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Three different porosities of aluminumwire meshes (10PPI, 14PPI, 20PPI) and three different diameters of
aluminum wires were used to fabricate heat exchangers by connecting aluminum tubes to increase the
heat transfer surface area. A twin wire-arc thermal spraying system can generate a dense, high strength
aluminum coating to connect wires and aluminum tube. Tiled and clamped connections between the
wire mesh and tube were applied to obtain an efficient heat exchanger. The heat transfer characteristics
for plain tube, three sprayed tube-wire and six sprayed wire-meshes (SPW) heat exchangers were exper-
imentally tested. Also, heat exchanger surface temperatures were measured using infrared camera. Ideal
fin model was applied after validation using data of sprayed tube-wire heat exchangers. The tube inlet
temperature ranged from 100 to 200 �C and the wind tunnel air velocity was from 2 to 20 m/s. The results
indicate that all the SPW heat exchangers can enhance the heat transfer compared with plain tube heat
exchanger. Tube outside Nusselt number was fitted with Reynolds number and wire mesh porosity. 20PPI
clamped SPW was suggested to be used in the future design of compact heat exchangers due to the max-
imum 76.7% equivalent efficiency compared with ideal fin model.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Compact heat exchangers are widely used in various applica-
tions, including air-conditioning evaporators and condensers, elec-
tronic cooling devices, waste heat recovery system and cryogenic
exchangers [1]. To meet the needs of lightweight, space-saving
and economical, extended surfaces with large surface area/volume
ratios are normally applied in compact heat exchangers [2–4]. The
large surface area is seized on the fin side since there exists lower
heat transfer coefficient. Also, the fins attached with the wall can
separate the two fluids and enhance the flow turbulences.

Metal foams, perforated sheets and wire meshes are equipped
and researched in the compact heat exchangers these decades [5–
8]. Open cell metal foam has high specific surfaces, relative high
thermal conductivity and can also promotemixingwhen fluids flow
through it. Mancin et al. [9] carried out heat transfer and pressure
dropmeasurementsduring air forced convection throughfivediffer-
ent copper samples. The results demonstrate that heat transfer coef-
ficient does not depend on the imposed heat flux and it increases
with the increase of air mass flow rate. Besides, the pressure drop
is higherwith larger pore density.White et al. [10] presented a novel
numerical modeling technique for perforated plate heat exchangers
that themodel allows each perforated plate to bemodeled in detail.
However, this method retains computational efficiency by using
nodes exponentially concentrated near the edge of perforated
plates. The numerical results are well matchedwith the experimen-
tal data applied in the silicon heat exchanger plates and glass spac-
ers. Furthermore, pressure drops of four plain-square type woven
metal screens with various porosities were experimented in Wu
study [11]. It is estimated that the velocity developing section is rel-
atively short for woven metal screens. The five new frictional factor
empirical equations for various types of metal screens were pre-
sented in the study. Many other researchers have extensively stud-
ied on the fluid flow and heat transfer characteristics of porous
media structures by experimental [12–21], numerical [22–27] and
analytical methods [28,29]. Plenty of results can be used in the
design and measurements of compact heat exchangers.

On the basis of previous research, one method to fabricate heat
exchanger with porous media using thermal spray process has
been effectively applied. Jazi et al. [30] sprayed to deposit Inconel
625 skins on the surface 10 and 20 pores per inch (PPI) nickel
foams. A ceramic thermal barrier coating was deposited by plasma
spraying to fabricate the heat exchanger. Flow and heat transfer
characteristics were obtained when the air flows through heat
exchangers. Tsolas and Chandra [31] used wire-arc thermal spray
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Nomenclature

A tube section area (m2)
Cp isobaric specific heat capacity (kJ/kg �C)
D wire diameter (m)
d tube diameter (m)
h heat transfer coefficient (W/m2 �C)
l wire length (m)
m mass flow rate (kg/s)
Nu Nusselt number
P wire perimeter (m)
Pr Prandtl number
q heat transfer rate (W)
Re Reynolds number
T temperature (�C)
U overall heat transfer coefficient (W/m2 �C)
u flow velocity (m/s)
x distance (m)

Greek
l dynamic viscosity (Pa s)
q density (kg/m3)
e wire mesh porosity

k thermal conductivity (W/m �C)
g correction factor
n SPW heat exchanger efficiency

