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The concept of flowfieldmodulationwas proposed to enhance convective heat transfer in tubes. Amesh cylinder
is suspended in the tube, dividing the cross section into an annular region and a core region.When thefluid flows
over themesh screen, a small portion of flow penetrates into the core region throughmesh pores, while most of
the fluid is within the annular region, leading to larger velocity gradient near the wall than that for the bare tube
without mesh cylinder, this large velocity gradient can result in significant heat transfer enhancement. In this
study experiments were performed at constant heat flux boundary conditions with water as the working fluid.
Reynolds numbers vary from 2109 to 20,175, covering the transition and turbulent flow regimes. Experimental
results showed that the heat transfer was enhanced over the whole length of tube, with the enhancement ratios
from 1.21 to 1.84, and the largest enhancement ratio occurred in the transition flow regime. The mechanism for
heat transfer enhancement could be attributed to: (1) The multi-scale characteristics of the heat transfer tube;
(2) The modulated flow field with larger velocity and velocity gradient near the wall; and (3) The enhanced
flow turbulence intensity.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Heat exchangers have wide applications in various industry sectors.
The design of heat exchangers is complicated, as it needs accurate anal-
ysis on heat transfer rate and pressure drop for long-term reliable and
economic operation [1]. The challenge for design of heat exchangers is
to make it compact andmaintain high heat transfer rate withminimum
pumping power. Various heat transfer enhancement techniques have
been proposed and applied in industries.

In recent years, in order to relieve the energy shortage and environ-
mental pollutions, the energy utilization efficiency is trying to be in-
creased for fossil energy systems. Meanwhile, a large quantity of
renewable energy such as solar energy, ocean energy, etc. has been
put into use. In energy conversion and power generation systems
with low grade energy and renewable energy resources, miniaturiza-
tion of heat exchangers can reduce the investment cost and increase
the system efficiencies. For example, a heat exchanger for an ocean
thermal energy conversion (OTEC) plant requires heat transfer surface
area at the order of 104 m2/MW [1]. In summary, high heat transfer co-
efficients can achieve low and uniform temperature differences in heat
exchangers, increasing the exergy efficiency of the component and
system.
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Besides, the thermal resistance can be increased due to fouling after
the long-termoperation of heat exchangers, the fouling is evenmore se-
rious in heat exchangers inmarine applications and chemical industries.
For heat exchangers with fluids of low thermal conductivity (gases and
oils), the heat transfer needs to be enhanced, and it can be realized by
introducing disturbance in the fluid flow (breaking the viscous and
thermal boundary layers).

Liu and Sakr [2] performed a comprehensive review on passive heat
transfer enhancement in pipe heat exchangers. They reviewed experi-
mental and numerical studies on heat transfer enhancement since
2004, by using twisted tape, wire coil, swirl flow generator, etc.

The twisted tape inserts are widely adopted to enhance the heat
transfer efficiency and they perform better in laminar flow regime
than in turbulent flow regime [3–8]. Eiamsa-Ard et al. [3] investigated
the heat transfer characteristics of turbulent flow in circular tubes
with twisted tape inserts using air as the working fluid. In their work,
the heat transfer performance is better with a short tape insert in en-
trance, compared with a long tape inserted in the tube. Guo et al. [4]
conducted numerical investigation on the heat transfer behaviors in
the tubes with center-cleared twisted tape or short-width twisted
tape insert. Their results indicated that the flow resistance was reduced
compared with the conventional tape insert. Naphon [5] experimental-
ly studied the heat exchangers with twisted tapes inserted in the tube
bundle. Correlations of flow resistance and heat transfer were obtained.
Murugesan et al. [6] used V-cut twisted tape to enhance the convective
heat transfer. The Nusselt numbers could be increased by increasing the
depth ratios and decreasing the twist ratios and width ratios.
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Nomenclature

