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performance is suppressed by the flow redistributors for the 
fin with smaller vortex generators.

List of symbols
A	� Heat transfer area (m2)
Aa	� Total air-side surface area (m2)
Ae	� Heat transfer area of the flow domain formed by 

two adjacent fins (m2)
Af	� Fin surface area in contact with air (m2)
At	� Tube surface area in contact with air (m2)
Aw	� Inside surface area of the tube (m2)
cp	� Specific heat at constant pressure (J kg−1 K−1)
De	� Hydraulic diameter (m)
Di	� Inner diameter of the tube (m)
Do	� Outer diameter of the tube (m)
f	� Friction factor
FT	� Correction factor of logarithmic-mean temperature 

difference
h	� Heat transfer coefficient (W m−2 K−1)
H	� Height of curved vortex generators (m)
L	� Base length of curved vortex generators (m)
Lf	� Length of fin along flow direction (m)
m	� Mass flow rate (kg s−1)
Nu	� Nusselt number
p	� Pressure (Pa)
Pr	� Prandtl number
Q	� Heat transfer rate (W)
rc	� Outside radius of fin collar (m)
Re	� Reynolds number
S1	� Transversal distance of tubes (m)
S2	� Longitudinal distance of tubes (m)
t	� Temperature (°C)
T	� Temperature (K)
Tp	� Fin spacing (m)
u	� Velocity (m s−1)

Abstract  The heat transfer performance of the tube 
bank fin heat exchanger is limited by the air-side ther-
mal resistance. Thus, enhancing the air-side heat transfer 
is an effective method to improve the performance of the 
heat exchanger. A new fin pattern with flow redistributors 
and curved triangular vortex generators is experimentally 
studied in this paper. The effects of the flow redistribu-
tors located in front of the tube stagnation point and the 
curved vortex generators located around the tube on the 
characteristics of heat transfer and pressure drop are dis-
cussed in detail. A performance comparison is also carried 
out between the fins with and without flow redistributors. 
The experimental results show that the flow redistribu-
tors stamped out from the fin in front of the tube stagna-
tion points can decrease the friction factor at the cost of 
decreasing the heat transfer performance. Whether the 
combination of the flow redistributors and the curved vor-
tex generators will present a better heat transfer perfor-
mance depends on the size of the curved vortex generators. 
As for the studied two sizes of vortex generators, the heat 
transfer performance is promoted by the flow redistribu-
tors for the fin with larger size of vortex generators and the 
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U	� Overall heat transfer coefficient (W m−2 K−1)
Ve	� Volume of the flow domain formed by two adjacent 

fins (m3)

Greeks
k	� Thermal conductivity (W m−1 K−1)
η	� Fin efficiency
ηo	� Overall fin efficiency
μ	� Dynamic viscosity (kg m−1 s−1)
ρ	� Density (kg m−3)
δ	� Fin thickness (m)
Δp	� Pressure drop (Pa)
Δt	� Temperature difference (K)
ΔTm	� Logarithmic-mean temperature difference

Subscripts
a	� Air-side
f	� Fin
in	� Inlet
m	� Mean value
max	� Maximum value
out	� Outlet
t	� Tube
w	� Water

1  Introduction

Heat exchangers are widely used in many industrial sys-
tems, such as air conditioning condensers and evaporators, 
machine cooling, chemical processes, aerospace and so 
on. The development trends of these heat exchangers are 
to improve the heat transfer efficiency and reduce energy 
consumption. But the heat transfer performance is limited 
by the air-side thermal resistance in such heat exchangers. 
Thus, enhancing the air-side heat transfer is an effective 
method to improve the performance of the heat exchanger. 
Many fin patterns including wavy fin [1], slit fin [2], lou-
vered fin [3], fin with vortex generators (VGs) [4] and 
some combination of enhanced fins [5, 6] are investigated 
and widely used. As the air-side heat transfer performance 
is usually affected by many parameters, until today these 
fin patterns with different parameters and novel techniques 
continue to draw the attention of researchers.

Tang et  al. [7–9] studied the air-side friction and heat 
transfer characteristics of the fin-and-tube heat exchang-
ers with various fin patterns: crimped plain fin, spiral fin, 
slit fin, fin with delta-wing longitudinal vortex generators 
and mixed fin for which the number of tube rows was 12 
and the diameter of the tubes was 18 mm over all numerical 
and experimental investigations. Zeng et  al. [10] numeri-
cally studied the influence of various design parameters 
on the heat transfer and friction factor characteristics of 

