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The heat transfer and flow characteristics of water in a copper foam tube, a nickel
foam tube, and a smooth tube are investigated in this paper. The copper foam tube
and nickel foam tube are produced, and an experiment for testing the heat transfer
and flow characteristics of water in metal foam tubes is set up. Experimental sys-
tem validation is done in this paper, and it is found that the experimental results
have a good agreement with that of published literature. The effects of two kinds of
metal foam tubes and different Reynolds numbers on the heat transfer and flow
characteristics of water are investigated. It is found that copper foam tube shows
the best heat transfer performance, followed by the nickel foam tube, and the
smooth tube has the worst heat transfer performance. It is also found that com-
prehensive index of heat transfer and flow increases with Reynolds number.
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Introduction

Heat transfer enhancement is investigated by many researchers [1]. Heat transfer
enhancement mainly includes two aspects. One method is to improve the heat conducting
property of fluid in the tube, for example, nanofluids instead of water. Another method is to
improve the structure of tube. Porous metal foam, as a high heat conducting property material,
is widely applied in more and more fields. Many researchers have investigated the heat trans-
fer and flow characteristics of various porous metal foams.

Some researchers used various numerical methods to study the flow and heat trans-
fer characteristics of different metal foams. For example, aluminum metal foam [2], stainless
steel metal foam [3], copper metal foam [4], aluminum and copper metal foam [5], copper and
stainless steel metal foam [6].

In addition to the numerical studies on metal foam, many researchers experimentally
investigated the heat transfer and flow characteristics of metal foam. Abadi et al. [7] and
Odabaee et al. [8] experimentally investigated the heat transfer enhancement and pressure
drop in a heat exchanger tube filled with metal foam respectively. Amani et al. [9] experi-
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mentally studied the convection heat transfer and flow of magnetite nanofluid in a metal foam
tube. Nazari et al. [10] experimentally studied the convective heat transfer of nanofluid in a
metal foam pipe. Mancin et al. [11] experimentally investigated the forced convection of air
in metal foams. Dukhan et al. [12] experimentally investigated the thermal development of
water in open-cell metal foam. De Schampheleire et al. [13] experimentally investigated the
buoyancy-driven flow in open-cell aluminum foam heat sinks. Wang et al. [14] experimen-
tally investigated the heat transfer of air in a steel foam tube. Park et al. [15] experimentally
investigated the convective heat transfer of water in open-cell porous metal fins.

Aforementioned researchers made a great contribution to the studies on the heat
transfer and flow characteristics of one kind of metal foam at high Reynolds numbers. How-
ever, the effects different kinds of metal foams on heat transfer and flow performance of fluid
at low Reynolds numbers are needed to be investigated further. The main innovations of the
paper are: the effects different kinds of metal foams on heat transfer and flow performances
are investigated and comprehensive evaluation for thermohydraulic behavior is studied.
Hence, the heat transfer and flow characteristics of water in two kinds of porous metal foam
tubes at low Reynolds numbers are investigated in this paper.

Method

Experimental system

Figure 1 shows the experimental system. It mainly includes two sections which are
the heat transfer test section and flow resistance test section, respectively. In addition to the
two main sections, there is also a temperature control sink (DC-2030A) which is used to cool
the water.
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Figure 1. Experimental system Figure 2. Copper and nickel foam

The copper smooth tubes in the heat transfer test section and flow resistance test
section are all filled with copper foam and nickel foam, respectively. The length of the metal
foam tube is 1200 mm, the outside diameter of the tube is 10 mm, and the inside diameter of
the tube is 9 mm. The middle section 2000 mm of the tube is used in the experiment and 100 mm
section is left in the two ends of the tube, respectively, in order to avoid the entrance effect.
The copper and nickel foam are presented in fig. 2. The porosities of copper foam and nickel
foam are all 98%, and the pore densities of copper foam and nickel foam are all 40 PPI. The
SEM images of copper and nickel foam are shown in fig. 3. It can be found that metal foams
are porous, which is advantageous for heat transfer enhancement. Thermal conductivities of
cooper and nickel are shown in tab. 1.
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Figure 3. The SEM images of copper and nickel foam; (a) copper, (b) nickel

