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AUGMENTATION
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The paper presents the production technology and properties of layered metallic composites in view of their use
for the creation of highly efficient phase-change heat exchangers. It discusses the experimental results of the boiling
heat transfer of distilled water and ethanol under atmospheric pressure on copper substrates on which a metal mesh
layer, which augments heat transfer via boiling, was applied by sintering. The sintering technology enables durable
bonds to be obtained between the joined elements, which results in proper strength properties. The meshes used in the
experiments were made of bronze, brass and copper. The heat transfer results indicate that all the samples with the
additional layer showed better performance — they dissipated more heat at the same temperature difference in com-
parison to the smooth surface without any mesh applied onto it, while the copper mesh outperformed the others. It
seems to be linked to the highest thermal conductivity of this material in relation to the copper alloys considered in the

study.
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INTRODUCTION

Nowadays, the advances in the technology and
development of devices that require a high level
cooling (for example computer processing units,
refrigeration systems) put pressure on scientists
and engineers to search for more efficient methods
of heat removal and much scientific effort is being
made in the area of heat exchangers [1, 2]. Such
novel devices are necessary so that higher heat
fluxes could be dissipated. It can be achieved in
many ways, for example, with nanofluids [3] or
specially prepared surfaces that can enhance heat
exchange processes especially during phase

change, which is highly effective [4, 5]. Those sur-
faces are often prepared using mechanical means
[6], plasma spraying [7], powder metallurgy [8] or
the sintering technology of metal meshes. In the
case of sintering, wire mesh layers of various met-
als are typically applied on substrates to produce
a heat exchanging unit. This technology enables
durable bonds to be made between the elements,
and thus the heat exchangers are able to sustain vi-
brations and stress in their normal operational cy-
cles. If meshes made of various metals are used,
a composite heat exchanger is produced.
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Orzechowski and Orman [9] analysed compo-
site non-isothermal heat exchangers in the form of
fins made with a copper base, on which two layers
of mesh were applied: one was made of copper and
the other of stainless steel. Both had a wire diam-
eter of 0.20 mm and distance between the wires of
0.32 mm. Two samples were produced with dif-
ferent relative locations of the meshes on top of
each other. It occurred that the sample with the
copper mesh located directly on the copper base
(with the steel mesh on top) performed better than
in the case of the sample with the steel mesh situ-
ated directly on the copper base (with the copper
mesh on top of the steel mesh). This observation
was made with both water and ethanol as boiling
liquids. In another paper by the same authors [10]
the temperature gradient along a fin with a two-
layer mesh coating of the same materials (copper
and steel) was compared with a smooth fin. Sig-
nificant improvement in the heat transfer coeffi-
cient was observed for both the composite heat ex-
changers in comparison to the smooth fin (without
any meshes). Bialek et al. [11] analysed the per-
formance of a composite heat exchanger in the
form of a copper disk covered with bronze mesh
layers. The wire diameters of the meshes were
0.10 mm and 0.25 mm, while the distances be-
tween them were 0.16 mm and 0.40 mm, respec-
tively. The brass alloy was composed of copper
(65%), nickel (12%) and lead (23%). The system
with the larger wire diameter proved to be more
efficient in the case of both water and ethanol boil-
ing. The comparison of this sample (0.25 mm wire
diameter) with a pin-fin sample of the same height
was conducted by Bialek and Stokowiec [12]. The
results indicated that the sample containing pin-
fins (made of copper) dissipated more heat than
the meshed surface (a composite with a copper
base and brass mesh).

Kumar et al. [13] experimented with heat ex-
changers consisting of stainless steel tubes
wrapped with different sizes of stainless steel wire
mesh materials under water boiling conditions and
heat flux up to 55 kW/m?. It was found that the
tubes with the mesh dissipated more heat than the
plain tubes, but only at low heat fluxes (not ex-
ceeding 30 kW/m?). The authors attributed the bet-
ter performance to the improved retention time of
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the bubbles over the tubes and the increase in tur-
bulence created around them. Orzechowski [14]
performed tests on the non-isothermal surface of
a copper fin covered with copper mesh 0.2 mm in
wire diameter using FC-72 as the working agent.
It was stated that the initiating point of nucleate
boiling was reduced by 2-3 K in relation to the
smooth fin. Moreover, the meshed fin dissipated
more heat. The author concluded that the mesh an-
isotropic properties can affect the external surface
superheat by up to 5 K.