Subscripts
c cross section
LMTD logarithmic mean temperature difference
m wire mesh
in inlet
i inner
out outlet
o outer
p plain tube
w wind tunnel side
s base surface
t tube side

Abbreviation
PPI pore per inch
SPW sprayed wire mesh
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to deposit 2 mm thick metal skins on the surface of 10PPI and
40PPI nickel and copper foams. Pressure drop and temperature dis-
tribution were measured as the compressed air was blown through
the foams. The results show that the heat transfer enhances nearly
7 times compared with the hollow tube and new friction factor
correlation is updated with the permeability K and inertial coeffi-
cient CF. Moreover, the wire mesh was tightly connected with
the heat exchanger tube as the surface of the wire mesh and tubes
were deposited coating using wire-arc thermal spraying in Rezaey
et al. [32] research. This kind of heat exchanger is helpful to
recover heat from hot combustion gases using cooling water and
the maximum of 68% higher temperature rise is seized compared
with plain tubes.

To recycle the waste heat of gas oven, aluminum U-tube heat
exchangers were fabricated using wires and wire meshes. Wire
mesh was tiled and clamped connected by coating sprayed using
Fig. 1. Schematic diagram of heat e
wire-arc thermal spraying system. Coating characteristics were
analyzed in terms of scanning electron microscope and energy dis-
persive X-ray spectroscopy (SEM-EDS) technology and spraying
parameters were controlled to obtain better bonding effect. Heat
transfer characteristics were measured and calculated under vari-
ous wind tunnel velocities. Pictures of heat exchanger tube surface
temperature and heat transfer rate were analyzed to compare with
fin model. Moreover, tube-outside heat transfer enhancement was
significantly observed for different porosities of wire meshes.
2. Experimental description

2.1. Experimental apparatus

Fig. 1 presents the schematic diagram of experimental
setup where the cooling air flowed over various heat exchangers.
xchanger experimental setup.



Fig. 2. Wind tunnel air thermocouples distribution.
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The airflow was generated by an exhauster (single phase motor,
Plint & Partner. Ltd. UK) with the maximum velocity up to 20 m/s.
The wind tunnel has a rectangular air duct with a cross-sectional
Fig. 3. Sample pictures of three

Table 1
Experimental test conditions.

Wind tunnel side

Air velocity (m/s) 2, 5, 8, 10, 15, 20
Pressure (MPa) 0.10
Temperature (�C) Room temperature
area of 127 mm � 127 mm and the heat exchanger is located in
the center of the duct. Cooling air velocity was measured using an
anemometer (hot wire type, Omega) located in front of the tube
bundle. The range of the flow velocity varied in 2–20 m/s with the
measurement error of 0.1 m/s. In order to create a developed air
flow across the test section, 0.9 m long channel with honeycomb
installed was used to mix air in the upstream. Four K-type thermo-
couples with ±0.5 �C accuracy were arranged to measure the air
stream temperature as shown in Fig. 2. 8 K-type thermocouples
were set uniformly on the top and bottom shells of the duct mea-
suring shell wall temperatures to estimate the heat loss at the shell
side. The infrared camera (SC 5000, Flir Company) was set at the
inlet of the wind tunnel tomeasure the heat exchanger base surface
temperature and the images of temperature distribution was
acquired to the laptop through the data cable. All heat exchangers
were painted in black and emissivity was calibrated before the test.
The whole test section was wrapped with fiberglass insulation to
minimize the heat loss to the surroundings.

For the hot air side, the air volumetric flow rate was measured
by a gas mass controller (FMA5400, 0–100 L/min, and Omega) and
the flow rate was fixed to 20 L/min during the whole experiments.
The preheated section consisting of a tube and a heat tape
(120VAC, maximum 208W) was connected to compressed air
supply in order to heat air to the range of 100–200 �C. Two armed
K-type thermocouples with ±0.5 �C accuracy can measure the tube
side inlet and outlet temperatures. A constant air bath was pro-
vided by a compressor (Sigma Air tower, Kaeser) and the path pres-
sure was fixed at the pressure of 0.45 MPa by the regulation of two
valves in the path. All the data of thermocouples was recorded to
the computer through a National Instruments Data Acquisition
types of heat exchangers.

Tube side

Volumetric flow rate (L/min) 20.00
Pressure (MPa) 0.45
Inlet temperature (�C) 100, 130, 150, 180, 200



Table 2
Geometrical features of tested heat exchangers.

