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Abstract

Two types of aluminum foam-wrapped cylindrical heat ex-
changer, with foam layer thickness of Smm, are being tested
for heat transfer performance and pressure drop characteristics.
The first heat exchanger, HX1, has the core tube made of S316
stainless steel with the tube external and internal diameters mea-
sure 32.0mm and 28.3mm, respectively. The foam layer of HX1
is bonded to its core tube using highly conductive thermal glue.
The second heat exchanger, HX2, has the core tube made of
AA6061, the same material as the foam layer covering it, and
the two parts are bonded together by a brazing technique. The
core tube of HX?2 has nearly identical dimension to that of HX1
with a small variation in its thickness. The tests are carried out
on each heat exchanger, installed horizontally in a cross-flow ar-
rangement inside a wind tunnel, one at a time with air velocity
varying between 1.5 to 5 m/s. Heat transfer from 75°C hot lig-
uid, circulating through the core tube, to external air is evaluated
using the concept of total thermal resistance where the effects
of tube material and the two bonding methods are quantified as
a series of smaller resistant components. The results show that,
within the range of designated air velocity, thermal contact re-
sistance (TCR) of HX1 is 0.015 + 0.001K/W larger than that
of HX2; essentially constant with the air flow rate. This TCR
however contributes between 10% to 19% of HX1 total thermal
resistance from lowest to highest air velocity, respectively. On
the other hand, pressure drop results show very close figures be-
tween HX1 and HX2. They are steadily increased from 2.0 Pa
at lowest air velocity to 19 Pa at highest velocity.

Introduction

Metal foams are highly porous materials consisting of mostly
inter-connected and randomly distributed voids called ‘cells’.
Typically, a cell approximate shape and form is a near-spherical
polyhedron having 14 faces. Each cell face forms an open pas-
sage called ‘pore’ to adjacent surrounding cells in all direc-
tions. The porous structure as described therefore makes metal
foam permeable, and provides very well-mixed patterns, to fluid
flows in macroscopic scale. In addition, the solid backbone
micro-features maintaining the existence of all cells and pores
— termed ‘struts’ (or ‘ligaments’, or ‘fibres’) and nodes (where
struts join) — have a combined effect resulting in a very high in-
terfacial surface area between the void and its solid backbone.
T’Joen, et al. [13] reported approximate figures for this area to
be in a range of 500 m2/m3 to 10,000 m?/m3.

Due to their other unique properties of high strength, high ab-
sorption to impact, low weight, excellent noise attenuation,
etc., metal foams offer new possibilities in emerging indus-
tries where these combined properties are sought. Neverthe-
less, one distinct application which can take a maximum ad-
vantage of all metal foam features and properties mentioned
above is that involving high efficiency heat exchange. Three
niche technological areas that fit within this broad application
are; thermal processes demanding high rate of simultaneous

chemical reactions, fast rate heat removal from high power elec-
tronic components, and highly efficient condensers for heat re-
jection in power cycles operating at low temperature differen-
tials. It therefore comes to no surprise that a larger percentage
of open literature on metal foam studies in the past decade has
been centred around high performance heat exchangers of some
forms [1, 7, 9, 10, 11]. It is also notable that a large number of
them either concern fundamental investigations of the materi-
als themselves or practical applications dealing with relatively
small metal foam volume. Compact heat sinks for high density
electronic circuits are obvious examples. Regardless of detailed
designs, however, metal foam used in heat exchangers is usu-
ally bonded to a solid substrate which may be a flat metal sheet
for a block design or a tube wall for tubular design. Depending
on individual thermal systems, the direction of heat flow can be
either from foam mass to solid substrate or the opposite; but in
both cases heat must flow across the interface between the two.
This fact imposes an extra component, the bonding resistance
or thermal contact resistance (TCR), in the lump of overall heat
transfer resistance of foam-modified surfaces. In their study,
T’Joen, et al. [13] found that a 0.3mm thick thermal glue bond-
ing aluminum foam to the outer surface of 12mm aluminum
tubes to have a significant impact on heat transfer performance,
contributing to a minimum of 6% and up to 55% of the overall
resistance to heat flow. Fiedler, et al. [5], studying 6 samples of
copper foam, showed that the TCR between solid substrate and
cellular metal cannot be predicted reliably using the thickness
extrapolation method. Total thermal resistance of the copper
foam samples was determined by conducting the measurements
inside a specially designed vacuum chamber to eliminate the
effect of convective heat transfer. Their study concluded by
presenting a linear correlation of TCR flux to foam-substrate
contact area.