fins with vortex generators. The results indicated that the 
intensity of heat transfer was greatly increased with the 
increase of attack angle, length and height of vortex gen-
erators, accompanied with an increase in pressure drop. Wu 
and Tao [11] carried out a research about the parameters 
of longitudinal vortex generators. Their findings indicated 
that the attack angle of 45° provided the best heat trans-
fer enhancement. Song et al. [12] studied the heat transfer 
enhancement of fins by mounting vortex generators on both 
surfaces of the fin and reported an optimum arrangement 
of vortex generators for best heat transfer performance. 
Gao et al. [13] studied the optimum height of winglet vor-
tex generators mounted on three-row flat tube bank fin. The 
optimum height of VGs is dependent on the thickness of 
the fin and its thermal conductivity. For mostly used fin 
thickness and material, the optimum height of VGs is 0.8 
times as large as the net fin spacing. Liu et al. [14] experi-
mentally studied the effect of transversal tube pitch on heat 
transfer characteristics of heat exchangers with VGs. The 
results indicated that the heat transfer coefficient increases 
with increasing the transversal tube pitch. Song et al. [15] 
numerically studied the effect of the transversal pitch of 
vortex generators on heat transfer and interaction of vor-
tices. An optimum transversal pitch for best heat transfer 
performance and an undesired transverse pitch that should 
be avoided were reported. Zhang et  al. [16] experimen-
tally investigated the span position of VGs of three-row flat 
tube bank fin heat exchangers and found that VGs should 
be mounted as close as possible to the tube wall. Hu et al. 
[17] numerically studied the effect of fin spacing of circle 
tube bank fin heat exchangers with vortex generators on the 
thermal–hydrodynamic performance. Optimum fin spacing 
for the circle tube bank fin heat exchanger with vortex gen-
erators was reported.

Besides the fin and vortex generator parameters, the type 
of vortex generators has received wide attention. Jang et al. 
[18] numerically observed the thermal hydraulic character-
istics of a 3-D laminar inline and staggered plate and tube 
heat exchanger with block-type vortex generators mounted 
behind the tubes. Optimization of the span angle and loca-
tion of vortex generators was investigated by a simplified 
conjugate-gradient method. The results showed that the 
best heat transfer performance can be obtained when the 
span angle of VG ranges from 30° to 60° and the trans-
versal location of VG ranges from 2 to 20 mm. Song et al. 
[19] experimentally studied the effect of curved delta wing-
let vortex generators on fluid flow and heat transfer char-
acteristics of circular tube bank fin heat exchangers. They 
reported that the curved vortex generator can effectively 
enhance the heat transfer performance of the fin. Larger 
size of curved vortex generators is beneficial to the heat 
transfer enhancement for flow with large Re, while the 
smaller curved vortex generator is advantageous to heat 
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transfer enhancement for flow with low Re. They also 
reported that the change of fin pitch has less effect on Col-
burn factor but obviously affects the friction factor. Lotfi 
et al. [20] investigated thermal hydraulic characteristics of 
a new smooth wavy fin-and-elliptical tube heat exchanger 
with three new types of VGs. In their study, the influence of 
the geometric shape of the VGs, attack angle of the winglet 
VGs, tube ellipticity ratio and wavy fin height on the ther-
mal hydraulic performance of three new types of VGs was 
investigated. Colleoni et al. [21] investigated the optimum 
configuration of heat exchanger with VGs combined with 
riblets. The results indicated that when the height of VGs 
is half of the channel height, the longer and thinner riblets 
have better thermal performance. Zhou et  al. [22] carried 
out an experimental study about heat transfer enhancement 
by plane and curved winglet-type vortex generators with 
punched holes. They found that the punched holes really 
improved the thermal hydraulic performance of VGs.

From the above mentioned researches we can find that 
the air-side heat transfer and pressure drop characteristics 
are widely studied and the performance has been improved. 
The optimization of the fin and vortex generator parameters 
is the main object. As we know that there are stagnation 
points and wake regions behind the circular tubes, which 
lead to remarkable increasing of pressure drop around the 
stagnation points of tubes and decreasing of heat transfer 
in wake regions. An effective approach to overcome the 
disadvantages of this type of heat exchanger is to improve 
the flow field structure through variation of fin surface 
geometry. In this paper, a new fin pattern with flow redis-
tributors and curved triangular vortex generators (CTVG) 
is reported. The effects of flow redistributors, curved tri-
angular vortex generators and the combination of flow 

redistributors and curved triangular vortex generators on 
heat transfer and pressure drop characteristics are experi-
mentally studied.

2 � Experimental apparatus

The performance test of the studied heat exchanger is car-
ried out on the special experimental platform, as shown in 
Fig. 1. The experimental platform consists of a semi-open 
low-speed wind tunnel and a water circulation system. The 
wind tunnel mainly consists of an electromotor, a centrifu-
gal fan, expansion section, transition section, test section, 
straight section, rectifying section and contraction section. 
The centrifugal fan is controlled by a variable frequency 
electromotor with a rated power of 5.5 kW to achieve the 
purpose of variable flow rate. A frequency converter is used 
to supply the current with frequency changing between 
0.01 and 50 Hz. The accurate air flow rate which is tested 
by Pitot tube installed in the test section can be adjusted by 
the butterfly valve installed at the outlet of the centrifugal 
fan. The inlet air temperature of the test section is adjusted 
by altering the ratio of the cold air from the inlet of the tun-
nel to the hot air from the outlet of the centrifugal fan using 
the butterfly valves which are installed at the inlet and the 
Y-shaped branch of the wind tunnel. The water circulation 
system includes a water pump, a water heating tank and the 
related circulating pipes. The rated power of the heating 
tank is 90 kW. The water is heated to a certain temperature 
by several electric heating tubes in the water tank before 
being pumped to the heat exchanger. The flow rate of the 
water is controlled by a variable frequency pump. A turbine 
flow meter is used to measure the accurate flow rate.