Bare tube Wire Wire mesh

Inner diameter (mm) 4.72 Diameter (mm) 0.81, 1.62, 2.05 /
Outer diamter (mm) 6.35 Size (PPI) / 10, 14, 20
Straight length (m) 0.11 Width (mm) 76.2
Bending diamter (mm) 24.4 Height (mm) 127
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(DAQ) unit and software of Lab-view Signal Express V3.0. The tube
side volumetric flow rate and wind tunnel velocity can be seized on
the instrument screen displays. The detailed test conditions were
shown in Table 1.

2.2. Fabrication of heat exchangers

Fig. 3 shows pictures of plain tube, tiled and clamped type of
SPW heat exchangers. In the test section, all SPW heat exchangers
were set that the tube surface is vertical to the windward side and
the air flow direction can be indicated in the last panel. The heat
exchangers use aluminum (Al) tubes with an inner and outer diam-
eter of 4.72 mm and 6.35 mm. Al wire meshes were shaped to rect-
angle of 76.2 mm � 127 mm, which could exactly cover the
straight section of the plain tube. Three sizes of Al plain weaves
wire mesh were used to connect the plain tubes: 10PPI, 14PPI
and 20PPI, corresponding to the porosity of 79.8%, 77.0% and
73.6%, respectively. The method to calculate the porosity can be
seen in the previous search [16]. The wire mesh was wrapped
around the tube and then sand blasted to be sprayed for the better
connection. Furthermore, three different diameters of aluminum
wires (0.81 mm, 1.62 mm, 2.05 mm) were used to form another
types of heat exchanger. Single wires were tied up onto the surface
of the parallel straight tube section uniformly. The connected sec-
tions were sand blasted and then sprayed using aluminum coating
Table 3
Wire-arc thermal spray parameters for deposition of aluminum coating.

Parameter Value

Torch Wire arc
Wire feed rate (m/min) 6.5
Voltage (V) 32.9
Inlet pressure (MPa) 0.55
Air flow rate (L/min) 1.7
Spraying distance (m) 0.15

Fig. 4. Aluminum coating connection quality.
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Fig. 5. Tube temperature drop through SPW heat exchangers compared with the
plain tube under various velocities.
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to make better bonding as mentioned above. Five Al wires with
identical diameter were distributed uniformly in the tube straight
section. Thus, sprayed tube-wire heat exchangers including three
different aluminum wire diameters were fabricated and their
details are shown in Table 2.

Al wire mesh and wires were sprayed using a twin wire-arc
spraying system (Valu-Arc, Sulzer Metco Inc., Westbury, NY) to
produce better connection between the wire and the tube. The
chosen wire-arc thermal spray parameters for deposition of
aluminum is shown in Table 3. Furthermore, some samples
sprayed on the heat exchanger was made to examine the coating
and bonding characteristics using SEM-EDS (TM3000, Hitachi
High-Technologies Canada Incorporated, Toronto, ON). The results
are shown in Fig. 4 that there is no obvious interface between the
wire and the tube.

3. Results and discussion

Flow and heat transfer characteristics were studied under
20 L/min tube side volume flow rate, 0.45 MPa pressure and at five
various tube inlet temperatures ranging from 100 �C to 200 �C. The
wind tunnel velocity ranges from 2 m/s to 20 m/s at seven different
values to obtain the Reynolds number influences. Once the exper-
imental test was activated, the temperature, pressure, and flow
rate values were saved at least 10 min after all the test parameters
were confirmed to reach the stable states. Fig. 5 shows the temper-
ature drop of tube side for SPW heat exchangers and plain tube
under various wind tunnel velocities. It is indicated that SPW heat
exchangers have higher temperature drops and they have better
cooling affect compared with the plain tube. Also, the temperature
drop increases with the increase of wind tunnel velocity and the
increasing slope tends to be flat when the velocity is larger than
8 m/s. For clamped type of SPW heat exchangers from Fig. 5(a),
temperature drop is the lowest although the 14PPI has larger wire
mesh surface area than 10PPI. The reason is concluded that this
type has worse contact between the tube and wire mesh. Fig. 5
(b) shows the temperature drop for tiled SPW heat exchangers.
As the connection is just one line between the tube and wire mesh,
Fig. 6. Surface temperature distribution for clamped SPW heat exchangers. (Tub
heat transfer is almost the same for different porosities of wire
mesh. Fig. 5(c) obviously shows that 20PPI clamped SPW heat
exchangers have the maximum temperature drop and the type of
clamped can be used in the future SPW heat exchanger design.

