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Abstract. This paper focuses on identification of the impact of porous heated surface on flow boiling heat 
transfer in a rectangular minichannel. The heated element for Fluorinert FC-72 was a thin plate made of 
Haynes-230. Infrared thermography was used to determine changes in the temperature on its outer smooth 
side. The porous surface in contact with the fluid in the minichannel was produced in two processes: 
sintering or soldering of Fe powder to the plate. The results were presented as relationships between the heat 
transfer coefficient and the distance from the minichannel inlet and as boiling curves. Results obtained for 
using a smooth heated plate at the saturated boiling region were also presented to compare. In the subcooled 
boiling region, at a higher heat flux, the heat transfer coefficient was slightly higher for the surface prepared 
via soldering. In the saturated boiling region, the local heat transfer coefficients obtained for the smooth 
plate surface were slightly higher than those achieved from the sintered plate surface. The porous structures 
formed have low thermal conductivity. This may induce noticeable thermal resistance at the diffusion 
bridges of the sintered structures, in particular within the saturated boiling region. 

1 Introduction 
The increase in heat flow intensity as used in electronic 
systems and other modern technologies, with a focus on 
minimizing the size of the heat exchangers at maximum 
heat flux, has led to the need for heat transfer 
intensification. One of the solutions is the use of boiling 
phenomena, the other - using enhanced heated surfaces 
produced by different methods [1–3]. Studies have been 
conducted on pool boiling [4–6], flow boiling [7–11] 
heat transfer and confined spaces as face seals [12,13]. 
Primarily passive methods are being developed for use in 
porous coating applications and in metal surface 
mechanical processing [14,15].  

Metal foams are a new type of material with a wide 
range of applications because of their excellent 
properties including light weight, impact energy 
absorption capacity, specific thermal acoustic properties 
and low thermal conductivity [16–18]. Open porous 
metallic foams have been used in heat and mass transfer 
applications, for instance in heat pipes, vapour chambers, 
and loop heat pipe elements. In the past few years, there 
has been a growing interest in metal foams. Both the 
foam structure and the pore morphology depend on the 
fabrication method. Ashby et al. [16] classify the metal 
foam production methods according to the process and 
the state of matter. Similar classification was presented 
in the paper by Davies et al. [17]. The superior thermal 
conductivity of copper foams is particularly important. 

Porous sintered structures can also be produced by 
sintering small diameter wires. In the article [19] the 
alternative low-cost technology for fabrication of foams 
from metals, alloys, intermetallics, was proposed. The 
metal foam was formed by a typical base metal like Al, 
Cu and other [20–23].  

The subject of this paper is the application of porous 
metal surfaces produced by soldering and sintering iron 
powder to the heated surface of the minichannel in flow 
boiling heat transfer experiments with a refrigerant flow. 
One of the porous surface types was produced with 
metal foams formed by reduction of metal oxides during 
sintering. The mixture was sintered in a dissociated 
ammonia atmosphere. Fe foam was prepared according 
to the method described in the Polish patent [24]. 
However crucial influence on the porosity has the ratio 
between quantity of metal oxide powder and amount of 
matrix metal powder, which is a basic structure of 
produced sinter [15]. This allows for compose  
of irregular cellular structures with pores open or closed. 
The foam material can be stacked and co-sintered with 
top layers to sandwich structures. The porous layers 
were formed by sintering technique the powder mixture 
and the reduction of iron powder ASC 100.29, ASC 
100.24, DISTALOY SE and iron oxide of different 
granulation. The second type of porous surface was 
produced by soldering the same iron powder to the tested 
surface (made of Haynes-230) according  to  the  method 
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described in the Polish patent [25]. 
A review of literature relating to flow boiling heat 

transfer in minichannels with microstructured surfaces, 
smooth and enhanced, was presented in [7–9]. Focusing 
research on microstructured surface of heat exchangers 
with minichannels seems interesting because these 
surfaces provide a potential for further heat transfer 
enhancement. 

2 Experimental stand and methodology 

2.1 Experimental stand 

The experimental stand with the main loops: flow loop, a 
data acquisition system and a supply and control system 
is represented schematically in Fig. 1.  