Fig. 1   Schematic view of the experimental platform. 1 Electromotor, 
2 centrifugal fan, 3 soft tube, 4 contraction section, 5 transition sec-
tion, 6 thermal resistance net, 7 heat exchanger, 8 test section, 9 Pitot 
tube, 10 thermal resistance net, 11 straight section, 12 transition sec-

tion, 13 rectifying net, 14 rectifying section, 15–16 turning, 17 recti-
fying net, 18 expansion duct, 19 joint body, 20 Y-shaped branch, 21 
outlet, 22 inlet, 23–25 butterfly valves, 26 outlet of centrifugal fan, 
27–31 supporting frame
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Figure  2 shows the schematic view of the test section. 
The heat exchanger is installed inside the section with the 
cross section of the heat exchanger being equal to the cross 
section of the test section. The outside of the test section is 
insulated with thermal insulation material. The copper ther-
mal resistance nets which are used to measure the inlet and 
outlet temperature of the air through the heat exchanger are 
installed at both ends of the test section. The static pressure 
is measured through the static poles around the straight sec-
tion using the U-shaped mercury manometer. The pressure 
drop of air flowing through the heat exchanger is measured 
using an inclined manometer. The differential pressure of 
the Pitot tube is measured by compensated micro-pressure 
meter. The Pitot tube measures the local velocity at the 
measuring point in the flow field, but if the Pitot tube is 
located at the position where the velocity is just the mean 
velocity of the cross section, and the local velocity is mul-
tiplied by the area of the cross section where the Pitot tube 
is located, the total volume flow rate can be obtained. Then 
the mass flow rate of air can be obtained on the measured 
cross section. Thus, it is very important to find the corrected 
positions where the Pitot tubes are located. In the process 

of adjusting the experimental set up, these locations are 
carefully calibrated many times at different volume flow 
rates. The average inlet velocity through the cross-sectional 
area just at the entrance of the heat exchanger and the 
maximum mean velocity through the minimum cross-sec-
tional flow area of the heat exchanger are calculated from 
the mass conservation law. In this process, the air density 
is calculated by the gas state equation using the average 
air temperature of the inlet and the outlet temperatures, 
and the average static pressure of the inlet and the outlet 
static pressures. The temperature of the water is measured 
in the temperature-measure tanks at the inlet and outlet of 
the heat exchanger using the mercury thermometers with a 
minimum resolution of 0.1 °C.

In the process of the experiment, circulating water was 
heated to 90 °C and cooled by the air of 40 °C inside the 
heat exchanger. The flow rate of water is 2 ms−1. The inlet 
water temperature and the inlet air temperature were fixed. 
Only the velocity of air was adjusted within a certain range. 
All the experimental data was recorded when the system 
reached a state of thermal equilibrium and the heat bal-
ance error was less than 5%. Each of the test points must 
be recorded at least 6 times to avoid abnormal error and 
reduce random error.

The real heat exchanger studied in this paper is designed 
for the diesel locomotives used in China. Figure 3a shows 
the schematic view of the heat exchanger with semi-ellip-
soidal flow redistributors stamped out from the plain fins. 
Figure  3b shows the schematic view of the studied heat 
exchanger with curved triangular vortex generators and 
semi-ellipsoidal flow redistributors. The curved trian-
gular vortex generators are arranged around the tube and 
the semi-ellipsoidal flow redistributors are located in front 
of the stagnation point of each tube. Figure 3c shows the 
schematic view of the flow around one tube together with 
a flow redistributor and CTVGs. The flow redistributors are 
protrusions that stamped out using a stamping forming pro-
cess. On the opposite side of the protrusions, there are dim-
ples on the fin surface. The height of the flow redistribu-
tors is 1.5 mm. The major axis of the base ellipse is 3.0 mm 
and the minor axis is 2.0 mm. Cold air flows through the 
channel formed by tubes and fins, and hot water flows in 
the tubes. All the tested heat exchangers are new specimen Fig. 2   Schematic view of the test section