Figure 4 shows the schematic dia-

Table 1. Thermal condutivities of copper and nickel j
gram of experimental system. For the heat

Material Thermal conductivity, [W/mK] transfer test section, the metal foam tube is
Copper [16] 400 heated by a resistance wire connected to a
Nickel [17] 90.3 DC power. The temperatures of outside of

the tube are measured by ten T-type ther-
mocouples uniformly distributing in outside of the test tube, and the other ends of thermocou-
ples are connected to a data acquisition instrument (Agilent 34972A). The temperatures of
inlet and outlet of water in the tube are measured by two K-type thermocouples. Insulating
layer is used outside of the test tube to prevent the heat losing. The insulating layer materials
are aluminum silicate insulation asbestos with 30 mm in thickness and rubber pipe-sleeve
with 10 mm in thickness.
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Figure 4. Schematic diagram of experimental system
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For the flow resistance test section, a same metal foam tube with the tube in the heat
transfer test section is used in this experiment. The pressure drop is measured by a differential
pressure instrument.

Data processing
The heat absorbed by fluid Qg is calculated:

Qf = Cpqm (Tout _Tin) (1)

where ¢p is the specific heat of fluid, g, — the mass-flow rate, and To,; and Tj, are outlet and inlet
temperature of fluid, respectively.
The average temperature of fluid, Ty, in the tube is calculated:

_ Tout+ Tin

T 2
= @)
The average temperature of outer wall of tube T, is shown:
10
D Twli)
= ©)

ow 10

where T,(i) is the temperature of thermocouples attached in the outer wall of tube, and there are
ten thermocouples attached uniformly in the outer wall of tube.
The average temperature of internal wall of tube, T;,, can be calculated:

ol
Ty =Ty~ (i=1,2,3.10) @)

where r, and r; are the external radius and internal radius of tube, A — the thermal conductivity of
tube, and | — the length of tube.
The convective heat transfer coefficient, hy, is calculated:

Q
h = ———— 5
f Tcdel (le _Tf ) ( )
where d. is the equivalent diameter of tube for smooth tube and d. is the equivalent diameter of

pore of metal foam for metal foam tube.
Nusselt number is calculated:

Nu = hd, (6)
A
where /s is the thermal conductivity of fluid in the tube.
Reynolds number is shown:
Re = 249: @)

Hy
where p is the density of fluid, u — the velocity of fluid, and p; — the dynamic viscosity of fluid.
The critical Reynolds number of the smooth tube between laminar flow and turbulent flow is
2300, however, the critical Reynolds number of metal foam tube is about 10 [18].
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Frictional resistance coefficient of fluid, f, is presented:

2de Ap
f=—m—
pu” Al

©)

where Ap/Al is the pressure drop per unit length.
The equation of comprehensive evaluation between heat transfer and flow resistance,

¢, is shown [19]:
1
_Nug /(£
/1)

where the subscripts, f, represents the metal foam tube, and s represents the smooth tube.

Uncertainty analysis

Experimental error is caused by the accuracy of equipment in the experimental sys-
tem. The corresponding error equations are shown [20]:

N _ g(ﬂj 10)
Nu L Q T

2 2 2
o _ |[op) (o) ,f%4m (11)
f p | Om
where the accuracy of DC power is +5.0%, the accuracy of thermocouple is £0.1%, the error of
Nusselt number can be obtained from eq. (10) and is about £5.0%. The accuracy of pressure
transducer is £0.5%, the accuracy of length is £0.1%, the mass-flow rate of mass-flow rate is

+1.06%, and the error of frictional resistance coefficient can be obtained from eq. (11) and is
about £1.29%.