BT bare tube
Di inner tube diameter, m
Do outer tube diameter, m
f frictional factor
hin water inlet enthalpy, J/kg
hout water outlet enthalpy, J/kg
I current, A
kf water thermal conductivity, W/(mK)
kw stainless steel thermal conductivity, W/(mK)
Ld developing length of the modulated flow, m
Lf flow length between the two pressure ports, m
Lh heating length, m
m mass flow rate, kg/s
MHTT modulated heat transfer tube
Nu Nusselt number
ΔPf,m measured frictional pressure drop, Pa
Pr Prandtl number
q heat flux on the inner wall surface, W/m2

qv volume heating intensity within the wall thickness,
W/m3

Q net heat received by water, W
Qp heating power, W
r radial coordinate, m
Re Reynolds number
ΔT temperature difference between inlet and outlet, °C
Tb cross-sectional average temperature, °C
Tf water average temperature of the test section, °C
Tin water inlet temperature, °C
Tout water outlet temperature, °C
Twi inner wall temperature, °C
Two outer wall temperature, °C
U voltage, V
u cross-sectional average velocity, m/s
x axial coordinate, m

Greek symbols
α local heat transfer coefficient, W/(m2K)
η thermal efficiency
ρl water density, kg/m3

φ heat transfer enhancement ratio

Subscript
ave average
h heating
i inner
m measurements
o outer
p predictions
v volume
wi inner tube wall
wo outer tube wall
x axial position
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Experimental correlationswere achieved in their work. Eiamsa-Ard and
Promvonge [7] experimentally investigated the heat transfer and pres-
sure drop behaviors of turbulent flow in tubeswith the serrated twisted
tape insert. Air was used as the working fluid. The experimental results
showed that the comprehensive performancewas better than that with
the conventional tape insert. Eiamsa-Ard et al. [8] conducted the heat
transfer experiments in circular tubes with the dual twisted tape insert,
showing better performance than the single twisted tape insert.

Other several passive techniques such as ribs, conical nozzle, and
conical ring, are generally more efficient in the turbulent flow regime
than in the laminar flow regime [9–18]. Akhavan-Behabadi et al. [9] ex-
perimentally investigated the heat transfer behaviors in heat ex-
changers with the coiled wires inserted in the tube bundle. In their
results, the Nusselt numbers could be increased by two to three times
of those in the bare tube. Promvonge [10] studied the heat transfer
and friction characteristics in horizontal tubes with the square coiled
wires insert. The experimental results indicated that the heat transfer
and pressure drop can be augmented significantly compared with the
bare tube or conventional tubes with coiled wire insert. Muñoz-Esparza
and Sanmiguel-Rojas [11] numerically studied the flow and heat trans-
fer of laminar flow in tubes with coil insert using the finite volume
method. Their numerical simulationswere also verified by experiments.
The experimental investigation of Li et al. [12] on the heat transfer en-
hancement in tubes with the discrete double inclined rib insert showed
that the heat transfer enhancement ratios can reach1–1.2,with theflow
resistance increased by 70–150%. Promvonge [13] investigated the heat
transfer characteristics in the tubes with conical ring insert experimen-
tally. Kongkaitpaiboon et al. [14] found that the heat transfer coefficient
of turbulent flow in the tubes with the perforated conical-ring insert
could be increased by 137% through experimental investigation.
Promvonge and Eiamsa-Ard [15] studied the heat transfer and pressure
drop characteristics in tubes with the conical nozzle and/or swirl gener-
ator insert and the experimental correlationswere given. Gül and Evin's
experimental research [16] on the heat transfer in tubes with the helical
swirl generator inserted in the tube entrance indicated that the local
heat transfer coefficients could be increased by about 20%. Jen and Yan
[17] numerically investigated the heat transfer behaviors in rectangular
ducts with the porous media insert. Yang and Hwang [18] studied the
heat transfer characteristics in tubes with the porous media insert by
numerical simulations using the k-ε turbulent flow model.

In this study a new type of heat transfer tube withmesh cylinder in-
serts was proposed, which is totally different technology from those re-
ported in early literature in that the mesh cylinder is made of hollow
micro-membrane with interior empty instead of bulk porous media.
Themesh cylinder consists of a flatmesh screen at the bottom and a cir-
cular mesh surface on the side, dividing the tube cross section into an
annular region and a core region. When the fluid flows over the mesh
screen, a small portion of flow penetrates into the core region through
mesh pores, whilemost of the fluid is within the annular region, leading
to large velocity and its gradient near the wall. Preliminary experimen-
tal studies were performed to verify the idea.