Fig. 3   Schematic view of the 
studied heat exchanger, a fin 
with flow redistributors, b fin 
with flow redistributors and 
CTVGs, c flow around CTVGs 
and redistributors
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specially made for the experiment and are flushed before 
the installation in the test section of the wind tunnel. The 
circulating water system is clean and the fouling effect 
inside the tube is not considered. The dimensions of the 
heat exchanger are 1127 mm × 151.8 mm × 88 mm. Three 
fin pitches, Tp =  1.7, 2.0 and 2.3  mm are studied in this 
paper. The thickness of the fin is 0.12 mm. There are 663, 
563, 490 pieces of fins for the fin pitches Tp = 1.7, 2.0 and 
2.3 mm, respectively. There are a total of 22 tubes with a 
staggered tube arrangement. The outer diameter of tube is 
8.9 mm and the inner diameter is 8.0 mm. The total inner 
surface area of the tubes is 0.623 m2. The total outer surface 
areas of the tubes contacting with the air are At =  0.680, 
0.689 and 0.694 m2 for Tp = 1.7, 2.0 and 2.3 mm, respec-
tively. The total surface areas of the fins in contact with the 
air are Af = 15.505, 12.909 and 11.412 m2 for Tp = 1.7, 2.0 
and 2.3 mm, respectively.

Figure  4 shows the geometrical configuration of the 
fins, vortex generators and flow redistributors. Two sizes 
of curved triangular vortex generators are studied. The 
base length of one of the curved triangular vortex genera-
tor (CTVG-I) is L = 8.9 mm and the other one (CTVG-II) 
is L = 8.2 mm. Both the tubes and fins are made of copper. 
The transversal tube pitch S1 is 25.3 mm. The longitudinal 
tube pitch S2 is 22 mm. The base circle radius of CTVG-I is 
8.8 mm, and the base circle radius of CTVG-II is 7.8 mm. 
The center of the base circles of CTVG-I and CTVG-II 
coincides with the center of the tube. The plain fin and the 
plain fin with flow redistributors are also studied for com-
parison. There are a total of 18 fin patterns studied in this 
paper. The detailed parameters of the fin patterns are shown 
in Table 1.

3 � Data reduction

The heat transfer characteristic of the heat exchanger 
is determined using the data recorded at a steady state 
condition. The total heat transfer rates from air-side and 
water-side are averaged as follows:

(1)Qa = macp,a�ta

Fig. 4   Fin configuration: 
a plain fin with flow redis-
tributors; b fin with CTVG; c 
CTVG-I; d CTVG-II

Table 1   Parameters of fin and CTVG

No. Fin type Tp (mm) L (mm)

1 Plain fin 1.7 –

2 Plain fin 2.0 –

3 Plain fin 2.3 –

4 Plain fin with flow redistributors 1.7 –

5 Plain fin with flow redistributors 2.0 –

6 Plain fin with flow redistributors 2.3 –

7 CTVG-I 1.7 8.9

8 CTVG-I 2.0 8.9

9 CTVG-I 2.3 8.9

10 CTVG-II 1.7 8.2

11 CTVG-II 2.0 8.2

12 CTVG-II 2.3 8.2

13 CTVG-I and flow redistributors 1.7 8.9

14 CTVG-I and flow redistributors 2.0 8.9

15 CTVG-I and flow redistributors 2.3 8.9

16 CTVG-II and flow redistributors 1.7 8.2

17 CTVG-II and flow redistributors 2.0 8.2

18 CTVG-II and flow redistributors 2.3 8.2
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The overall heat transfer coefficient, U, is calculated 
from the following relationship:

The logarithmic-mean temperature difference, �Tm, is 
defined by

The correction factor of logarithmic-mean temperature 
difference, FT is [23]:

The overall heat transfer resistance can be defined as:

hw is predicted using the equation reported in [24]:

Cf is the correction factor related to the inner diameter of 
the tube.

The overall surface efficiency,ηo, is defined as the ratio 
of actual heat transfer rate of the fin to the heat transfer 
rate of the fin at the same temperature as the fin base. 
This term may be written in terms of the fin efficiency η , 
fin surface area Af and total air-side area Aa as follows:

At and Af are the areas of the tube and fin surfaces that are 
in contact with the air. η denotes the fin efficiency and 
is calculated by the approximation method described by 
Schmidt [25]:

(2)Qw = mwcp,w�tw

(3)Qm = (Qa + Qw)/2

(4)UA = Qm

/

(FT�Tm)

(5)�Tm =

(

Tw,in − Ta,out
)

−
(

Tw,out − Ta,in
)

ln
((

Tw,in − Ta,out
)/(

Tw,out − Ta,in
))

(6)FT =
ln( 1−P

1−RP
)

(1− R) ln[1+ 1
R
ln(1− RP)]

(7)R =
Ta,out − Ta,in

Tw,in − Tw,out
, P =

Tw,in − Tw,out

Tw,in − Ta,in

(8)
1

UA
=

1

η0haAa

+
1

2
ln

D0

Di

D0

ktAt

+
1

hwAw

(9)hw = 1057Cf (1.352+ 0.02t)

(

u0.8

D0.2
i

)

(10)Cf = −0.1864 ln(Di)+ 0.22455

(11)η0 = 1−
Af

Aa
(1− η)

(12)Aa = At + Af

(13)η =
tanh(mrcφ)

mrcφ

The air-side heat transfer coefficient ha and the surface 
efficiency ηo can be acquired through solving Eqs. (8)–(18) 
with an iterative method [9].