Infrared camera is used to measure the surface temperatures of
SPW heat exchanger and Fig. 6 displays temperature distributions
for three types of clamped SPW heat exchangers under velocities of
2 m/s and 8 m/s. For all conditions of wind tunnel velocities, tube
surface temperature distribution is almost linearly decreasing from
the tube inlet to outlet. At the section of wrapped wire mesh, the
surface temperature drops more sharply than that of bend section.
It is explained that the wire mesh can be used to take much more
heat from the tube surface and the SPW heat exchangers have bet-
ter cooling effect than the plain tube.

3.1. Data reduction

Under the present experimental setup, the temperature data
were collected to evaluate the wind tunnel side convective heat
transfer characteristics for various types of heat exchangers. Heat
transfer rate balance equations of heat exchanger are defined in
the two following equations.

qw ¼ mwCpwðTw;out � Tw;inÞ ð1Þ

qt ¼ mtCptðTt;in � Tt;outÞ ð2Þ
where the subscripts w and t represent wind tunnel and tube side.
Subscripts in and out represent inlet and outlet, respectively. The
heat loss for the whole experiment is mainly from the natural con-
vection of wind tunnel shells. Based on the measured wind tunnel
wall surface temperature and Nusselt number correlation at the
infinite flat plate, value of heat loss is revised and the real heat rate
transferred through the heat exchanger is confirmed. Then all the
actual heat transfer rate can also be defined in terms of the overall
heat transfer coefficient U and logarithmic mean temperature dif-
ference DTLMTD as

q ¼ UAoDTLMTD ð3Þ
e inlet temperature: 150 �C; wind tunnel velocity: a–c: 2 m/s; d–f: 8 m/s).
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DTLMTD ¼ DT2 � DT1

lnðDT2=DT1Þ ð4Þ

where Ao represents the tube outer surface area including sprayed
coating or not for different heat exchangers. DT1 and DT2 are
defined as follows:

DT1 ¼ Tt;in � Tw;out ð5Þ

DT2 ¼ Tt;out � Tw;in ð6Þ
The overall heat transfer coefficient U can be defined related to

the wind tunnel and tube side heat transfer coefficients hw and ht

by the following equation:

1
UAo

¼ 1
hwAo

þ 1
2pk

ln
do

di
þ 1
htAi

ð7Þ

where Ai and di are the internal surface area of heat exchanger tube
and inner tube diameter, respectively. k is the tube thermal conduc-
tivity that has the same value as the wind tunnel wall. As the hot air
flows in the regular aluminum tube, the tube inside heat transfer
coefficient can be calculated using classic Gnielinski formula [33]
shown below,

ht ¼ kt
di

� � ðRet � 1000ÞPrtðf t=2Þ
1þ 12:7

ffiffiffiffiffiffiffiffiffi
f t=8

p
ðPr2=3t � 1Þ ð8Þ

where f t is the Darcy friction coefficient of the air and defined as the
following equation:

f t ¼ ð1:82 lgRet � 1:64Þ�2 ð9Þ
Ret and Prt show Reynolds and Prandtl numbers at the tube side,

respectively. The two values are calculated using following
equations:

Ret ¼ qtutdi

lt
ð10Þ

Prt ¼ Cptlt

kt
ð11Þ

where lt denotes the air velocity in the tube. Cpt , qt and lt repre-
sent the isobaric specific capacity, density and dynamic viscosity,
respectively. Furthermore, the wind tunnel side convective heat
transfer coefficient can be obtained using Eqs. (7) and (8). Nusselt
number can be further calculated to analyze the wind tunnel side
heat transfer of the normal plain tube and SPW heat exchangers
using the following equation.

Nuw ¼ hwdo

kw
ð12Þ

where do is the outer diameter of the heat exchanger tube, the
equivalent diameter was revised for the SPW heat exchanger by
adding wire diameter.

The direct measurements of this experiment and their uncer-
tainties are shown in Table 4. As the total heat transfer amount
Table 4
Uncertainty of the direct measurements.