The objective of this paper is to present and compare thermo-
hydraulic performance of two designs of tubular aluminum
foam heat exchanger. Focus is given to assessing the effect
of different bonding methods used for the two heat exchanger
specimens. This work forms a small part of a project aimed
at identifying best practices in assembling heat exchangers of
this design, and further evaluating their performance in bundle
configurations, taking economic into consideration. The tar-
get application of heat exchangers studied in this project is an
air-cooled condenser in a typical low temperature turbine cycle
such as that found in geothermal power plants.

Specimen Description

Both specimens used in this performance test are ready made
commercial products. Heat exchanger 1, abbreviated ‘HX1’,
was manufactured by wrapping a rectangular section of alu-
minum foam around a 316 stainless steel tube. The foam has
a dimension of 100.5 x 455.0 x 5.0 mm? with its other charac-
teristics as shown in table 1. The stainless steel tube has external
diameter, D,,, of 32.0mm, internal diameter, D;, of 28.3mm, and
a total length of 580.0mm.



Foam type \ PPI \ 0} \ co[m 1] \ % Al ‘
HX1 20 | 0.937 720 99.5
HX2 20 | 0.901 870 98.6

Table 1: Properties of aluminum foam used in HX1 and HX2.

The foam section was attached to the tube surface by first apply-
ing a thin layer, 0.3 — 0.6 mm, of conductive epoxy glue around
the tube. The foam was then gradually rolled into a cylinder
with the curvature as close as possible to the outer contour of
the tube, hard pressed onto the tube surface and into the glue
layer, then tied around with a thin wire. Finally, the whole as-
sembly was cured inside an oven set at 150°C for about an hour.

In table 1, the PPI is a non-dimensional number specifying how
many pore-size equivalent circle can be placed side-by-side on
a linear inch. The higher the PPI number, the less ‘open’ the
foam is. Porosity (¢), also a non-dimensional number, is a ratio
of void space to the total foam volume. As the void space is not
easily measured, in practice porosity is determined indirectly
but quite accurately by weighing the sample. Together with the
density of its base material and the volume of the original sam-
ple, void volume and solid volume can be determined. The third
column in the table lists a property called surface-to-volume ra-
tio (Gp, m~"). This property offers a convenient means for cal-
culating the foam interfacial surface area, ISA, when its volume
is known. HX1 properties listed in table 1 were published by De
Jaeger, et al. [3] where the ISA was determined using a micro-
computed tomography (uCT) scanning technique. For HX2, the
PPI and porosity measurements were published by its manufac-
turer while o is the best match value adopted from [3] based
on its porosity.

HX2 was assembled using high temperature brazing to bond
the foam mass, made of the 6061 aluminum alloy, to the outer
surface of the core tube made of the same material. All foam
dimensions of HX1 apply to HX2. HX2 was supplied by a dif-
ferent manufacturer and the detailed process of brazing was not
disclosed. However, visual inspection of the specimen reveals
a meticulous surface finish, probably by a specialized lathe. As
a result, HX?2 has a totally uniform thickness of the foam layer
(5mm) but physical distortion of strut ends on the surface can
still be observed.

Experimental Set-up and Procedure

The test facility is an open-circuit wind tunnel shown in figure 1.
The air is drawn into the tunnel from the right-hand side through
fine screen filters and honeycomb separator, passing through the
constriction plenum (4) into the test section (3). In the test sec-
tion, the air mass which flows over the hot surface of the heat
exchanger (HX1 or HX2) takes up heat, flows into the stabliliz-
ing chamber (1) and exits through the elbow bend (not shown)
which diverts the exhaust air out of the system via the ceiling.
Just before the elbow, the suction blower is installed in-line and
the driving shaft extends out to the prime mover which is a large
17kW electrical motor. The constriction section has one pres-
sure ring at its inlet and another at the exit where it joins the test
section. The pressure differentials of the two rings are input to
a transducer which generates a signal to drive the control unit
for the blower motor. The air velocity can therefore be con-
trolled using a PID, closed loop system. Before the test, the
air velocity is verified by the Particle Image Velocimetry (PIV)
measurement (6) under the empty chamber condition.