The air-side hydraulic diameter is defined as:

Ve is the flow domain formed by two adjacent fins of the 
heat exchanger, and Ae is the corresponding heat transfer 
area of the flow domain. For a minimum flow unit, Ve is 
equal to the product of a single-side area of the fin surface 
and the fin space, and Ae is equal to the sum of the area of 
fin and tube surfaces that contact with air.

The Reynolds number of the air-side is defined as:

The average Nusselt number of the air-side is defined as:

The friction factor of the air is defined as:

To verify the validity of the experiment system used 
in this study, the air-side performance experiment of 
the heat exchanger with traditional plain fin is also con-
ducted. The experimental results of Nu for the plain fin 
with 4 tube rows are compared with the well-known cor-
relation of Gray [26], and the experimental results of f 
are compared with the well-known correlation of Wang 

(14)m =

√

2ha

kδ

(15)φ = (Req/rc − 1)[1+ 0.35 ln(Req/rc)]

(16)Req/rc = 1.27(XM/rc)(XL/XM − 0.3)1/ 3

(17)XL =

(

√

(S1/2)
2 + (S2)

2

)

/2

(18)XM = S1/2

(19)De =
4Ve

Ae

(20)Ve =

(

4S2 ×
S1

2
− 4×

1

2

πD2
o

4

)

× (Tp − δ)

(21)

Ae =

(

4S2 ×
S1

2
− 4×

1

2

πD2
o

4

)

× 2+ 4×
1

2
πDo

(

Tp − δ
)

(22)Re =
ρaumaxDe

µa

(23)Nu =
haDe

ka

(24)f =
2�p

ρau
2
max

De

Lf
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[27], as shown in Fig.  5. The hydraulic diameter is 
defined using the outer tube diameter. The maximum dif-
ference in Nu between the present data and the correla-
tion is 8.65% when Re is about 11,757, and the minimum 
difference in Nu is 0.46% when Re is about 6000. The 
maximum difference in f between the present data and the 
well-known correlation of Wang [27] is 11.0% when Re 
is about 3290, and the minimum difference in f is 2.0% 
when Re is about 7400. For the performance experiments 
of the heat exchanger, the uncertainty of Nu is 6.9% and 
the uncertainty of f is 8.1% according to the single sam-
ple theory of Moffat [28]. Thus, the present experiment 
system is reliable.

4 � Experimental result and discussions

4.1 � Effects of flow redistributors on Nu and f of plain 
fin

The distributions of Nu for plain fin and the fin with flow 
redistributors under different fin pitches are shown in 
Fig. 6a. Nu increases with the increase of both Re and Tp 
for both fin patterns. The distributions of Nu are obviously 
affected by the flow redistributors. There is an obvious dif-
ference in Nu between plain fins with and without flow 
redistributors. When the flow redistributors are stamped 
out from the fin surface in front of the stagnation points of 

Fig. 5   Verification of experimental results with correlations: a Nu; b 
f

Fig. 6   Comparison of Nu and f between plain fin and the fin with 
flow redistributors: a Nu; b f
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the tubes, the air changes direction and flows around the 
flow redistributors as shown in Fig. 3c. Flow disturbance is 
caused by the flow redistributors. The local heat transfer is 
undoubtedly enhanced in the region where flow redistribu-
tors locate. Meanwhile, the flow velocity behind the flow 
redistributors decreases and the heat transfer decreases both 
in the region behind the flow distributors and near the stag-
nation position of the tube. When the fin pitch is 1.7 mm 
which is a little larger than the height of flow redistributors, 
there is a narrow slit between the fin and the flow redistrib-
utors and the jet effect from the slit is good for heat trans-
fer. The flow redistributors cause an obvious effect on heat 
transfer especially when Re is larger than 2000. The heat 
transfer enhancement due to flow redistributors is larger 
than the decrease of heat transfer in the region behind the 
flow redistributors. Thus, the value of Nu of the fin with 
flow redistributors is larger than the fin without flow redis-
tributors. When the fin pitch increases to Tp  =  2.0 and 
2.3  mm, the relative height of flow distributors decreases 
compared with the fin pitch. Both the jet effect through the 
slit and the effect of flow redistributors on the flow distur-
bance decrease. Although the existence of flow redistribu-
tors can enhance the local heat transfer, the flow redistribu-
tors are relatively small compared with the tube area. The 
decreases of heat transfer in the fin region behind the flow 
redistributors and on the tube surface are larger than the 
heat transfer enhancement caused by flow redistributors. 
Thus, the value of Nu of the fin with flow redistributors is 
smaller than that of the plain fin without flow redistributors 
when the fin pitch is greater than 2.0 mm.