2. Experimental setup and test section

Fig. 1 shows the experimental setup. The deionized/degassed water
was driven by a centrifugal pump and flowed through a valve, a mass
flow meter, a test section and returned to an overflow tank, which
was at the atmosphere pressure. The gravitational force drove the
water flow downward to the water tank at the pump tail. A heat ex-
changer with cooling water was used to remove the heat from the sys-
tem. An overflow tube made superfluous water flowing back to the
water tank, ensuring a constant water level.

The vertically arranged stainless steel tube had an outer diameter of
16.20 mm and inner diameter of 13.80 mmwith a length of 2.0 m. The
tube was directly heated by power source with an alternative-current
(AC) voltage. The heating length was 0.98mwith two copper electrode
plates welded at both ends. An electric transformer was used to convert
the 380 V AC voltage to a required low voltage. The current flowing
through the test tube was large due to the low electric resistance of
the test tube. This heating technique was widely used in heat transfer
experiments previously [19].



Fig. 1. The experimental setup.
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A two-dimensional coordinate was established with r as the radial
coordinate and x as the axial flow coordinate. The original point O (r =
0, x= 0) was located at the tube centerline (r= 0) and at the electrode
plate at the bottom (x=0). Thus the heating region started at x=0(bot-
tom electrode plate) and ended at x = 0.98 m (the top electrode plate).
Thirteen thermocouple wires were directly welded at the outer tube
wall by the electric discharge technique using an instantaneous spark
generation machine, thus there is little thermal resistance between the
thermocouples and the tube wall. Table 1 showed the locations of ther-
mocouples along the flow direction. The pressure drop was measured
by a pressure drop transducer within a distance of 0.95 m. Two jacket
thermocouples were arranged outside the heating region to measure
the water inlet and outlet temperatures (Tin and Tout).

Fig. 2a shows the test tube with the dimensions. Heat transfer perfor-
mance was compared between the bare tube (called BT) and the modu-
lated heat transfer tube (called MHTT) with mesh cylinder inserted. The
mesh cylinder had a flat mesh screen at the bottom and a circular mesh
surface on the side, with outer diameter of 10.34 mm. The pressure-
driven flow from the annular region to the core region has large flow re-
sistance due to mesh pores, thus a large flow rate was maintained in the
Table 1
The locations of thermocouples along the axial flow direction (the unit is mm).

Tin T1 T2 T3 T4 T5 T6 T7

−120 15 52.5 90.0 127.0 165.0 265.0 365.0
annular region and a small flow rate was maintained in the core region.
The mesh cylinder started at x = 0 (the lower electrode plate). The
mesh cylinder had a length of 0.98 m, which was identical to the heating
length.

Fig. 2b showed themesh screen for themesh cylinder. Themeshwire
had a diameter of 90 μm and the mesh pore had a square cross section
with 150 μm on each side. Fig. 2c showed the photo of fabricated mesh
cylinder.

3. Data reduction

Local and average heat transfer coefficients and Nusselt numbers
were calculated based on the measured mass flow rate, water inlet
and outlet temperatures, and outer wall temperatures. The received
heat by the water inside the test tube was

Q ¼ m hout−hinð Þ ð1Þ

where Qwas the net heat received by water,mwas the mass flow rate,
hout and hinwere thewater enthalpies based on Tout and Tin, respectively.
T8 T9 T10 T11 T12 T13 Tout

465.0 565.0 665.0 765.0 865.0 965.0 1400
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Fig. 2. The enhanced heat transfer tube with mesh cylinder inserted (a) photo of mesh screen (b) and the fabricated mesh cylinder (c).

18 F. Xing et al. / International Communications in Heat and Mass Transfer 56 (2014) 15–24
During the experiment, the electrical heating power was Qp = UI,
where U and Iwere the voltage and current from the power supply. The
thermal efficiencywas defined as η=Q/Qp. It was noted that a thick ther-
mal insulation layer was wrapped around the outer side of the tube, thus
the thermal efficiency was high. The experimentally determined thermal
efficiencies were in the range of 0.95–0.98 in this study.

