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Abstract. The paper considers the application of metal – fibrous microstructures in the development of highly efficient heat 
exchangers. Such structures can be successfully used in air conditioning systems of modern planes or in heat pipes located 
in planes and spacecraft. Copper fibers of 50 mm diameter have been used to produce coatings of different volumetric po-
rosity. The sintering process was used to produce the samples. Pool boiling heat transfer tests have been performed on the 
non – isothermal surfaces of the fin with distilled water and ethyl alcohol (99.8% purity) as boiling agents. A significant 
enhancement of heat transfer has been recorded with the use of the metal – fibrous microstructures in comparison to the 
smooth surface without any coating. The enhancement proved to vary considerably depending on the superheat value.

Keywords: aircraft anti-icing, boiling heat transfer, enhancement, heat pipes, metal – fibrous microstructures.

Introduction

Phase – change heat exchangers are widely used in many 
areas of engineering e.g. in refrigeration and air condi-
tioning systems or cooling of electronic devices. Their 
proper design influences the performance of the devices 
and machines, in which they are installed. The properties 
of heat exchangers working under boiling conditions are 
highly dependent on the geometric parameters of the sur-
face. The application of additional microstructures such 
as meshes, microfins, metal – fibrous and other coatings 
may significantly improve their performance and provide 
higher heat fluxes dissipated at lower temperature differ-
ences, thus, increasing the efficiency of the devices. The 
present paper discusses the use of metal – fibrous micro-
structures and the enhancement of boiling heat transfer, 
which is offered as a result of their application.

In modern aviation the metal – fibrous microstruc-
tures have two important applications. The first one is 
their possible use for the construction of efficient heat 
exchangers of air conditioning units. Such systems are 
responsible for providing proper air parameters (mainly 
temperature). The novel design of such heat exchangers 
that utilizes metal – fibrous elements means that they 
can be more efficient. Thus, those devices may be smaller 
and lighter, which results in reduced fuel consumption of 
planes. Besides, metal – fibrous microstructures are used 

as an internal filling of heat pipes. The heat pipes are high-
ly efficient and reliable phase – change heat exchangers 
that are already commonly used in spacecraft as presented 
by Shukla (2015). They can also be very effective as aircraft 
anti-icing systems, as discussed by Su et al. (2018). Con-
sequently, the knowledge about the thermal performance 
of metal – fibrous microstructures – which is the focus of 
this paper – can lead to the design of novel heat exchang-
ers, whose practical applications are not limited to planes 
or spacecraft, but also to other fields of engineering and 
technology.

Zaripov et al. (1989) experimentally analysed boiling 
heat transfer of water, nitrogen and acetone on copper 
and stainless steel isothermal surfaces 30 mm in diameter. 
Porous coatings made of copper, steel and nickel fibers 
were tested. The structure porosity ranged from 40% to 
93%, while their height varied from 0.1 mm to 10 mm. 
The fiber diameter was 20–70 mm and length 3–9 mm. It 
was confirmed that there is an optimal structure height, at 
which the heat transfer coefficient is highest. Theoretical 
analysis of Fridrikhson, Kravets, and Semena (1994) led 
to a procedure to calculate the density of active nucleation 
sites during boiling on porous coatings, which – according 
to the authors – exerts a considerable influence on heat 
transfer, and a correlation for metal – fibrous structures. 
Poniewski (2001) presented boiling heat transfer test re-
sults for water, ethanol and R-113 on horizontal isothermal 
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surfaces with copper fibrous structures of fiber diameter 
50 mm and length 3 mm. It was reported that the coating 
parameters significantly influence heat transfer. The exist-
ence of an optimal layer height for a given porosity was 
confirmed. The heat transfer coefficient for water boiling 
on a sample of 85% porosity at the pressure of 0.1 MPa 
was highest for the 0.8 mm structure height and was 5.5 
times higher than for the smooth surface at the same heat 
flux. Considering the combined impact of porosity and 
height on the heat transfer coefficient, it was stated that af-
ter the optimal value for the given porosity is reached, this 
coefficient decreases with increasing layer height, which is 
explained by higher vapour flow resistance. Wójcik (2005) 
investigated water boiling heat transfer on a horizontal 
isothermal tube of the diameter of 19 mm covered with 
a copper  – fibrous microstructure of 40% porosity and 
height 0.5–2.0 mm. The coating was produced with fibers 
of 50 mm diameter and 3 mm long. Similarly to his earlier 
work (Wójcik, 2004) a significant enhancement was re-
corded for the porous structures – the highest for the layer 
height of 2 mm. Another paper by Wójcik (2009) experi-
mentally analyses boiling heat transfer of copper, fibrous 
layers with the focus on the hysteresis phenomena, which 
is evident if the boiling curves are obtained for increasing 
and decreasing heat fluxes. Kalawa et al. (2017) tested pool 
boiling of distilled water heat transfer on horizontal iso-
thermal surfaces covered with coatings made of stainless 
steel fibers. The average diameter of the fibers was 10 mm 
and 25 mm. It was reported that the microstructural coat-
ing enhanced heat transfer in comparison to the smooth 
surface – heat flux for the superheat of 10K was ca. 3.5 
higher than for the smooth surface (in the case of fibers 
of 25 mm diameter). It was also stated that the larger di-
ameter of fibers led to the larger heat transfer coefficients 
at smaller heat flux.

