu
is nearly 4.92 times greater than that of the plain tube, and the
average Nu is 1.68 times that of the plain tube. Five peaks of
Nu appear along the flow direction. Peak 1, Peak 2, Peak 4, and
Peak 5 are dominated by the fluid flow impinging onto the up-
stream surface, which leads to a higher local Nu than that in
other regions. Peak 3 appears due to the formation of vortexes,
which intensify the flow mixing and thus enhance the local heat
transfer performance in this location. In addition, the local Nu
gradually increases along the leading edge of the airfoil or dim-
ple, reaching its maximum when the boundary layer separates,
at about 1/3 position of the airfoil surface and about 1/2 position
of the dimple surface, and then gradually decreases. It is worth
noting that between the peaks, the local heat transfer capacity is

Fig. 7. Local Nu distribution for Re = 19,383 along the flow direction
(N = 6, α = 0◦, H/D = 0.1)
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weaker, which is only slightly higher than that of the plain tube.
In these regions, the velocity magnitude is relatively small, the
flow direction is nearly parallel to the mainstream direction, and
the turbulence intensity is weak, so the heat transfer capability
is poor.

4.3. Effect of geometric parameters on performance
4.3.1. Effect of the dimples number
Figure 8 shows the effect of the dimples number on the perfor-
mance of the airfoil-based tube with Re ranging from 7,753 to
27,316. According to Fig. 8a, for the same dimples number, the

(a) The effect of N on Nu

(b) The effect of N on f

(c) The effect of N on PEC

Fig. 8. The effect of N on the performance of the airfoil-based tube

average Nu increases approximately linearly with the increase
of Re. For the same Re, the average Nu increases with the in-
crease of the dimples number. When N = 6 and Re= 7,753, the
average Nu obtains its largest value, which is 1.44 times that of
the plain tube.

As shown in Fig. 8b, for the same dimples number, the fric-
tion factor is inversely related to Re. For the same Re, the
friction factor grows with the increase of the dimples num-
ber. When N = 6 and Re = 7,753, the friction factor obtains
its largest value, which is 4.8 times that of the plain tube. Two
factors may be contributing to this phenomenon. On the one
hand, more dimples lead to higher local resistance because it
narrows the cross-sectional area of the airfoil-based tube. On
the other hand, as mentioned before, vortexes are generated
both upstream and downstream of the dimples surface, which
also leads to the increase of local resistance.

The above analysis shows that the enhanced airfoil-based
tube with dimples has a realizable heat transfer performance
with a relatively high-pressure loss penalty. To comprehen-
sively evaluate the effect of the dimples number on the perfor-
mance of the airfoil-based tube, Fig. 8c presents the variations
of PEC with varying Re for different N. The PEC decreases
with the increase of Re for different N. When Re is less than
15,506, the PEC decreases sharply with the increase of Re. As
Re continues increasing, the curve of PEC variations levels out.
In addition, the PEC increases with the increase of N. The max-
imum PEC value of 1.23 occurs at N = 6 and Re = 7,753,
and the minimum PEC value of 1.05 is obtained by N = 3 at
Re = 27,136.

Further, Fig. 9 presents the temperature and velocity distri-
bution for four different dimples number on the X = 0.4725 m
plane when α = 0◦, H/D = 0.5 and Re = 19,383. Apparently,
the average temperature and velocity magnitude grow with the
increase of the dimples number. The temperature gradient is
much more distinct, and the velocity profile is much more uni-
form. The cross-sectional area is further reduced with the in-
crease of the dimples number, not only the flow direction is
changed but also the velocity magnitude is enhanced, which im-
proves the heat transfer performance of the airfoil-based tube.

N = 0 N = 3 N = 4 N = 5 N = 6

Fig. 9. The temperature and velocity distribution for four different
dimple number on the X = 0.4725 m plane

(α = 0◦, H/D = 0.1, Re = 19,383)
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4.3.2. Effect of the relative depth
Figure 10 shows the effect of the relative depth on the perfor-
mance of the airfoil-based tube with the Re range from 7,753
to 27,316. It is obvious that the impacts of the relative depth on
the performance show the same regularity as that of the dim-
ples number. For the same relative depth, the larger the Re, the
larger the Nu, the smaller the f , and the smaller the PEC. For

(a) The effect of H/D on Nu

(b) The effect of H/D on f

(c) The effect of H/D on PEC

Fig. 10. The effect of H/D on the performance
of the airfoil-based tube

the same Re, with the increment of the relative depth, the Nu, f ,
and PEC all ascend gradually. The relative depth H/D = 0.189
and the Re = 7,753 provide the smallest average Nu, which is
1.49 times that of the plain tube. The airfoil-based tube with
H/D = 0.189 and Re = 27,136 obtained the smallest PEC
value about 1.06 in this case.