Figure 6b shows the comparison of f between plain fin 
and the fin with flow redistributors. The value of f increases 
with the increase of fin pitches for both fin patterns. When 
flow redistributors are stamped out from the fin surface, the 
air flow direction changes and flows over the flow redis-
tributors. The velocity of the flow in front of the stagna-
tion point of the tube decreases due to the existence of flow 
redistributors located in front of the tubes, and the pressure 
drop around the tube also decreases. Therefore the value 
of f of the plain fin with flow redistributors is generally 
smaller than that of plain fin when Tp > 2.0 mm. The value 
of f of the plain fin with flow redistributors is larger than 
that of the plain fin when Tp = 1.7 mm and Re < 2000 due 
to the increase of pressure drop in the region where flow 
redistributors are located. From this figure we can find that 
the existence of flow redistributors can decrease the value 
of f at the cost of decreasing the value of Nu.

4.2 � Comparison of Nu and f between plain fin and fin 
with CTVG‑II

Figure  7 shows the comparison of Nu and f between 
plain fin and the fin with CTVG-II. The main purpose 

of applying CTVGs around the circle tube is to enhance 
the heat transfer. The arrangement of CTVG-II around 
the circle tube can induce the fluid to flow into the wake 
region and restrain the flow separation. The area of the 
wake zone behind the circular tube is reduced signifi-
cantly, hence the heat transfer enhancement and the 
decrease of pressure loss behind the tube are resulted. 
It is quite obvious that the value of Nu of the fin with 
CTVG-II is greatly increased compared with that of 
the plain fin due to the existence of CTVG-II. Both the 
value of Nu and the differences in Nu for the fin with dif-
ferent fin pitches increase with the increase in Re. The 
difference in Nu between the plain fin and the fin with 
CTVG-II also increases with increasing Re. The value of 
f decreases along with the increase in Re and increases 
with the increase of fin pitch for both fin patterns. The 

Fig. 7   Comparison of Nu and f between plain fin and fin with 
CTVG-II: a Nu; b f
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value of f of the fin with CTVG-II is obviously larger 
than that of the plain fin. From this figure we can find that 
CTVG-II can enhance heat transfer effectively at the cost 
of increasing the friction factor.

4.3 � Comparison of Nu and f between fins with CTVG‑I 
and CTVG‑II

Two sizes of CTVGs, CTVG-I and CTVG-II, are studied 
in this paper. The heights of CTVG-I and CTVG-II are 
the same. The base length of CTVG-I is longer than that 
of CTVG-II, as shown in Fig.  4. The comparisons of Nu 
and f between fins with CTVG-I and CTVG-II are shown 
in Fig. 8. The distributions of Nu and f are similar to each 
other for both fin patterns with CTVG-I and CTVG-II. 
Nu increases with increasing both Re and Tp. As the size 

of CTVG-I is larger than CTVG-II, CTVG-I can induce 
more fluid to flow into the wake zone behind the tubes. 
Meanwhile, CTVG-I can generate a stronger secondary 
flow which determines the heat transfer intensity in the 
flow channel of fin-and-tube heat exchangers with vortex 
generators [29–32]. Thus, the value of Nu of the fin with 
CTVG-I is larger than that of the fin with CTVG-II for all 
the studied fin pitches and the difference in Nu increases 
with the increase of Re. The value of f also increases with 
the increase of both Re and Tp for both fins with CTVG-
I and CTVG-II. The value of f of the fin with CTVG-I is 
obviously larger than that of the fin with CTVG-II.

4.4 � Effect of flow redistributors on Nu and f for fins 
with CTVG‑I and CTVG‑II

From Figs.  6, 7, 8 we can find that both CTVG-I and 
CTVG-II can enhance the heat transfer at the cost of 
increasing the friction factor, while the flow redistributors 
can decrease the friction factor at the cost of decreasing 
heat transfer. Figure 9 shows the distributions of Nu and f 
for the fin with CTVG-I and the fin with both CTVG-I and 
flow redistributors. Both Nu and f increase with the increase 
of fin pitches. The difference in Nu between the fins with 
and without flow redistributors is small, and the values of 
Nu are nearly the same when Re < 2000. The value of Nu 
for the fin with CTVG-I and flow redistributors increases 
compared with that of the fin with only CTVG-I due to 
the existence of flow redistributors when the fin pitch is 
greater than 2.0 mm and Re > 2000. When the fin pitch is 
1.7 mm, the difference in Nu between the fin with CTVG-
I and the fin with both CTVG-I and flow redistributors is 
very small, and the values of Nu are nearly the same. The 
value of f for the fin with CTVG-I and flow redistributors 
is generally larger than that of the fin with CTVG-I. The 
value of f for the fin with CTVG-I and flow redistributors is 
smaller than that of the fin with CTVG-I when Re > 2000 
and Tp = 1.7 mm. CTVGs are mainly used to restrain the 
flow separation and induce the fluid to flow into the wake 
region, while the flow redistributors are used to redistribute 
the flow in front of the tube. When flow redistributors are 
stamped out in front of the fin with CTVGs, the flow veloc-
ity decreases in front of the tube with a decrease in pressure 
loss. Meanwhile the velocity increases in the region away 
from the tube. The fluid with high velocity flows toward the 
CTVG-I which can induce the fluid to flow into the wake 
region, hence the decrease of wake zone and heat transfer 
enhancement. Meanwhile the increase in velocity around 
CTVG-I causes an increase in pressure loss. The combined 
result is that the heat transfer increases with a little increase 
in pressure loss. Flow redistributors can enhance the heat 
transfer at the cost of increasing pressure loss for the fin 
with CTVG-I.