The measured frictional factor was

f ¼ 2DiΔP f ;m

Lfρlu
2 ð2Þ

where Δpf,m was the measured frictional pressure drop, which was the
total pressure drop subtracting the gravitational pressure drop, Di was
the inner diameter, Lf was the flow length between the two pressure
ports, ρl was the water density and u was the cross-sectional average
water velocity in the tube.

The electrical resistance heating involved a volume heating intensity
within the wall thickness, which was

qv ¼
4Q

π D2
o−D2

i

� �
Lh

ð3Þ

where Do was the outer diameter and Lh was the heating length. The
heat flux on the inner wall surface was

q ¼ Q
πDiLh

: ð4Þ

The calculation of heat transfer coefficient in the tube needed the
inner wall temperature Twi, which could be calculated by the heat con-
duction equation in radial direction:

1
r
∂
∂r rkw

∂T
∂r

� �
þ qv ¼ 0: ð5Þ
At r = Do/2:

−kw
∂T
∂r ¼ 0 Insulatedwallð Þ ð6Þ

T ¼ Two Measuredtemperatureð Þ: ð7Þ

Inner wall temperature Twi could be calculated by solving Eq. (5)
subjecting to boundary conditions in Eqs. (6) and (7) [20]:

Twi ¼ Two−
qDi

4kw
�

Di
Do

� �2−2 ln
Di

Do

� �
−1

1− Di
Do

� �2 ð8Þ

where kw was the thermal conductivity. The local heat transfer coeffi-
cient was

α ¼ q= Twi−Tbð Þ ð9Þ

where Tbwas the cross-sectional average temperature, which had a lin-
ear function with the heating length of x. The local Nusselt number was

Nu ¼ αDi=kf ð10Þ

where kf was the thermal conductivity based on local average tempera-
ture Tb. The average heat transfer coefficient within the heating length
was

αave ¼
q

Twi;ave−T f ;ave
ð11Þ

whereTwi;ave ¼ 1
13∑

13

x¼1
Twi;x and Tf,ave=0.5 (Tin+ Tout). The averageNusselt

number was defined based on αave, i.e., Nuave = αaveDi/kf,ave, where kf,ave

image of Fig.�2
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was the thermal conductivity based on the average temperature of
0.5 (Tin + Tout).

For all the runs of experiment, the inlet temperature was about 30 °C.
The variation ranges for someparameterswere as follows:massflow rate
(m): 89–510 kg/h; heat flux (q): 41–282 kW/m2. The Reynolds number
Re ranges from 2109 to 20,175, covering the transition and turbulent
flow regimes. The heating power could maintain the temperature
Table 2
The runs in this study.

Runs Tubes m (kg/h) q (kW/m2) Tin (°C)

1 BT 90.0 23.90 30.0
2 MHTT 90.1 24.40 29.9
3 BT 118.8 32.17 30.0
4 MHTT 119.1 32.25 30.2
5 BT 149.3 41.24 29.7
6 MHTT 149.9 40.48 30.0
7 BT 179.6 50.17 29.9
8 MHTT 179.7 48.93 29.9
9 BT 209.1 60.76 29.9
10 MHTT 209.6 58.62 30.1
11 BT 239.4 68.14 29.9
12 MHTT 240.0 66.67 29.9
13 BT 269.9 76.51 29.8
14 MHTT 270.0 74.18 30.1
15 BT 299.9 83.70 30.0
16 MHTT 299.7 81.63 30.0
17 BT 329.3 92.63 30.2
18 MHTT 329.2 90.08 30.1
19 BT 360.4 101.10 29.9
20 MHTT 360.2 98.67 30.0
21 BT 389.8 107.53 30.1
22 MHTT 389.8 107.33 30.1
23 BT 420.4 113.67 29.9
24 MHTT 420.2 114.87 30.1
25 BT 450.0 122.89 30.0
26 MHTT 449.9 124.23 29.9
27 BT 481.7 132.85 29.9
28 MHTT 481.7 133.79 29.9
29 BT 509.4 145.12 29.9
30 MHTT 509.5 140.98 30.0
31 BT 89.1 46.43 30.1
32 MHTT 89.4 50.18 30.0
33 BT 104.5 54.60 30.2
34 MHTT 104.6 54.65 30.0
35 BT 119.1 62.23 30.1
36 MHTT 119.9 66.28 30.1
37 BT 149.3 81.64 29.8
38 MHTT 150.0 82.02 30.0
39 BT 179.1 97.93 29.9
40 MHTT 179.6 98.69 29.9
41 BT 210.4 114.85 30.1
42 MHTT 210.0 116.31 30.0
43 BT 238.9 129.79 29.9
44 MHTT 239.3 131.32 30.2
45 BT 270.0 149.49 29.9
46 MHTT 270.4 148.09 30.1
47 BT 299.4 166.68 30.1
48 MHTT 299.7 165.16 30.1
49 BT 329.7 182.05 30.1
50 MHTT 329.8 181.48 30.3
51 BT 359.2 200.31 30.1
52 MHTT 359.2 200.21 30.1
53 BT 391.4 208.88 30.0
54 MHTT 391.5 215.66 30.0
55 BT 420.0 225.25 30.2
56 MHTT 419.8 234.58 30.2
57 BT 451.0 245.45 29.9
58 MHTT 450.9 252.81 30.1
59 BT 480.6 260.43 30.0
60 MHTT 480.5 264.40 30.1
61 BT 509.9 282.95 29.9
62 MHTT 510.5 282.88 30.3