Results and discussion

Experimental system validation

Before the experiment of water in metal foam tube, in order to verify the reliability
and accuracy of the experimental system, the results of heat transfer and flow characteristics of
water in a smooth tube are compared with that of published literatures. Figure 5 gives the
comparisons of Nusselt numbers and frictional resistance coefficients between the experi-
mental results and the results of literatures in a smooth tube. It can be found from fig. 5 that the
maximum errors of Nusselt number and In(100f) are 3.5% and 2.1%, respectively. This proves
that the experimental results show a good agreement with that of published literatures [21, 22],
which verifies the reliability and accuracy of the experimental system.

Experimental results and discussions

The heat transfer characteristics of water in a nickel foam tube, a copper foam tube
and a smooth tube at different Reynolds numbers are investigated, respectively. Figure 6 shows
the changes of Nusselt numbers with Reynolds numbers. Figure 7 presents the Nusselt numbers
ratios between the metal foam tubes and the smooth tube.
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Figure 5. Comparisons of Nusselt numbers and frictional resistance coefficients between the
experimental results and the results of literatures in a smooth tube; (a) Nusselt numbers (b) frictional
resistance coefficients
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It can be seen from fig. 6 that Nusselt numbers increase with Reynolds numbers. The
increasing Reynolds numbers enhance the turbulivity of fluid, reduce the thickness of laminar
boundary-layer and improve the heat transfer performance. It can be also found that the water in
copper foam tube shows the best heat transfer performance, followed by the nickel foam tube,
and the smooth tube has the worst heat transfer performance. The metal foam is a porous
structure channel which has a high thermal conductivity itself, and the holes in the metal foam
are interconnected. The interconnected holes can disturb and reduce the thickness of laminar
boundary-layer and improve the heat transfer performance. Therefore, the metal foam tube
shows a better heat transfer performance than smooth tube, which is because that the thermal
conductivity of copper foam is much higher than that of nickel foam. Hence, the water in
copper foam tube shows the better heat transfer performance than water in nickel foam tube.
Fitting formula between Nusselt number and Reynolds number is shown in eq. (12) based on
the data of fig. 6, and the constants in eq. (12) are given in tab. 2:

Nu = A+ BRe + CRe” + DRe® (12)
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Table 2. Constants in eq. (12)

It can be found from fig. 7

Kind of tube A B C D that water in copper foam tube
Smooth tube 0096 | 0.16555 | -0.0019 | 3.0837E-5 znd ”'Ckﬁl fzam tube ‘;an en-
Nickel tube 016094 | 0.20728 | —0.00316 | 1.2708E-4 46112‘_:;% t :n g ﬁg_ézznsafr b:s?f[
Copper tube 0.04588 | 0.19608 |3.05139E-4 | 2.1639E-4

compared with water in

smooth tube, respectively. The

metal foam tubes show an excellent heat transfer performance, especially the copper foam tube.
It can be also seen that there is a small enhancement for metal foam tube when Re = 2~10
compared that when Re > 10. The highest enhancement for copper foam tube and nickel foam
tube are 64.9% and 25.0% when Re = 2~10, respectively. The critical Reynolds numbers
between laminar flow and turbulent flow for metal foam tubes and smooth tube are different.
The critical Reynolds number of the smooth tube between laminar flow and turbulent flow is
2300, however, the critical Reynolds number of the metal foam tube is about 10. It is laminar
flow for metal foam when Re = 2~10 while it is turbulent flow when Re > 10. The disturbance
in channel of metal foam is small at laminar flow but big at turbulent flow. Hence, there are a
small enhancement at low Reynolds number and a big enhancement at high Reynolds number.
In addition to the study on heat transfer, the flow characteristics of water in metal

foam tubes and smooth tube are also investigated. Figure 8 shows the changes of pressure drop
with Reynolds numbers. Figure 9 presents the changes of frictional resistance coefficients with
Reynolds numbers. It can be found from figs. 8 and 9 that pressure drop and frictional re-
sistance coefficient of metal foam tubes are bigger than that of smooth tube. It can be also found
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Figure 8. Changes of pressure drop with
Reynolds numbers