The literature provides experimental data on boiling 
heat transfer on isothermal surfaces. Only the few works 

by Orzechowski (2003), Orzechowski and Orman (2006) 
as well as some papers of these authors deal with pool 
boiling on non-isothermal surfaces of different micro-
structural coatings. Thus, there is a need to expend the 
experimental database regarding the analysis of porous 
metal  – fibrous coatings, especially due to the fact that 
heat exchangers found in engineering applications are 
usually non-isothermal.

1. Material and method

The experiments have been performed to determine the 
performance of a non  – isothermal heat exchanger cov-
ered with copper fibrous microstructures of different po-
rosity (67% and 81%), but the same structure height of ca. 
0.9 mm. The coatings were produced with copper fibers of 
50 mm diameter sintered to the copper fin (Figure 1) at the 
temperature of ca. 1170 K in the reduction atmosphere of 
nitrogen and hydrogen to prevent oxidation. The fin’s width 
is 4 mm and height 12 mm. Figure 2 presents the close-up 
of the microstructure of the produced porous layer.

The considered fin is located horizontally in the ex-
perimental stand in such a way that the mesh is in contact 
with the boiling liquid, while the other side is open to 
the atmosphere and can be observed with a thermovision 
camera (Figure 3). The main heater is attached to the fin 
at one end (the one without the microstructure). Together 
with the additional heater, it warms it up to temperatures 
over the saturation temperature. Because heat is supplied 
to only one end of the fin, the temperature gradient along 
it is created. The temperature distribution is then measured 
with a long – wave (8–14 mm) thermovision camera. The 
obtained temperature distribution is used to draw boiling 
curves. That is done according to the method presented 

Figure 1. The fin with the fibrous layer

Figure 2. Microgeometry profile of the metal – fibrous coating 
measured with a 3D digital microscope

Figure 3. Schematic of the experimental stand: 1 – fin, 
2 – infrared camera, 3 – data acquisition unit, 4 – 

autotransformer, 5 – auxiliary heater, 6 – electrical current 
separation unit, 7 – digital camera, 8 – window, 9 – cooling 

unit, 10 – temperature measuring device (Orzechowski & 
Orman, 2006)
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by Orzechowski (2003) and already used by the author 
e.g. in (Chatys et al. 2014). In this method the heat trans-
fer coefficient (a) depends exponentially on superheat (q) 
(which is the difference between the wall temperature and 
the saturation temperature):

naα = θ . (1)
The experimental determination of constants: a, and n 

leads to the equation for the boiling curve. According to 
the methodology (Orzechowski, 2003) the formula for su-
perheat gradient along the fin in logarithmic coordinates 
can be expressed as:

( )
2 22

ln ln 2 ln
2

md n
dx n

 θ   = + + θ   +   
, (2)

while n ≠ 2 and m2 is defined as the ratio:

2 aP
m

F
=
λ

. (3)

Here P and F are the circumference and surface area of 
the copper fin, respectively. l is the thermal conductivity 
of the material.

The knowledge about the temperature distribution 
along the fin (after numerical differentiation) enables the 
constants and n to be determined from the data fitting 
procedure. As a result, the boiling curve can be drawn as a 
function of local values of heat transfer coefficient (or heat 
flux) and wall superheat using equation (1).

The experiments are conduced under ambient pres-
sure, while the liquid level in the vessel is maintained at 
the constant level due to the use of the cooling unit (no 
9 in Figure 3). The replacement of the samples in quite 
complex and each time proper sealing needs to be ensured 
at the contact surfaces with the bakelite plates of the ves-
sel (rubber sealing is used here). The measurements are 
done for three level of the electric power supplied to the 
main heater, while its adjustment is done with the auto-
transformer. Thus, different areas of the fin and subject to 
rising temperatures. The auxiliary heater (no 5 in Figure 3) 
is also supplied with the autotransformer. It maintains the 
temperature of the boiling liquid at the constant level for 
the whole experiment (which is the boiling temperature 
of the liquid).