Note: the heat transfer enhancement ratio was one for bare tube and larger than one for modu
difference either 10 °C or 20 °C (ΔT = Tout − Tin = 10 or 20 °C) for
each case. Almost identical operating parameters were set for BT and
MHTT for comparison purpose. Table 2 summarized the running param-
eters for BT and MHTT (62 runs).

The mass flow meter was accurate with 0.1% resolution. The un-
certainties for heat flux, temperature and pressure drops were 0.5%,
0.2 °C and 1.0% respectively. The uncertainty of heat transfer coefficient
Tout (°C) ΔT (°C) Re Nuave φ

40.0 10.0 3203 17.89 1
40.1 10.2 3209 27.92 1.56
39.8 9.8 4240 25.43 1
40.2 10.0 4262 41.20 1.62
39.9 10.2 5297 32.96 1
39.9 9.9 5337 54.26 1.65
40.1 10.2 6398 43.93 1
39.9 10.0 6389 65.99 1.50
40.5 10.5 7491 51.82 1
40.3 10.2 7497 76.28 1.47
40.3 10.4 8548 59.55 1
40.1 10.2 8548 86.13 1.45
40.2 10.4 9617 67.07 1
40.1 10.0 9636 94.58 1.41
40.2 10.2 10,705 73.67 1
39.9 9.9 10,662 103.07 1.40
40.4 10.2 11,799 80.33 1
40.1 10.0 11,746 112.00 1.39
40.3 10.4 12,684 86.45 1
40.0 10.0 12,820 120.74 1.40
40.2 10.1 13,924 93.62 1
40.2 10.1 13,923 131.09 1.40
39.8 9.9 14,931 98.69 1
40.2 10.1 15,010 138.91 1.41
40.0 10.0 16,022 104.99 1
40.0 10.1 16,011 146.23 1.39
40.0 10.1 17,139 111.29 1
40.1 10.2 17,151 152.74 1.37
40.4 10.5 18,215 118.08 1
40.1 10.1 18,152 156.40 1.32
49.2 19.1 3475 20.09 1
50.5 20.5 3522 32.59 1.62
50.2 20.0 4720 22.86 1
50.1 20.1 4123 39.95 1.75
49.2 19.1 4643 25.72 1
50.3 20.2 4724 47.37 1.84
50.0 20.2 5860 33.51 1
49.9 19.9 5889 60.98 1.82
49.9 20.0 7018 41.42 1
50.0 20.1 7040 72.70 1.75
50.4 20.3 8288 49.80 1
50.3 20.3 8259 83.50 1.68
49.8 19.9 9351 58.30 1
50.3 20.1 9427 93.87 1.61
50.2 20.3 10,601 66.61 1
50.2 20.1 10,642 103.24 1.55
50.5 20.4 11,821 74.15 1
50.3 20.2 11,797 112.92 1.52
50.3 20.2 12,978 81.07 1
50.4 20.1 13,019 122.46 1.51
50.5 20.4 14,176 87.65 1
50.5 20.4 14,182 130.27 1.49
50.0 20.0 15,297 95.05 1
50.2 20.2 15,400 142.22 1.50
49.8 19.6 16,480 100.91 1
50.6 20.4 16,588 150.55 1.49
49.8 19.9 17,653 107.27 1
50.6 20.5 17,807 160.06 1.49
49.9 19.9 18,839 114.45 1
50.3 20.2 18,922 164.45 1.44
50.2 20.3 20,028 119.62 1
50.5 20.2 20,175 169.74 1.42