Figure 9. Changes of frictional resistance
coefficients with Reynolds numbers

that there are small differences in pressure drop and frictional resistance coefficients between
copper foam tube and nickel foam, which is due to the same pore densities and structures of
copper foam and nickel foam. Fitting formula between frictional resistance coefficient and
Reynolds number is shown in eq. (13) based on the data of fig. 9, and the constants in eq. (13)
are given in tab. 3:

1

A+BRe

Metal foam enhances the heat transfer performance but it also increases the flow re-
sistance of water. In order to comprehensively analyze the heat transfer and flow characteristics

logf = (13)
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of water in metal foam tubes, the Table 3. Constants in eq. (13)

fig. 10 is given based on the eq. (9). Kind of tube A B
It can be found from fig. 10 that | smooth tube 4319.09586 | —2.14975
comprehensive index, ¢, increases | Njckel + copper foam tube 0.0028 0.0014
with Reynolds number. For the
Reynolds number range (2 < Re < 50) of this
experiment, metal foam is advantageous to heat 22 .
transfer and flow of water, and the biggest ~2.0[ —*-Copper metal foamtube -~
comprehensive index ¢ appears at Re = 50. b~ Nickelmutalfoant iiba,
Conclusions i i &

The heat transfer and flow characteristics | A
of water in a copper foam tube, a nickel foam 12| e
tube and a smooth tube are investigated in this ~ 1.0}.."" T
paper. Some conclusions are obtained as fol-  gg[«u.***
lows. 0.6k
e Copper foam tube shows the best heat CE W RENE 2 E

transfer performance, followed by nickel
foam tube, and the smooth tube has the
worst heat transfer performance.

The highest enhancement for water in the
copper foam tube and nickel foam tube are 64.9% and 25.0% compared with water in the
smooth tube when Re = 2~10 (laminar flow for metal foam), respectively.

Water in the copper foam tube and nickel foam tube can enhance the heat transfer by
413.8% and 149.6% at best compared with water in the smooth tube when Re > 10 (tur-
bulent flow for metal foam), respectively.

Pressure drop and frictional resistance coefficient of metal foam tubes are bigger than that
of the smooth tube. It can be also found that there are small differences in pressure drop and
frictional resistance coefficients between copper foam tube and nickel foam tube.
Comprehensive index, ¢, increases with Reynolds number. For the Reynolds number range
(2 < Re < 50) of this experiment, metal foam is advantageous to heat transfer and flow of
water, and the biggest comprehensive index ¢ appears at Re = 50.

Figure 10. Comprehensive analysis of water in
copper and nickel foam tube

Acknowledgment

This work is financially supported by National Natural Science Foundation of China

(Grant No. 51606214).

References

(1]
(2]
(3]
(4]
(5]

Kapse, A. A, et al., Thermohydraulic Performance Comparision of Compound Inserts for a Turbulent
Flow through a Circular Tube, Thermal Science, 21 (2016), 3, pp. 1309-1319

Ranut, P., et al., High Resolution Microtomography-Based CFD Simulation of Flow and Heat Transfer in
Aluminum Metal Foams, Applied Thermal Engineering, 69 (2014), 1-2, pp. 230-240

Xu, H. J,, et al., Numerical Investigation on Self-Coupling Heat Transfer in a Counter-flow Double-Pipe
Heat Exchanger Filled with Metallic Foams, Applied Thermal Engineering, 66 (2014), 1, pp. 43-54

Tao, Y. B., et al., Lattice Boltzmann Simulation on Phase Change Heat Transfer in Metal Foams/Paraffin
Composite Phase Change Material, Applied Thermal Engineering, 93 (2016), 25, pp. 476-485

Zafari, M., et al., Microtomography-Based Numerical Simulation of Fluid Flow and Heat Transfer in
Open Cell Metal Foams, Applied Thermal Engineering, 80 (2015), Apr., pp. 347-354



Wang, G., et al.: Experimental Study on Heat Transfer and Flow Characteristics...
THERMAL SCIENCE: Year 2018, Vol. 22, Suppl. 2, pp. S497-S505 S505