At the same time, the combined effect of ap-
plying meshes and extended surfaces has also been
investigated. Pastuszko [15] studied water and
ethanol boiling on surfaces made of copper tun-
nels on which meshes were sintered and noticed
that the heat transfer coefficients were even ca.
three times larger than those typical of the tunnels
without the meshes. On the other hand, the exper-
iments in [16] on ultra-thin heat pipes with a sin-
gle-layer wire mesh core showed that the maximal
value of temperature fluctuation is affected by
thermal loads, while the period of this fluctuation
is an integral multiple of the working fluid flow
within the heat exchanger. Very recently, Yin et
al. [17] conducted research on copper surfaces
with micro or micro/nanocomposite structures
produced by sintering copper mesh, as well as
thermal oxidation techniques. It was reported that
the production method influenced the growth rate,
departure frequency and diameter of the vapour
bubbles, depending on the boiling agents used in
the study.

The industrial use of composite heat exchang-
ers is increasingly more common. Caccia et al.
[18] discussed the use of ceramic-metal compo-
sites as high temperature heat exchangers for use
in concentrated solar power plants. They were able
to increase the efficiency of the whole system to
over twenty percent, combined with the reduced
costs. Generally, the renewable energy sector is an
important market for efficient heat exchangers
[19, 20]. Thus, much scientific interest is now seen
there.

The present paper discusses the performance
of composite heat exchangers made of copper and
its alloys (brass and bronze) under pool boiling
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conditions of water and ethanol, as well as the me-
chanical and technological aspects of the produc-
tion and operational stages. The insight into this
issue could provide the basis for the development
and practical use of composite phase change heat
exchangers.

PRODUCTION TECHNOLOGY OF THE COM-

The sintering process enables strong bonds to
be formed between metals/alloys that turn into
auniform structure. In the paper three types of ma-
terials, namely copper and its alloys, were used to
make metal matrix composites. The compositions
of these materials are presented in Table 1.

POSITE HEAT EXCHANGERS
TABLE 1. Composition of copper and its alloys
Copper [21]:
Ni Sn Sb Pb Zn Fe As Bi Cu
>0.002 >0.002 >0.002 >0.005 >0.003 >0.005 >0.002 >0.001 99.9
Bronze [22]:
Cu Ni Sn Pb Zn Fe P Other
92 <0.2 55+7.0 <0,02 <02 <0.1 0.01+0.4 <0.2
Brass [22]:
Cu Zn Ni Sn Pb Fe Al
62.3 37 <0.3 <0.1 <0.1 <0.1 <0.02

The composite structures were made using
sintering technology in a special furnace in a re-
duction atmosphere of a controlled composition.
A detailed diagram of the sintering apparatus was
presented by the authors in [23]. The process con-
sisted in enabling the flow of liquid ammonia into
an electric furnace through a filter into a vaporizer.
The ammonia flowed to a retort with a catalyst.
During the process, heat was released due to dif-
fusion. After sintering, the samples were mechan-
ically moved in the moulds to the cooling zone,
where the same reduction atmosphere was main-
tained to prevent oxidation. Cooling to ambient
temperature was conducted using a coil-type heat
exchanger, inside which tap water circulated. The
cooling time was about 25 — 30 minutes. The pa-
rameters regulating the sintering process were the
flow rate of the gas and temperature in the heating
zone. The temperature was set at 0.8 of the melting
temperature of the material that has the lowest
melting temperature. The sintering activity rose
with the increase in the contact area between the
base material and the mesh, as well as the sintering
temperature and duration. The values of the pro-

duction parameters were determined experimen-
tally and used for all the samples in the experi-
ment.

DISCUSSION OF THE STRENGTH
PROPERTIES OF THE COMPOSITE HEAT
EXCHANGERS

The quality of the bonds generated during the
sintering of various metallic materials influences
the strength properties of the produced samples.
High production quality means that the heat ex-
changers produced during the process will be re-
sistant to mechanical factors, which is important
as they operate in various technological devices,
machinery, vehicles and can be subjected to vibra-
tions or various forms of stress and loading. Pre-
venting detachment of the microstructure from the
base is particularly important. Table 2 presents the
results of the assessment of adhesion strength of
the copper base with the meshes of different ma-
terials (brass, bronze, copper).
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TABLE 2. Adhesion strength (S) of metallic composite ma-
terials (copper and its alloys)

Material S (N)
Copper base 60-78
Copper base with the copper mesh 53
Copper base with the bronze mesh 32
Copper base with the brass mesh 27

The flow of heat [24] caused by the develop-
ment of the surface (for example due to a rapid in-
crease in the contact area between the base and the
meshes) can lead to the creation of internal ther-
mal pathways. Those thermal pathways are in per-
manent contact and act as reinforcement [25].
A sudden increase in conductivity as the share of
one phase rises is linked with reaching the perco-
lation threshold [26], defined as a certain critical
number of percolation joints that lead to the devel-
opment of a thermal layer which is formed from
macroscopic parts of the material.