lated heat transfer tube respectively.
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was a function of three independent parameters of q, Twi and Tb (see
Eq. (9)) and could be calculated as

Δα ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂α
∂q

� �2

Δq2 þ ∂α
∂Twi

� �2

ΔT2
wi þ

∂α
∂Tb

� �2

ΔT2
b

s
: ð12Þ

Thus the relative uncertainty could be computed by substituting
Eq. (9) into Eq. (12), yielding

Δα
α

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δq
q

� �2
þ ΔTwi

Twi−Tb

� �2
þ ΔTb

Twi−Tb

� �2
s

ð13Þ
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Fig. 4. Comparison of measured pressure drop and Nusselt numbers with predictions.
where Δq,ΔTwi andΔTbwere the uncertainties of heat flux, wall surface
temperature and cross-sectional average temperature respectively. The
maximum uncertainty of α was obtained by low surface temperature
and high bulk liquid temperature, resulting in maximum relative error
of 2.39% for heat transfer coefficient.

4. Experimental results and discussion

4.1. Calibration of the experiment for bare tube

Before the formal experiment, themeasuredNusselt number for tur-
bulent flow in the bare tube was compared with the Dittus & Boelter
equation [21]:

Nu ¼ 0:023Re0:8Pr0:4 ð14Þ

where Prwas the Prandtl number. Fig. 3 showed highmeasured Nusselt
numbers at the initial stage of heating section (0 b × b 15mm), indicat-
ing the short thermal developing region. But Nux,m was greatly de-
creased and then they were gradually increased in the fully developed
regime, due to the variation of water physical property. The increasing
temperature along the heating region could decrease viscosity, resulting
in increasing local Reynolds numbers. The predicted results by Eq. (14)
indicated by open symbol in Fig. 3 were based on the local Reynolds
numbers. Themeasured Nusselt numbers agreedwell with the classical
predictions in the fully developed regime, noting that Re = 11,799 re-
ferred to the Reynolds number based on the average temperature of
0.5 (Tin + Tout). It was also noted that Eq. (14) was valid for the fully
0
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Fig. 5. The average Nusselt numbers versus Reynolds numbers (a) and heat transfer en-
hancement ratios versus Reynolds numbers (b).
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developed heat transfer, but could not predict the heat transfer perfor-
mance at the developing region at the entrance.

Fig. 4a showed the excellent agreement between measured frictional
pressure drops and predicted values based on the frictional factor of f=
64/Re for laminar flow and f = 0.3164/Re0.25 for turbulent flow. The
laminar flow and turbulent flow were interfaced by the transition
value of Re = 2300. Most of the data points referred to the turbulent
flow and there were only two data points belonging to the laminar
flow in Fig. 4a. Fig. 4b showed the good agreement between measured
average Nusselt numbers and predicted values, covering the range of
Re = 2109–20,175. It was noted that the predicted Nusselt numbers
slightly overestimated the measured values for Re b 6000, which was
because under Reynolds number in the range of 2300–6000 the flow
lied in the transition flow regime. The Dittus & Boelter equation was
more suitable for the turbulent flow regime. In summary, Figs. 3, 4
proved that the experimental data were sufficiently accurate.