Direct measurement Measuring instrument Measure
uncertainty

Tube side volume flow rate Gas mass controller ±1.5%
Wind tunnel velocity Hot wire anemometer 0.1 m/s
Tube inlet and outlet

temperature
K type sheathed
thermocouple

0.5 �C

Wind tunnel temperature K type thermocouple 0.5 �C
Tube diameter Vernier caliper 0.02 mm
is calculated by Eq. (2), its uncertainty is defined using the follow-
ing equation according to error propagation under non-linear form.

Dq
q

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DTt;in

Tt;in

� �2

þ DTt;out

Tt;out

� �2

þ Dmt

mt

� �2
s

¼ 7:5% ð13Þ
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Fig. 9. Nu number variation with Re number for clamped SPW heat exchangers.



Fig. 11. Schematic of pin fin model.
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The maximum relative error of logarithmic mean temperature
difference is calculated due to the Eq. (4) as 3.9%. Thus, the follow-
ing equation shows the maximum relative error of overall heat
transfer coefficient.

DU
U

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DTt;in

Tt;in

� �2

þ DTt;out

Tt;out

� �2

þ Dmt

mt

� �2

þ DðDTmÞ
DTm

� �2
s

¼ 8:4%

ð14Þ
According to Eqs. (8)–(11), the combined uncertainty of tube

side heat transfer coefficient is calculated in the following
equation.

Dht

ht
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DU
U

� �2

þ DAo

Ao

� �2

þ DAi

Ai

� �2

þ Ddo

do

� �2

þ Ddi

di

� �2
s

ð15Þ

Considering all measurement uncertainties, the value of uncer-
tainty is estimated to be 8.5% in all experimental conditions.

3.2. Tube outside heat transfer analysis

To evaluate the heat transfer enhancement for SPW heat
exchangers, outside tube heat transfer of plain tube heat exchanger
was measured under same conditions. The Zukauskas correlation
[34] for the tube banks average heat transfer coefficient has been
used to compare with experimental results.

Nu ¼ g � 0:25Re0:63w Pr0:36w
Prw
Prs

� �0:25

g ¼ 0:7
ð16Þ

The correction factor g is equal to 0.7 as the tube banks have
only one layer. Prw and Prs represent the Prandtl numbers in terms
of wind tunnel air and tube wall temperatures. The value of Prw=Prs
can be considered as one due to the tiny difference between the
two parameter values. The experimental results can generally
match the empirical correlation with the average error of 3.9%.
Thus, the accuracy of the experimental setup was verified for fur-
ther various heat exchangers tests. Considering different windward
sides of heat exchangers can influence the flow status and further
Fig. 10. Surface temperature distribution for tube-wire heat exchangers. (Tube
make the heat transfer difference, 20PPI SPW heat exchangers was
reversely set to test the heat transfer. Fig. 7 shows the Nusselt
number variation with Reynolds number for clamped SPW heat
exchangers under two different set positions. The clamped type
can make large bonding area between the tube and wire mesh,
which leads to the larger thermal contact resistance. Also, the air
backflow accumulates at the backside of the heat exchangers when
the air flows across the tube. On account of better convective heat
transfer on the tube base surface under lower velocity conditions,
the better heat exchanger setup that the leading edge is tube sur-
face should be considered in the applications.

Fig. 8 shows the tube outside Nusselt number variation with Re
number for tiled SPW heat exchangers. It is pointed that heat
transfer always enhances because the plain tube equips with wire
mesh and is sprayed aluminum coatings. The wire mesh connec-
tion enlarges the outside heat transfer area compared with plain
tube. Extended wire can be considered as the fin to improve the
tube surface conduction and then increase the convective heat
transfer by wind tunnel flowing air. When the air flows across
the cylinder tube, the turbulence extent improves due to the wire
mesh disturbance in front of the tube. The figure also shows that
inlet temperature: 150 �C, wind tunnel velocity: a–c: 8 m/s; d–f: 15 m/s).
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tiled type for 14PPI and 20PPI heat exchangers have better heat
transfer than that of 10PPI. The reason is that the 20PPI wire mesh
has largest heat transfer surface area at the tube outside.