Fig. 8   Comparison of Nu and f between fins with CTVG-I and 
CTVG-II: a Nu; b f
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Figure  10 shows the distributions of Nu and f for the 
fin with CTVG-II and the fin with both CTVG-II and flow 
redistributors. The difference in Nu between different fin 
pitches increases with the increase in Re for both fin pat-
terns. Nu of the fin with both CTVG-II and flow redistribu-
tors is smaller than that of the fin with only CTVG-II due 
to the existence of flow redistributors for all the studied fin 
pitches. The differences between the values of Nu for the 
fins with and without flow redistributors are very small for 
fin pitch Tp = 2.3 mm, the values of Nu are nearly the same 
when Re < 4000. The existence of flow redistributors has 
a negative effect on heat transfer of the fin with CTVG-II, 
which is opposite to the effect of flow redistributors on heat 
transfer of the fin with CTVG-I. The reason of such oppo-
site effect is that the length of CTVG-I is a little larger than 
CTVG-II, and CTVG-II is located closer to the tube than 

CTVG-I. When flow redistributors are stamped out in front 
of the tube of fin with CTVG-II, the flow velocity increases 
in the region away from the tube. The flow rate between 
the tube and CTVG-II decreases and less fluid was induced 
into the wake zone behind the tube. Thus, the heat trans-
fer is reduced and pressure loss increases. The value of f 
increases due to the existence of flow redistributors on the 
fin with CTVG-II. Compared to Fig. 9, the increment of f 
of the fin with CTVG-II is larger than that of the fin with 
CTVG-I due to the existence of flow redistributors. From 
this figure we can find that flow redistributors stamped out 
from the fin surface in front of the tubes have a negative 
effect on heat transfer of the fin with CTVG-II by increas-
ing the pressure loss.

The comparisons of Nu and f for fins with CTVG-I and 
CTVG-II are shown in Fig. 11. Nu and the difference in Nu 

Fig. 9   Effect of flow redistributors on Nu and f for the fin with 
CTVG-I: a Nu; b f

Fig. 10   Effect of flow redistributors on Nu and f for the fin with 
CTVG-II: a Nu; b f
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between fins with different fin pitches both increase with 
the increase of Re for both fin patterns. The value of Nu of 
the fin with CTVG-I and flow redistributors is larger than 
that of the fin with CTVG-II and flow redistributors. The 
difference in Nu between fins with CTVG-I and CTVG-II 
is very obvious and the difference increases with increasing 
Re. This is because CTVG-I which is larger than CTVG-II 
can generate stronger secondary flow and can induce more 
fluid to flow into the wake zone behind the tubes espe-
cially for large Re. f decreases with the increase of Re and 
increases with the increase of fin pitch for both fin patterns. 
The value of f of the fin with CTVG-I and flow redistribu-
tors is obviously larger than that of the fin with CTVG-II 
and flow redistributors.

From Fig. 11 we can find that the value of Nu of the fin 
with CTVG-I and Tp =  2.0  mm is nearly the same with 

that of the fin with CTVG-II and Tp = 2.3 mm. Similarly, 
the value of Nu of the fin with CTVG-I and Tp = 1.7 mm 
is nearly the same with that of the fin with CTVG-II and 
Tp = 2.0 mm. The value of f of the fin with CTVG-I and 
Tp = 1.7 mm is obviously smaller than that of the fin with 
CTVG-II and Tp =  2.0  mm, and the value of f of the fin 
with CTVG-I and Tp = 2.0 mm is smaller than that of the 
fin with CTVG-II and Tp =  2.3  mm. Thus, the fin with 
both CTVG-I and flow redistributors has a better heat 
transfer performance than the fin with CTVG-II and flow 
redistributors.