It was noted that the Reynolds numberwas defined in the sameway
for the bare tube (BT) and themodulated heat transfer tube (MHTT). As
mentioned before, the interior of mesh cylinder was empty without po-
rous media. In this study, the micro-membrane surface was 0.20 mm
thick, resulting in only 4.26% reduction of the cross-sectional area of
tube. The Reynolds number in the tube with mesh cylinder insert was
only increased a little compared with that in the bare tube under the
same flow rate. The large velocity and velocity gradient near the tube
wall by inserting mesh cylinder was the mechanism for heat transfer
enhancement, which was fulfilled by the proposed flow separation. In
other words, the whole tube cross section was divided into an annular
region and a core region without significant reduction of the effective
cross-sectional area, which was the originality of this study.
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Fig. 6. Wall temperature distributions along the flow direction (a: Runs 3
4.2. Enhanced heat transfer with the MHTT tube

Fig. 5a showed average Nusselt number versus Reynolds number,
with red and black symbols for the MHTT and BT, respectively. The
MHTT significantly enhanced heat transfer. The curves for ΔT = 20 °C
and ΔT = 10 °C were coincident with each other, indicating no effect
of heat fluxes on the Nusselt numbers, where ΔT equaled to Tout − Tin.
However, the heat fluxes affected Nusselt numbers in the bare tube. A
smaller ΔT yields a “colder” water flow with larger water viscosity in
the tube, thus a larger flow ratewas needed tomaintain the same Reyn-
olds number for the “colder” fluid, which increased the flow turbulence
as well as Nusselt number. On the other hand, when a mesh cylinder
was inserted in the tube, the mass exchange took place through mesh
pores, the flow turbulence caused by the mesh pores was larger than
that caused by the temperature, thus therewas little effect of heatfluxes
on the heat transfer for MHTT. Fig. 5b showed heat transfer enhance-
ment ratios versus Reynolds numbers. Hereby the heat transfer en-
hancement ratio φ was defined as the Nusselt numbers for the MHTT
divided by those for the BT under the same operating conditions. With
Re variation from 2109 to 20,175, the enhancement ratios were always
larger than unity, indicating the heat transfer enhancement. It was
noted that the transition flow regime happened in the Re range of
2300–6000. This study revealed the largest heat transfer enhancement
ratio occurring at Re= 4684, indicating the increased turbulence inten-
sity induced by mesh pores. Or it could be said that the inserted mesh
cylinder could promote the flow to transit to turbulence flow at lower
Reynolds numbers. The maximum φ reached 1.84 at Re = 4684. The
heat transfer enhancement ratios were larger at ΔT = 20 °C than
those at ΔT = 10 °C, indicating the increased heat transfer
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1 and 32; b: Runs 35 and 36; c: Runs 51 and 52; d: Runs 59 and 60).
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enhancement at high heatfluxes. In order to further demonstrate the ef-
fectiveness of the heat transfer enhancement technique, four points of a,
b, c and d were marked in Fig. 5. Each point corresponded to one case.

Fig. 6 showed the measured variations of wall temperatures (Two)
along the flow direction for the four cases shown in Fig. 5. The bulk
water temperature distribution was also plotted. In each subfigure of
Fig. 6, at the same Re and q, Two in MHTT could be decreased by more
than 8 °C than that in BT. As reported previously, the heat transfer en-
hancement in MHTT was more effective in the transition flow regime
than that in turbulent regimes. Two in MHTT could decrease by about
20 °C at Re = 4684 (see Fig. 6b) than that at other Reynolds numbers
(see Fig. 6a, c and d). It was noted that the supporting structure for
the mesh cylinder was located at x=0.49 m, where wall temperatures
could be further decreased due to the interaction between the flow
stream and the supporting structure.

Fig. 7 showed the variations of local Nusselt numbers along the flow
direction. For the demonstrated four cases, MHTT had much higher
Nusselt numbers than BT. The enhancement was more significant in
the entrance region within x b 0.2 m. In such a short length, the Nusselt
numbers for MHTT were 1.51–2.68 times higher than those for BT. The
thermally developing region for MHTT was longer than that for BT. For
both tubes with and without inserted mesh cylinder, the Nusselt num-
bers did not vary toomuchonce the fully developed regionwas reached.
Again, the local supporting structure had higher Nusselt numbers.