The tube outside Nusselt number variation with Re number for
clamped SPW heat exchangers is plotted in Fig. 9. It can be seen
that the heat transfer enhancement for three porosity SPW heat
exchangers has nearly the same increase compared with the plain
tube. The types of 14PPI and 20PPI can transfer much more heat
than that of 10PPI. The maximum value of heat transfer enhance-
ment is about 25.9% under the condition of 20 m/s wind tunnel
velocity. Nearly half of the tube surface was connected with the
wire mesh and the aluminum coating was filled at the gap between
tube surface and wires. It is equivalent that the tube outside diam-
eter increases and the heat transfer surface area enlarges. Thus, the
outside tube heat transfer also improves compared with the plain
tube as shown in the figure. The roughness of the tube backside
surface extends after wrapped with wires. Then, the flow separa-
tion point steps back and most of the air accumulates at the back
surface of the tube to form a wake in the downstream. Plain tube
surface has less thermal resistance and most of heat is transferred
through the leading edge surface. Furthermore, the increase of the
thermal resistance between the tube and the coating can restrain
the heat conduction. The heat transfer displays almost the identical
trend for heat exchangers with different porosities of wire meshes.

Considering the Nusselt number comparison between the tiled
and clamped type heat exchangers, the three clamped types gener-
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Fig. 12. Wire temperature variations for tube-wire heat exchanger and ideal fin
model (wire diameter: 0.81 mm, wind tunnel velocity 8, 15 m/s).
ally show better heat transfer than that of tiled ones. Furthermore,
the clamped 20PPI heat exchanger obtain the best heat transfer
enhancement and the tiled 10PPI displays the worst. Two sugges-
tions are adopted to explain the results: firstly, the dense alu-
minum coatings spayed on the tiled type tube increase the
thermal surface between the tube and the air flowing through it.
The connected wire mesh can generate large thermal contact resis-
tance due to the less contact area; secondly, clamped type is good
for the physically connection between the tube and wire mesh. The
practical application should trade off two factors for fabricating
better and compacter heat exchangers.

As the wire mesh consists of a certain number of aluminum
wires, single wire can be wrapped to the tube to form tube-wire
heat exchanger. One single wire temperature distribution can be
significantly displayed through infrared camera and heat transfer
enhancement is easy to be modeled for the future analysis.
Fig. 10 shows the experimental surface temperature distribution
for tube-wire heat exchangers under wind tunnel velocities of
8 m/s and 15 m/s. To eliminate the influence of different tube air
inlet directions, the hot air inlet was set at the bottom of the wind
tunnel, which is opposite to that of SPW heat exchangers. The heat
transfer can be treated as the identical condition at two directions
due to the uniform air flow in the wind tunnel. The figure displays
that the real temperature has the same tendency with the calcu-
lated fin temperature variation. Thus, fin model can be applied to
analyze the heat transfer enhancement for SPW heat exchangers.
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Fig. 13. Wire temperature variations for clamped 10PPI SPW heat exchanger and
ideal fin model (wind tunnel velocity 8, 15 m/s).
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Fig. 14. SPW heat exchangers’ efficiency under various wind tunnel velocities.
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3.3. Fin model explanation

The wire connection and sprayed coating can enlarge the heat
transfer surface area compared with plain tube. As wire mesh
was manufactured by warping aluminum wires, the wires can be
considered as fins on the tube surface. The calculation of uniform
cross section fins was used to compare with experimental results.
The pin fins shown in Fig. 11 is applied and fin heat transfer rate qf

is the key factor to evaluate the enhancement of heat transfer. Con-
vection heat transfer for the tip condition is used for simulation
and fin heat transfer rate is defined as follows:

qf ¼ M
sin h mlþ ðhm=mkÞcosh ml
cosh mlþ ðhm=mkÞsinh ml

ð17Þ

The model fin length l is considered to be the tube bend radius.
hm is heat transfer coefficient flowing across the wire and can be
solved using the empirical equation [35] as follows:

Num ¼ 0:683Re0:466m Pr1=3m ð18Þ

hm ¼ Numka
D

ð19Þ

Reynolds number of wire mesh is calculated by wire diameter D
and porosity e as shown in Eq. (20).