4.5 � Effects of flow redistributors on Nu/f1/3

The heat transfer enhancement is always accompanied 
with the increase in pressure loss. The design goal of a 
new heat exchanger is to enhance heat transfer with lower 
pressure loss. Nu/f1/3 can reflect the heat transfer perfor-
mance based on the identical power. Figure 12a shows the 
effect of flow redistributors on Nu/f1/3 of the plain fin. The 
value of Nu/f1/3 increases with the increase of fin pitch for 
the plain fin. While for the plain fin with flow redistribu-
tors, the changing of fin pitch has a smaller effect on Nu/
f1/3 when Tp > 1.7 mm. From Fig.  6 we have known that 
flow redistributors located in front of the tube can decrease 
the friction factor at the cost of decreasing heat transfer for 
the plain fin when Tp  >  1.7  mm, and the heat transfer is 
enhanced by flow redistributors when Tp =  1.7  mm. The 
value of Nu/f1/3 of the plain fin with flow redistributors is 
the largest when Tp =  1.7  mm, and the values of Nu/f1/3 
are nearly the same when Tp  >  1.7  mm. Nu/f1/3 increases 
by 12.3% for the plain fin with Tp = 1.7 mm at Re = 3690. 
Figure  12b shows the effect of flow redistributors on Nu/
f1/3 for the fins with CTVG-I under different fin pitches. Nu/
f1/3 increases a little with the increase of fin pitch for both 
fin patterns. The value of Nu/f1/3 increases due to the flow 
redistributors when Re  >  3000, but the difference in Nu/
f1/3 between the fin with CTVG-I and the fin with CTVG-
I and flow redistributors is very small. The values of Nu/
f1/3 are nearly the same when Re < 3000. Nu/f1/3 of the fin 
with CTVG-I and flow redistributors is a little larger than 
that of the fin with CTVG-I when Re is larger than 3000. 
Figure 12c shows the distributions of Nu/f1/3 for the fin with 
CTVG-II and the fin with CTVG-II and flow redistribu-
tors under different fin pitches. Nu/f1/3 also increases a little 
with the increase of fin pitch for both fin patterns. But the 
value of Nu/f1/3 of the fin with flow redistributors decreases 
due to the existence of flow redistributors, which is differ-
ent from that of the fin with CTVG-I.

Figure 13a shows the comparison of Nu/f1/3 of the fins 
with CTVG-I and CTVG-II under different fin pitches. 
Nu/f1/3 increases slightly with the increase of fin pitch for 
both fins. The difference in Nu/f1/3 between the fins with 

Fig. 11   Comparison of Nu and f between fins with VGs and flow 
redistributors: a Nu; b f



3024	 Heat Mass Transfer (2017) 53:3013–3026

1 3

CTVG-I and CTVG-II is very small. The values of Nu/
f1/3 are nearly the same when Tp =  1.7 and 2.3 mm. The 
value of Nu/f1/3 of the fin with CTVG-I is obviously larger 
than that of the fin with CTVG-II only when Re > 3000 and 

Tp = 2.0 mm. Nu/f1/3 increases by 3.6% when Re is about 
4380.

The comparison of Nu/f1/3 for the fins with flow redis-
tributors and vortex generators is shown in Fig. 13b. The 
value of Nu/f1/3 of the fin with CTVG-I and flow redis-
tributors is larger than that of the fin with CTVG-II and 
flow redistributors. The difference in Nu/f1/3 increases 
with the increase in Re. Compared to Fig.  13a, we can 
find that the difference in Nu/f1/3 between the fins with 
CTVG-I and CTVG-II is obvious due to the existence of 
flow redistributors on the fin surface. The maximum value 
of Nu/f1/3 of the fin with CTVG-I and flow redistribu-
tors increases by 5.2, 5.5 and 2.6% for Tp = 1.7, 2.0 and 
2.3 mm, respectively.

Fig. 12   Effect of flow redistributors on Nu/f1/3 of different fin pat-
terns: a plain fin; b CTVG-I; c CTVG-II

Fig. 13   Comparison of Nu/f1/3 between the fins with CTVG-I and 
CTVG-II: a fins with CTVG; b fins with CTVG and redistributors
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5 � Conclusions

The effect of flow redistributors stamped out from the fin 
surface in front of the stagnation points of tubes on the air-
side performance of tube-fin heat exchanger is experimen-
tally studied for both the plain fin and the fin with curved 
triangular vortex generators under different fin pitches. Two 
sizes of curved triangular vortex generators are considered. 
The main conclusions are drawn as follows.

(1) The flow redistributors can decrease the values of 
both f and Nu for the plain fin. The existence of flow redis-
tributors can decrease f at the cost of decreasing Nu for the 
plain fin. The value of Nu/f1/3 is slightly affected by flow 
redistributors when the fin pitch is greater than 1.7  mm. 
The maximum value of Nu/f1/3 increases by 12.3% due to 
the flow redistributors for the plain fin with Tp = 1.7 mm.

(2) CTVG-I can enhance the value of Nu effectively at 
the cost of increasing the friction factor. But for the fin with 
CTVG-II, the existence of flow redistributors decreases the 
value of Nu and increases the value of f.

(3) The values of Nu and f of the fin with CTVG-I are 
larger than those of the fin with CTVG-II, and the dif-
ference in Nu between fins with CTVG-I and CTVG-II 
increases due to the existence of flow redistributors, but the 
friction factor changes a little.

(4) Nu/f1/3 for the fin with CTVG-I and flow redistrib-
utors is obviously larger than that of the fin with CTVG-
II and flow redistributors. The maximum value of Nu/
f1/3 increases by 5.2, 5.5 and 2.6% for Tp =  1.7, 2.0 and 
2.3 mm, respectively.
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