Fig. 8 showed the negligible effect of heat fluxes on theNusselt num-
ber distribution for MHTT. The two curves for two different heat fluxes
almost coincided with each other. Fig. 9 showed the total pressure
drops versus Reynolds number. Pressure drops were slightly increased
with increasingReynolds numbers for BT tube, due to the small percent-
age of the frictional pressure drop to the total pressure drop. At low Re,
such as Re b 6000, BT and MHTT tubes showed little difference of pres-
sure drops. However, the slopes of pressure drops versus Re for the
MHTT tube were larger than those for BT tube. Pressure drops for the
MHTT were 1.08 and 1.96 times of those for BT at Re = 4812 and
16,364, respectively.

4.3. Explanation of the heat transfer enhancement

The proposed heat transfer tube was a typical multi-scale system
(see Fig. 10a). Usually the engineering applications need macro-scale
of the tube, including the tube length and diameter. Mesh pores were
in the micro-scale (10–100 μm). Mass exchange through mesh pores
promoted the turbulence intensity, which was regarded as one of the
enhanced heat transfer mechanisms, this was why the heat transfer en-
hancement with the mesh cylinder insert was more significant when
the flow was in transition flow regime for bare tube. In other words,
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the mesh pores of mesh cylinder promoted the turbulent flow
appearing earlier. It was noted that the gap size between the tube wall
and themesh cylinder wall was inminiature scale. A limit casewas con-
sidered when the mesh pore size approached zero. Under such circum-
stance, the mass exchange across the mesh cylinder surface was slow,
and the heat transfer coefficient was inverse to the annular gap size,
thus the heat transfer was significantly enhanced with a small or mini-
ature gap size. In summary, the multi-scale characteristic of the heat
transfer tube was beneficial to the heat transfer enhancement.

When afluid streamstriked an enclosedmesh cylinderwith only the
exit open, themicro-membrane surface provided a large flow resistance
to prevent the flow from mesh cylinder inside (core region), this was
why the velocity in the annular region near the tube wall was large
and that in the core region was small. This mechanism has already
been demonstrated by our recent studies in ref. [22]. From flow field
in Fig. 10b, it could be seen that in developing region Ld of the
Fig. 10. The multi-scale structure of MHTT (a) and th
modulated flow, water flowed continuously towards the core region
of the mesh cylinder, which would decrease the velocity and velocity
gradient in the annular region. Beyond the length of Ld, the velocity dis-
tribution in both the annular region and core regionwould not vary, and
the velocity and velocity gradient were still larger in the annular region
than those in the core region. This could be used to explain the heat
transfer enhancement along the whole flow length in this experiment.
Even though the net mass exchange across mesh pores was zero for a
long tube, instantaneousmass exchange acrossmesh pores still existed,
enhancing the turbulence intensity.

Finally, the performance evaluation criterion (PEC) was used to eval-
uate the enhanced heat transfer and increased pressure drop, which
was defined as [23,24],

PEC ¼ NuMHTT=NuBT

f MHTT= f BTð Þ1=6 : ð15Þ

Fig. 11 showed the PEC values against the Reynolds numbers. Except
in the laminar regime, PECwas always larger than one, especially under
moderate Reynolds numbers. This indicated that the proposed en-
hanced heat transfer tube had the potential for real industrial applica-
tions after further optimization.

5. Conclusions

In this study the concept of flow field modulation was proposed. A
mesh cylinder was inserted into a tube, dividing the cross section into
an annular region and a core region. When a fluid stream interacted
with the mesh cylinder, most of the fluid entered the annular region,
leading to larger velocity and its gradient near the wall than those for
the bare tube. This was believed to be the major heat transfer enhance-
ment mechanism.
e flow field for heat transfer enhancement (b).
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Experiments were conducted with water as the working fluid. The
tube was heated by AC current at constant heat fluxes. Reynolds num-
bers varied in the range of 2109–20,175 in the transition and turbulent
flow regimes. The measured frictional pressure drops and heat transfer
coefficients agreed well with the predictions from the classical correla-
tions. The heat transfer enhancement ratios range from 1.21 to 1.84,
with the largest value occurring in the transition flow regime. The
inserted mesh screen promoted the turbulence intensity. The heat
transfer enhancement mechanism could be caused by: (1) Multi-scale
characteristics of the heat transfer tube; (2) Modulated flow field with
larger velocity and velocity gradient near the wall; (3) Enhanced flow
turbulence intensity. The detailed flow and heat transfer mechanism
needed further investigation.
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