Rem ¼ quD
l

� ð1� eÞ ð20Þ

m and M are defined in following equations:

m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hmP=kAc

q
ð21Þ

M ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hmPkAc

p
ðTs � TwÞ ð22Þ

P and Ac represent the wire perimeter and wire across section
area, respectively. The base surface temperature Ts is obtained
through infrared camera and average surface temperature Ts is cal-
culated by integral averaging in terms of temperature distribution
from tube inlet to outlet. To compare with fin surface temperature,
wire temperature is analyzed through the camera pictures. The
wire temperature using the fin model under the condition of con-
vection is defined as the following equation:

Tx � T1
�Ts � T1

¼ cos h mðl� xÞ þ ðhm=mkÞsinh mðl� xÞ
cosh mlþ ðhm=mkÞsinh ml

ð23Þ

x represents the wire distance from the tube base and T1 is the
wind tunnel air temperature.

3.4. Fin model comparison of SPW heat exchanger

Experimental wire and fin model calculated temperature distri-
butions for tube-wire heat exchangers under two wind tunnel
velocities are plotted in Fig. 12. The plots show that all the exper-
imental wire temperatures are lower than those of ideal fin tem-
peratures. The tube surface temperature can be considered as the
base temperature of fin model. Experimental wire and fin model
calculated temperature distributions for clamped 10PPI SPW heat
exchanger under two wind tunnel velocities are displayed in
Fig. 13. These distributions have the similar tendency with the
tube-wire heat exchanger in Fig. 12. At the beginning of wire mesh,
huge temperature drop happens due to the worse bonding than
ideal model. Heat transfer to wires is limited because of the ther-
mal contact resistance between the tube base and wires. As wire
meshes are made up of many wires, more heat are transferred
through the wire and fin model can be applied to the SPW heat
exchangers. It is also concluded that the wire mesh heat transfer
rate is less than the equivalent fins. Thus, heat transfer rate
enhancement was defined as follows:

Dq ¼ qw � qp ð24Þ

qw and qp represent the heat transfer rate for SPW heat exchanger
and plain tube under same conditions, respectively. Thus, the effi-
ciency of SPW heat exchanger is defined in the following equation:

n ¼ Dq
qf

¼ qw � qp

qf
ð25Þ

Efficiencies of two types of SPW heat exchangers under various
velocity conditions are plotted in Fig. 14. It is clearly seen that the
bonding type and wire mesh porosity significantly affect the heat
exchanger efficiency. The efficiency for each type heat exchangers
is increasing under the velocity of 2 m/s–10 m/s and then becom-
ing smoothly steady till to 20 m/s. The reason could be that exper-
iments are performed with Reynolds number of wire mesh from
1000 to 11000 and the flow status is laminar. The efficiency is con-
fined to the maximum of 76.7% under the 10 m/s condition with
the increase of wind tunnel velocity. The figure also shows that
clamped 20PPI SPW heat exchanger can achieve the highest heat
transfer rate enhancement compared with others.

Furthermore, to predict the heat transfer of SPW heat exchang-
ers, Nusselt number data is fitted with Reynolds number in terms
of all experimental results. As wire mesh porosity and Reynolds
number are the key factors to influence the Nusselt number, the
fitting formula is presented as follows
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Fig. 15. Comparison between the calculated Nu number (Eq. (23)) and the
experimental value.
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Nu ¼ 0:021 � e
1� e

Re0:75w Pr0:36w ð26Þ

Eq. (26) can be used to predict the tube outside heat transfer for
tiled and clamped SPW heat exchangers. Fig. 15 shows the compar-
ison between the calculated Nusselt numbers and all the experi-
mental values. 96.2% of experimental points are within the ±25%
error band and the average deviations is 19.2%.
4. Conclusions

Aluminum tube heat exchangers were fabricated by connecting
aluminum wires and wire meshes with various porosities using
wire-arc thermal spray system. Coating and connection quality,
heat exchangers heat transfer rate and efficiencies were measured
and analyzed in these series of experiments. The following conclu-
sions have been made:

(1) Wire mesh could be connected well with tube by spraying Al
coating in both clamped and tiled types.

(2) All SPW heat exchangers can enhance the heat transfer coef-
ficient compared with plain tubes. The maximum value of
heat transfer enhancement is about 25.9% for the clamped
20PPI SPW heat exchanger.

(3) Classic pin-fin model was verified using data of wire temper-
ature distribution for tube-wire heat exchanger and the effi-
ciency compared with ideal fin has the maximum value of
76.7% for all SPW heat exchangers under all experimental
conditions.

(4) A correlation of tube outside Nusselt numbers of SPW heat
exchangers were fitted with Reynolds number and it is used
to predict the heat transfer enhancement.
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