The meshes of various copper alloys are re-
sponsible for additional thermal phenomena re-
lated to their composition in the composite struc-
ture [27]. Additional mechanisms of heat storage
and release occur, for example, as a consequence
of phase transition [28]. Even in the case of an in-
itially uniform material, when the phase change
occurs within the boundary of individual phases,
a loss of its uniformity takes place and complex
heat transfer is initiated. Despite the many similar-
ities of the meshes made of copper and copper al-
loys which were sintered onto the copper disks,
they have different properties. Pure copper is quite
resistant and has high strength properties, while
some of the phosphor bronze components impact
its tensile strength and resistance to wear.

The area of the smooth surface can be ex-
tended using the sintering process, during which
structures made of copper and its alloys are ap-
plied onto the base material (in this case copper).
Figure 1 presents the cohesion strength (S) of the
copper structure determined in the tensile test (as
discussed by the authors in [23]).
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Fig. 1. Cohesion strength of copper element (three measurements)
(23]

The introduction of the bronze and brass
meshes onto the copper substrate reduced the ad-
hesion properties of the composite structures (Ta-
ble 2). The cohesion strength of the same type of
copper structure was 71.3 N [23], while the
strength of the porous structure with the copper
mesh was reduced by ca. 25%. Higher reduction
levels were observed in the case of applying the
bronze and brass meshes (by 40% and 60%, re-
spectively). First, destruction of the mesh occurs
(alloys first, then pure copper). The strength of the
copper capillary-porous layer is higher than that of
the sintered copper mesh.

After reaching maximal loading (cohesion
strength), the mesh did not detach from the copper
base. During deformation of the structure, stress
increases within a given volume. First, it leads to
destruction of the weakest element of the structure
(which is the location where the mesh is attached
to the copper base), followed by destruction of the
whole sample. It results from the combined influ-
ence of both the components of the structure ac-
cording to Hook’s law.

In the process of sintering, diffusion bridges
are created; metallographic analyses enabled the
number and quality of the bonds developed be-
tween the copper substrates and the meshes to be
studied. The analyses were performed at random
sites within the structures. The distribution of the
width of the bridges occurred to be normal.

SAMPLES AND HEAT TRANSFER EXPERI-
MENTAL METHOD

The investigations focused on determining the
heat flux released from the heat exchangers, which
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were made on a copper base (a disc 3 cm in diam-
eter) on which copper, brass and bronze meshes
were applied by sintering. The wire diameter of
the meshes was 0.28 mm, while the aperture (dis-
tance between the wires) was 0.5 mm. Figure 2a
presents a photo of the brass mesh applied onto the
copper surface, while Figure 2b shows the details
of the connection between the mesh and the base.

Fig. 2. Brass mesh sintered on copper base

The measurements were made on an experi-
mental stand where the investigated element of the
heat exchanger (no. 8) is located on the heating
block (Fig. 3). The energy is supplied from below,
where an electric heater generates heat which is
conducted through the copper block (no. 7) to the
sample. The temperature of the liquid (distilled
water and ethyl alcohol) in the vessel above the
sample is increased slowly until it reaches the sat-
uration temperature (Tp) and starts to boil. The
idea behind the experiment is to record the perfor-
mance of the sample in such a way that for the in-
creased thermal energy from the electric heater
(heat flux — q), the temperature of the sample (Ts)
also increases in certain steps. Both of these pa-
rameters are used to draw boiling curves, which
are a graphic representation of the thermal perfor-
mance of the heat exchangers.

2 1
8
3 ’
4 '
5 4 7
; G

Fig. 3. Main experimental unit, where 1, 2 are thermocouples under
the sample, 3, 4, 5 — thermocouples in heating block axis,
6 — electric cartridge heater, 7 — main copper block, 8 — in-
vestigated meshed sample

After each increase in the heat flux, some time
is needed for the surface temperature to stabilize.
The temperature readings were made only after the
steady state was reached. In the course of the ex-
periment vapour was generated; however, due to
cooling of the condensate, the level of liquid in the
vessel remained constant.