Two measuring instruments have been used in the 
research. The main one is the thermovision camera pro-
duced by Flir, which is used for the determination of tem-
perature distribution along the fin. The provided meas-
uring accuracy has been given as 2% of the measuring 
range. However, in order to reduce the error, the surface 
of the observed fin was covered with a special purpose 
black paint. The emissivity of this paint was determined 
on a separate experimental stand, where surface tempera-
ture was determined with both the infrared camera and 
the thermocouple. Based on this additional calibration, 
the temperature reading of the infrared measurement has 
been determined as 0.2 K (twice higher than the thermal 
sensitivity of the device of 0.1 K). The data processing 
involved numerical differentiation of the obtained tem-
perature gradient (with smoothing), so that the constants 

could be determined (according to equation 2). This pro-
cess involves increasing the overall uncertainty. In order 
to conduct the error analysis of the value of heat transfer 
coefficient, a procedure based on adding random errors 
to the “real” temperature readings has been performed. 
Based on this, the uncertainty of determining heat trans-
fer coefficient has been assessed to be 8% in the whole 
range of temperature measurements. The temperature of 
the boiling liquid has been determined with a K type ther-
mocouple connected to the multimeter by Keithley. The 
accuracy of the reading (if the ice bath system is used to 
provide the reference temperature point) is ± 0.2 K as al-
ready mentioned. The details of the selected experimental 
parameters have been provided in Table 1.

Before the actual measurements, the results obtained 
at the above mentioned experimental stand had to be 
compared with the data from other researchers to vali-
date the correctness of the research apparatus. Figure 4 
presents the comparison of the test results of the smooth 
surface (distilled water as the boiling liquid) and the lit-
erature data namely, models and experimental data from: 
Rohsenow (1952) with the constants determined by Pioro 
(1999), Stephan and Abdelsalam (1980), Xin and Chao 
(1987), Zhao and Zhang (1988), Li, Peterson, and Wang 
(2006) as well as Li and Peterson (2006).

As can be seen in the above figure, the results obtained 
in the presented method are close and within the data 
published by other researchers. This proves the correct-
ness of this method of testing, despite the fact that all the 
other papers dealt with isothermal surfaces.

Table 1. Details of the measuring devices

Device
Temperature
measurement
uncertainty

Other measurement
parameters

Infrared 
camera

2% (reduced to 
0.2 K)

Infrared resolution: 19200 pixs
Thermal sensitivity: 0.1K

Multi-
meter

0.2 K K type thermocouple
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Figure 4. Comparison of the test results and literature data
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2. Test results and discussion

The measurements were carried out for two porous micro-
structures of different porosity (67% and 81%) in order to 
determine the impact of porosity on boiling heat transfer. 
The working fluids have been distilled water and ethyl al-
cohol (99.8% purity).

The tests began with recording the temperature distri-
butions along the fin. It was done with the thermovision 
camera for three different levels of electric power. Figure 5 
presents the temperature gradient for the sample of lower 
porosity.

Due to numerical differentiation of the obtained tem-
perature readings of all the samples in the present study, 
the first derivative values could have been calculated. This 
has been presented in Figures 6 and 7 for the porous coat-
ings and the smooth reference surface (without any coat-
ing) for distilled water and ethyl alcohol, respectively.

The constants a and n could have been determined ac-
cording to equation (2) through the least square fitting 
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Figure 5. Temperature distribution along the fin for three 
levels of electric power (P) supplied to the main heater: 

metal – fibrous sample of 67% porosity; distilled water boiling

Figure 6. Superheat gradient vs. superheat for the porous 
coatings and the smooth surface (3K < q < 17K); distilled 

water boiling: 1 – metal-fibrous microstructure of 81% 
porosity, 2 – metal-fibrous microstructure of 67% porosity,  

3 – smooth surface

Figure 7. Superheat gradient vs. superheat for all the porous 
coatings and the smooth surface (8K < q < 20K); ethyl alcohol 

boiling: 1 – metal-fibrous microstructure of 81% porosity, 
2 – metal-fibrous microstructure of 67% porosity, 3 – smooth 

surface

Figure 8. Boiling curves for distilled water (3K < q < 13K); 
1 – metal-fibrous microstructure of 81% porosity, 2 – metal-
fibrous microstructure of 67% porosity, 3 – smooth surface