[6] Lu, W., etal., Analytical Solutions of Force Convective Heat Transfer in Plate Heat Exchangers Partially
Filled with Metal Foams, International Journal of Heat and Mass Transfer, 110 (2017), July, pp. 476-481

[7] Abadi, G. B., et al., Experimental Heat Transfer and Pressure Drop in a Metal-Foam-Filled Tube Heat
Exchanger, Experimental Thermal and Fluid Science, 82 (2017), Apr., pp. 42-49

[8] Odabaee, M., et al., Metal Foam Heat Exchangers for Thermal Management of Fuel Cell Systems — An
Experimental Study, Experimental Thermal and Fluid Science, 51 (2013), Nov., pp. 214-219

[9] Amani, M., et al., The Efficacy of Magnetic Field on the Thermal Behavior of MnFe,O, Nanofluid as a
Functional Fluid through an Open-Cell Metal Foam Tube, Journal of Magnetism and Magnetic Materials,
432 (2017), June, pp. 539-547

[10] Nazari, M., et al., Experimental Study of Convective Heat Transfer of a Nanofluid through a Pipe Filled
with Metal Foam, International Journal of Thermal Sciences, 88 (2015), Feb., pp. 33-39

[11] Mancin, S., et al., Air Forced Convection through Metal Foams: Experimental Results and Modeling,
International Journal of Heat and Mass Transfer, 62 (2013), July, pp. 112-123

[12] Dukhan, N., et al., Thermal Development in Open-Cell Metal Foam: an Experiment with Constant Wall
Heat Flux, International Journal of Heat and Mass Transfer, 85 (2015), June, pp. 852-859

[13] De Schampheleire, S., et al., Experimental Study of Buoyancy-Driven Flow in Open-Cell Aluminium
Foam Heat Sinks, Applied Thermal Engineering, 59 (2013), 1-2, pp. 30-40

[14] Wang, H., et al., Experimental Investigation on Pressure Drop and Heat Transfer in Metal Foam Filled
Tubes under Convective Boundary Condition, Chemical Engineering Science, 155 (2016), Nov., pp.
438-448

[15] Park, S. H., et al., Experimental Investigation of the Convective Heat Transfer Coefficient for Open-Cell
Porous Metal Fins at Low Reynolds Numbers, International Journal of Heat and Mass Transfer, 100
(2016), Sept., pp. 608-614

[16] Chung, C. Y., et al., High Thermal Conductive Diamond/Cu-Ti Composites Fabricated by Pressureless
Sintering Technique, Applied Thermal Engineering, 69 (2014), 1-2, pp. 208-213

[17] Oya, T., et al., Thermal Conductivity Enhancement of Erythritol as PCM by Using Graphite and Nickel
Particles, Applied Thermal Engineering, 61 (2013), 2, pp. 825-828

[18] Bear, J., Dynamics of Fluids in Porous Media, Courier Corporation, New York, USA, 2013

[19] Sun, B., et al., Experimental Study on the Heat Transfer and Flow Characteristics of Nanofluids in the
Built-in Twisted Belt External Thread Tubes, International Journal of Heat and Mass Transfer, 107
(2017), Apr., pp. 712-722

[20] Shariat, M., et al., Numerical Study of Two Phase Laminar Mixed Convection Nanofluid in Elliptic Ducts,
Applied Thermal Engineering, 31 (2011), 14-15, pp. 2348-2359

[21] Yang, S. M., et al., Heat Transfer, Higher Education Press, Beijing, 2012

[22] Xuan, Y. M., et al., Conceptions for Heat Transfer Correlation of Nanofluids, International Journal of
Heat and Mass Transfer, 43 (2000), 19, pp. 3701-3707

Paper submitted: October 23, 2017 © 2018 Society of Thermal Engineers of Serbia.
Paper revised: November 14, 2017 Published by the Vinéa Institute of Nuclear Sciences, Belgrade, Serbia.
Paper accepted: November 14, 2017 This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions.


http://www.vin.bg.ac.rs/index.php/en/