HEAT TRANSFER TEST RESULTS

The experiments consisted in increasing the
thermal power supplied to the sample (which
raised the temperature of the sample (Ts) over the
saturation/boiling temperature of the liquid (Tp) —
this difference is referred to as superheat). Figure
4 presents the performance of the samples for two
boiling agents: water and ethanol.
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Fig. 4. Dependence of heat flux as a function of superheat for:
a) distilled water, b) ethyl alcohol

As can be seen, all the samples with the mesh
showed better performance — they dissipated more
heat at the same value of superheat (which is de-
fined as the difference between surface tempera-
ture Ts and boiling temperature Ty,) in comparison
to the smooth surface without any mesh applied
onto it. Nevertheless, this augmentation effect is
best visible for small temperature differences (for
a low temperature of the sample) and, as the tem-
perature and heat flux grow, the performance of
the meshed samples seems to become more simi-
lar to the performance of the smooth surface. The
details of this phenomenon can be seen in Figure
5. It shows the ratio of the values of heat flux
transferred from the samples to the liquid pool at
the same value of superheat. At the same time,
Figure 4 shows that the bronze sample proved to
be the least efficient from all the meshed surfaces,
while the copper mesh outperformed the others. It
seems to be related to the thermal conductivity
value, which equals 393 W/(mK) for copper, while
for brass it is 120 W/(mK) and for bronze
50 W/(mK) [22]. Thus, it can be concluded that if
the geometrical parameters of the meshes are the
same, the most efficient heat transfer from the base
of the sample and afterwards through the mesh is
attributed to the performance of the heater made
with the copper base and the copper mesh.
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Fig. 5. Enhancement ratio of bronze mesh over smooth surface and
copper mesh over bronze mesh for: a) distilled water, b) ethyl
alcohol (based on data from Fig. 4 after data smoothing pro-
cedure, which involved determining equations for heat flux
with least-squares fitting method — based on data points in
Fig 4 for each sample, and then calculating Eh with a step of
0.1K)

The bronze sample proved to be the least effi-
cient of all the meshed surfaces, nonetheless, it
still outperformed the smooth surface. The heat
flux dissipated from the bronze mesh was up to 4.4
and 5.3 times higher than that of the smooth sur-
face for water and ethanol boiling, respectively.
The differences in the heat flux transferred from
the copper and bronze mesh were not so signifi-
cant, however noticeable. The enhancement ratio,
defined as the ratio of heat fluxes of different sur-
faces at the same temperature difference (Fig. 5a
and b) in this case was up to 2.4 and 2.8 for water
and ethanol, respectively. Here, the largest differ-
ences occurred in the range of low superheat val-
ues as in the previous case. It needs to be noted
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that at high temperatures and heat fluxes the boil-
ing phenomenon is very intense. A considerable
number of vapour bubbles are created, causing
large mixing currents in the vessel. Thus, convec-
tive forces might be more dominant here as op-
posed to the conduction mode of heat transfer,
which seems to be more vital in the low range of
superheats.

A different problem is proper modelling of the
thermal properties of composite heat exchangers
during boiling. Various methods are used [29, 30]
and many models are available in the literature.
Selection of the most accurate one depends on a
number of factors. A new study by the authors is
being developed with regard to the heat transfer
model of boiling that would be designed for com-
posite heat exchangers.

The main limitation of the present study is the
use of two boiling agents. The results obtained for
other agents (natural or chemically synthesized)
could be different; nevertheless, the general trend
of the results and the applicability of the conclu-
sions should not differ significantly. Moreover,
the experiments were limited to the nucleate boil-
ing mode of heat transfer. This mode is of most
practical potential in the design and operation of
heat exchangers and, although this might also be
considered as a limitation, conducting the tests in
the transition or film boiling regimes would not be
justified from the engineering point of view.

CONCLUSIONS

The production of composite heat exchangers
using sintering technology offers a number of ad-
vantages. The durability of the structure enables
its application in various technological devices,
while the heat augmentation potential makes it
a viable option for phase-change heat exchangers.
It was determined that for both boiling agents (wa-
ter and ethyl alcohol), the heat flux values rec-
orded for the surfaces of the meshes were higher
than for the reference surface without any coating.
The largest impact was observed for smaller tem-
perature differences, while at higher ones this ef-
fect seemed to diminish. The performance of the
heat exchangers depended on their thermal prop-
erties and thermal conductivity seems to be the

most crucial parameter. The mesh material having
the highest conductivity outperformed the others.
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