Figure 11 presents the local Nu distribution of the tube wall
for four different relative depths along the flow direction. Gen-
erally, the variations of the local Nu for different relative depths
show a similar distribution regularity. The main difference is re-
flected in the height of Peak 2. The larger the relative depth, the
more evident the Peak 2, and the smaller the difference between
Peak 2 and Peak 5. In addition, as the relative depth gets larger,
the local Nu symmetrically increases on both sides of the dim-
ple, which further accounts for the heat transfer enhancement
mechanisms as the relative depth increases.

Fig. 11. The local Nu distribution of the tube wall for four different
relative depth along the flow direction (Re = 19,383)

Further, Fig. 12 shows the local velocity streamlines in the
tube and around the dimples. As can be seen in Fig. 12, for
a smaller relative depth, the cross-sectional area is large, and
the variation of the velocity magnitude and the flow direction is
not appreciable. In such situations, the fluid can flow past the
dimples surface smoothly and no vortexes are generated. For
a larger relative depth, several vortexes near the dimples could
be generated and the velocity magnitude is increased due to the
blockage effect. These are the main reasons that result in the
increase of Nu with the increase of the relative depth.

4.3.3. The effect of the cross-distribution angle
Figure 13 shows the effect of the cross-distribution angle on the
performance of the airfoil-based tube. The data indicates barely
noticeable changes in the respect of Nu, f , and PEC for the
four dimples number when the Re is constant. For example, the
maximum variations of Nu, f , and PEC respectively are only
0.25%, 0.61%, and 0.19% when the cross-distribution angle in-
creases from 0◦ to 30◦. Therefore, it is believed that the effect of
the cross-distribution angle on the performance can be ignored
and 0◦ can be applied to the engineering applications as the first
choice.
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(a) H/D = 0.025

(b) H/D = 0.05

(c) H/D = 0.075

(d) H/D = 0.1

Fig. 12. The local velocity streamlines in the tube and around the
dimples (N = 6, α = 0◦ Re = 19,383)

4.4. Empirical formulas for Nu and f

On the basis of the results from numerical simulation, the em-
pirical formulas for Nu and f are fitted in terms of dimples num-
ber N, relative depth H/D, and Reynolds number Re with the
errors within ±5%, as shown in Figs. 14 and 15:

Nu = 0.1263Re0.7474N0.0676(H/D)0.0629, (11)

f = 1.8964Re−0.2598N0.0897(H/D)0.104. (12)

(a) The effect of α on Nu

(b) The effect of α on f

(c) The effect of α on PEC

Fig. 13. The effect of cross-distribution angle on the performance
of the airfoil-based tube (Re = 19,383)

Fig. 14. Deviations of Nu calculated by the empirical formula
and numerical simulation
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Fig. 15. Deviations of f calculated by the empirical formula
and numerical simulation

5. CONCLUSIONS
Three-dimensional flow and heat transfer characteristics of
a novel airfoil-based tube with dimples are numerically inves-
tigated in the present work. The velocity contour, temperature
contour, and local streamlines are presented to illustrate the heat
transfer enhancement mechanisms. The effect of the dimples
number, relative depth, cross-distribution angle, and Reynolds
number on the performance is also analyzed. The results are
summarized as follows:
• In contrast to the plain tube, not only is the velocity magni-

tude changed but also the flow direction is altered. Vortexes
are also generated around the dimples for large relative
depth situations. All these changes can improve the flow
mixing and interrupt the boundary layer, thus enhancing the
heat transfer performance of the airfoil-based tube, mean-
while, resulting in a relatively high-pressure loss penalty. In
the range of design parameters considered, the maximum
increase of the average Nu is up to 68%, meanwhile, the
friction factor is 3.74 times than that of the plain tube.

• Several peaks of Nu occur along the flow direction. The
height of Peak 2 is strongly correlated to the relative depth.
The local Nu obtains the largest value when Re = 19,383,
N = 6, α = 0◦, H/D = 0.1, which is increased by 392% as
compared to that of the plain tube.

• The performance of the airfoil-based tube is significantly
affected by the Reynolds number, dimples number, and rel-
ative depth, but the effect of the cross-distribution angle
can be neglected. The more the dimples number, the larger
the relative depth, and the smaller the Reynolds number,
the better the comprehensive performance. In the present
study, the PEC of the airfoil-based tube reaches the maxi-
mum value about 1.23 when N = 6, H/D = 0.1, α = 0◦ and
Re = 7,753.
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