The test section has its cross-sectional areas measured 454mm
X 454mm at the inlet and 462mm x 462mm at the exit. It
is 1220mm long and divided into three compartments horizon-

tally. The middle compartment has the cross-sectional area of
454mm W x 210mm H at its inlet. During the experiments,
the heat exchanger specimen is installed in the centre line of the
middle section. A pair of pitot tube are installed either side of,
and at the same level to, the specimen to measure the pressure
drop. The upstream pitot tube, the specimen, and the down-
stream pitot tube, are located 193mm, 455mm, and 810mm,
respectively from the test section inlet. The pressure drop is
recorded by a high accuracy pressure differential transducer
with a resolution of £.01 pa at 200 Pa full scale. A pair of
PT-100 RTD probes are installed in the bottom compartment
near the test section inlet to measure the air inlet temperature.
Exit temperature was measured by an XY traversing system (2)
where four PT-100 probes are mounted and can scan the des-
ignated exit area of the three compartment at the grid size of
10mm x 10mm.

Figure 1: The wind tunnel facility being used in the experiments

On the liquid side, a hot liquid mixture—made of 1 part of a
concentrated automotive coolant + 2 parts water by volume—is
heated and maintained at 75°C by a heater/cooler unit (5). The
hot liquid circulated around a closed circuit through the core
tube of the heat exchanger. Inlet and exit liquid temperature
as well as its flow rate are measured. Data logging and con-
trol of different parts of the system such as air velocity and exit
air temperature scanning are co-ordinated by a host computer.
Before testing the foam-wrapped specimens, a plain aluminum
cylindrical tube, D, 30mm D; 26mm is installed for a reference
run. The Nusselt numbers according to Hilpert and Zukauskas
as described by [8] are verified and found to be agreeable. This
ensures the validity of the test rig.

For each specimen under test, The air flow is set and the liquid
temperature at heat exchanger inlet is monitored until it is set-
tled within 754.75°C, all relevant data are logged every second
for 10 mins. The air flow is then increased to the next step at
0.5 m/s increment and when the liquid temperature re-settles,
the process is repeated until the maximum velocity of 5.0 m/s is
reached.

Data Analysis

Thermal exchange analysis follows theoretical formulation of
related parameters in a cross flow. As the hot liquid mixture
enters the heat exchanger core and flows to the exit, it loses heat
to the cooler airstream flowing past the heat exchanger external
surface. This exchange of thermal energy occurs inside the test
section and the total heat transfer, O [W], is evaluated from:



Q = Qliq = mlinpAT (1)

where 7 is the mass flow rate of hot liquid [kg/s], ¢p is its
specific heat capacity at fixed pressure [J/kg.K], and AT is the
temperature differential of liquid mixture at the inlet and exit of
the heat exchanger = Tj;g in — Tjig.our [KI.

The effect of radiation heat transfer between the heat exchang-
ers and their surroundings inside the test section is insignificant
and therefore is not included in the calculation. By tracing the
heat flow path from the liquid to the air side, the components
making up the overall thermal resistance (R; [K/W]) can be eas-
ily identified. Together with its definition, this is written as:

(Ts — 1)

0 =R: =Rpjig + Rk +Re + Ry 2)
where T is surface temperature of the heat exchanger [K], Tt
is the free stream temperature of the air [K], and O [W] is as
calculated by equation 1 . The component resistances [K/W]
listed on the right-hand side, from the liquid side to the air, are
those due to: convective action at the inside wall-liquid inter-
face, Rp;,; conductive action through the tube wall, Ry; contact
bonding of the foam layer to the tube surface, R.; and convec-
tive action at the foam—air interface, Ry, respectively.

Further:
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here /;, is the convective heat transfer coefficient on the liquid
side [W/mz.K], and A; is the tube internal surface area taking
part in exchanging heat between hot liquid and the tube wall
[mz]. On the conductive term, r, is the external radius of the
core tube not including the foam thickness [m], 7; is its internal
radius [m], &; is thermal conductivity of the core tube material
[W/m.K], and L is the length of the core tube section covering
with foam and approximately equal to the the test section width
[m]. R. is the thermal contact resistance being investigated.

The last term of equation 3 is worth further elaboration as it
represents the site where augmentation of heat transfer due to
surface modification is promoted. In parallel to those in the
first term, h, is the convective heat transfer coefficient of the
foam-—air interface [W/m?2.K] while A; is the interfacial surface
area between the air, including that filling the void, and the
foam solid structure. In studying the effect of different bond-
ing methods on TCR between open-cell aluminum foam and its
flat metal substrate, De Jaeger, et al. [4] provided a thorough
descriptive detail on 17 and the approach they used to quantify
it by following the work done earlier by Ghosh [6]. 1/ is a di-
mensionless number known as ‘fin efficiency’. It describes the
effect of conductive resistance within solid matrix of the foam
where convection mode of heat transfer is dominant.