2.7 7.4
8

22

60

163

442
q,

 k
W

/m
2

, K

 1
 2
 3

 θ

7,4 20,1
22

60

163

442

q,
 k

W
/m

2

, K

 1
 2
 3

 θ
Figure 9. Boiling curves for ethyl alcohol (8K < q < 17K);  

1 – metal-fibrous microstructure of 81% porosity, 2 – metal-
fibrous microstructure of 67% porosity, 3 – smooth surface
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of the experimental points. Then the boiling curves could 
have been drawn for both boiling liquids (Figures 8 and 9) 
using linear regression for both the liquids. A close analy-
sis of the above figures proves that the thermal perfor-
mance of the microporous coatings is much better than 
the smooth surface, especially in the range of low super-
heat values. For higher temperature differences the data 
points of the metal – fibrous layers get close to the results 
of the smooth reference surface. This phenomenon is typi-
cal of the porous coatings. It needs to be noted, however 
that the sample of higher porosity provides better per-
formance that the lower porosity one. Thus, such a heat 
exchanger is more efficient in dissipating significant heat 
flux values. One of the possible explanation is the present 
of more active nucleation sites in the case of the sample 
of 81% porosity. The boiling curves produced below have 
been given for superheats of 3 – 13K for distilled water 
and 8 – 17K for ethyl alcohol.

As can be clearly seen in Figures 8 and 9 the largest en-
hancement of heat transfer is observed for low superheats 
and high porosity of the microstructure as already men-
tioned. The increase in temperature of the surface leads to 
more nucleation sites being active on the smooth surface, 
which begins to provide better performance. At the same 

time more vapour is generated within the metal – fibrous 
structure and problems in vapour removal can occur. As a 
result the thermal performance worsens. Figure 10 provides 
detailed information on the enhancement of heat transfer in 
the case of water boiling and the considered porous coatings.

As indicated in the above figure, heat fluxes dissipated 
from the metal – fibrous microstructure can be many times 
higher in relation to the smooth surface. They become 
smaller as the temperature differences increase. Finally, the 
thermal performance of the metal – fibrous layers is similar 
to the smooth surface. It is also possible to obtain values 
which are lower then for the smooth surface. However, it 
typically occurs for higher heat fluxes and may be observed 
before the transition to unfavourable film boiling regime.

The obtained data for boiling on the non-isothermal 
surface of the fin has been compared with test results of 
other authors (for the same type of the porous microstruc-
ture). The data taken from literature was recorded on the 
isothermal surfaces, which might explain the discrepan-
cies in both the data sets (Table  2). Besides the sample 
used for comparison had a slightly smaller height and 
larger porosity. This might also have influenced the heat 
flux exchanged during the tests.

It also needs to be noted that, apart from thermal per-
formance advantages, a different problem is the complex-
ity of producing such microstructures using the sintering 
process. It has been considered extensively e.g. in (Chatys, 
2009) or (Chatys & Orzechowski, 2004).

Conclusions

The application of metal  – fibrous microstructures pro-
vides significant enhancement of boiling heat transfer. The 
exchanged heat fluxes can be much higher than in the case 
of smooth surfaces without any coatings. As a result such 
heat exchangers can be smaller and lighter. Besides, they 
offer higher heat transfer efficiency. Consequently, if they 
are installed in air conditioning units in planes, fuel con-
sumption could be reduced. The same favourable impact 
applies to the use of metal – fibrous microstructures as an 
internal filling of heat pipes. In this case they would also 
increase the exchanged heat fluxes and anti-icing systems 
in places can be more efficient. Besides such heat pipes  
transfer higher heat fluxes in spacecraft applications, 
which is also a significant advantage. 

The best performance of the analysed samples has 
been recorded for the material of high porosity. However, 
in this case especially important is the issue of insuring 
high strength properties for increased porosity values. 
This problem should be analysed in the future works in 
this area.
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Figure 10. Enhancement ratio for distilled water boiling  

(3K < q < 12K); 1 – metal-fibrous microstructure of 81% 
porosity, 2 – metal-fibrous microstructure of 67% porosity

Table 2. Comparison of the experimental and selected literature 
data for the sample of highest porosity

Boiling 
liquid

Experimental data:
81% porosity,

0.9 mm height

Data from literature:
Wójcik (2009)
85% porosity,

0.8 mm height

Distilled 
water

q, K Q, W/m2 q, K Q, W/m2

8 244947 8 101268
11 242693 11 173594

Ethyl 
alcohol

11 148060 11 80153
20 172231 20 145260
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