In this study, it is also assumed that—under steady conditions—
the internal surface of the core tube and the bulk liquid mixture
flowing inside it are at the same, fixed temperature due to high
heat flow rate. In other words, the thermal resistance due to
convection heat exchange between the inside surface of the core
tube and the high temperature liquid is negligible.

Results and Discussion

The foam materials covering HX1 and HX2 are of similar al-
loy (k ~ 220 — 235 W/m.K), having the same PPI density, and

applied to their respective heat exchanger with the same thick-
ness. Because of this, the last component of equation 3 will be
evaluated to nearly the same figure.

Following the argument and assumptions outlined above, com-
parison of the TCR of HX1 and HX?2 by rewriting equation 2,
nullifying Rj;, in both cases because their values tend to zero,
and cancelling out the two R;,, because they have nearly identi-
cal figure range, produces the end result:

(Re)ux1 — (Re)ux2 = (R —R)ux1 — (R —R)uxa 4

The left-hand expression of equation 4 represents ATCR. It is
plotted against air velocity as shown in figure 2.
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Figure 2: ATCR and total heat transfer of HX1 and HX2 and
their variations with air velocity.

From figure 2, it is obvious that HX1 is less efficient in reject-
ing heat at the same range of air velocity. This agrees with the
fact that ATCR as defined by equation 4 is positive, i.e. it has
higher TCR than HX?2 does. In open literature, no quantification
of TCR for brazed bonding is found [4] because it is generally
accepted that brazing method offers negligible TCR ([2, 12] -
among others). If this criterion is adopted, it can be concluded
that the absolute TCR of the thermal glue used in bonding for
HX1, as applied to the test conditions described in this study,
is constant at 0.015 £0.001 K/W across the range of air flow.
However, it can be observed from figure 2 that, at higher air ve-
locity, total heat transfers on HX1 and HX?2 continue to diverge.
The interpretation here is ATCR has more significant effect on
the heat transfer performance at lower air velocity. At higher
air velocity, other factors such as thermal conductivity and vari-
ation in thickness of the core tube likely have stronger effects on
the total heat transfer than TCR does. To appreciate TCR effect,
if the resulting figure is normalized against the overall thermal
resistance for HX1, TCR contributes between 10% to 19% of
HX1 total thermal resistance from the lowest to the highest air
velocity.

Figure 3 shows the comparison of the pressure drop on each
heat exchanger under study. As can be seen, there is no signif-
icant difference on hydraulic behavior between HX1 and HX2
when they are subject to similar test conditions. This is to be
expected as pressure drop is known to be affected by tangible,
macroscopic properties of the specimens. Because HX1 and
HX2 have very similar physical dimensions and foam speci-
fications, their pressure drop results are therefore predictively



similar. The thin layer of thermal conductive glue being added
on the external surface of HX1 tube core to bond its foam matrix
doesn’t manifest a different effect to the results.
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Figure 3: Comparison of pressure drop caused by HX1 and
HX2 when tested under air velocity variation.

It has been mentioned earlier that HX2 was manufactured with
high standard and the foam layer was machined to a uniform
thickness. In contrast, HX1 does not boast this construction
quality and contains split edges where the two ends join as the
foam section was wrapped around the core cylinder, as shown
in figure 4. However, this cosmetic detail doesn’t produce a
large scale negative effect on HX1 hydraulic performance as
compared with HX2, which can be readily confirmed from the
two curves shown in figure 3.

Figure 4: Imperfection of foam layer assembly on HX1 (right)
comparing with foam layer on HX2 (left). The thermal glue
layer between the foam and tube wall is clearly visible at the
split

Conclusions

Open cell metal foams have been studied widely as novel ma-
terials for many emerging technologies. Among these, one ap-
plication of interest which can take maximum advantage of the
foam properties is heat exchanger. In this study tubular design
of two heat exchangers employing foam to enhance their per-
formance is analyzed for TCR evaluation. Bonding techniques
affect thermal performance of the two heat exchangers under

study, but they don’t affect the heat exchanger hydraulic behav-
ior. Using the concept analogous to resistance of electrical flow,
the resistance to heat flow associated with (non-brazing) bond-
ing the foam mass to the core tube (TCR) is quantified. When
the method of bonding is brazing, the resulting TCR is very low,
thus allows indirect quantification of TCR as a result of bonding
by other methods.
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