 
Fig. 1. The schematic diagram of the main loops and systems 
at the experimental setup, 1-measurement module; 2-gear 
pump; 3-compensating tank; 4-tube-type heat exchanger,  
5-filter, 6-mass flow meter, 7-deaerator, 8-pressure transducer, 
9-infrared camera; 10-fast camera, 11-high power LEDs,  
12-data acquisition station, 13-computer, 14-inverter welder,  
15-shunt, 16-ammeter, 17-voltmeter. 

The flow loop comprises: a measurement module 
with a minichannel (1), a gear pump (2), a compensating 
tank (3), a heat exchanger (4), a filter (5), mass flow 
meter (6), a deaerator (7) and pressure transducers (8). 
The data and image acquisition system consists of:  
an infrared camera (11) and a fast camera (10), a lighting 
system (9), a data acquisition station (12) and a computer 
with specialized software (13). The supply and control 
system consists of a inverter welder (14), a shunt (15),  
an ammeter (16) and a voltmeter (17). The experimental 
setup was presented in detail in [9]. 

2.2 A measurement module with a minichannel 

The study was conducted for FC-72 boiling in the test 
section with a rectangular, vertical and asymmetrically 

heated minichannel with a depth of 1.7 mm, a width of 
18 mm and a length of 180 mm, Fig. 2. The heated 
element for fluid flowing in the minichannel was the 
plate made of Haynes-230 alloy with thickness of  
0.45 mm which was enhanced on one side indirect 
contact with the fluid flowing in the channel. The 
temperature of the smooth side of the heated plate was 
measured by infrared camera in the central axially 
symmetric part of the minichannel. Thermal accuracy of 
the infrared camera E60 manufactured by FLIR was  
± 1 °C or ± 1% within the temperature range of 0÷120°C 
[11]. It was possible to observe the plate surface through 
a glass pane using a fast camera. K-type thermocouples 
and pressure transducers were installed at the inlet and 
outlet of the minichannel. 

 
 

Fig. 2. The schematic diagram of a measurement module with 
a minichannel, I,II, II - fragment of the plate surface contacting 
fluid in a minichannel: I - smooth surface, II, III - the porous 
surfaces produced in two processes: sintering (II) and soldering 
(III) of Fe powder to the plate. 

2.3 The porous heated wall of the minichannel 

2.3.1 Properties of Haynes-230 alloy 

Haynes-230 is a nickel-chromium alloy with tungsten 
and molybdenum additions. This alloy has excellent 
oxidation resistance (1150°C) and superior strength at 
high temperature, outstanding resistance to oxidizing 
environments up to 1150°C for prolonged exposures, 
resistance to nitriding environments, and excellent long-
term thermal stability. Haynes-230 also provides 
excellent service in clean and moderately-dirty 
environment. It is readily fabricated and formed. 
Haynes-230 is also mark by lower thermal expansion 
characteristics than most alloys, and a pronounced 
resistance to grain coarsening with prolonged exposure 
to high-temperatures [26].  

2.3.2 The tested porous surfaces 

The tested porous surfaces were produced by sintering 
iron powder (in the dissociated ammonia atmosphere) 
and by soldering the powder to the 0.45 mm thick plate 
made of Haynes-230.  
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To produce the first surface type, the powder mixture 
was sintered in a dissociated ammonia atmosphere at 
1180 oC for 45 minutes. The Fe foam was prepared from 
ASC 100.29 powder (by Höganäs company), Cu powder 
and iron oxide Fe2O3 (ASC100.29 +12%Fe2O3+6%Cu 
by weight percent). After sintering the samples situated 
in furnace were moved to an area where it was cooled in 
a protective atmosphere. Cooling took place in an 
average speed of about 25 degrees per minute. To 
determine pore size and shape from the foam specimens, 
the image analyser software was used. For further study 
there was selected the foam with an approximating 60% 
of porosity. The relative volume of particles of the foam 
was determined in accordance with the Cavalieri-
Hacquert principle [14]. The result of the porous metal 
foam from ASC 100.29 showed porosity approximately 
60% with bulk density. The shape and chemical 
composition of sintered material particles affect the 
creation of the diffusion bridges, between which pores 
arise. This significant value of porosity has an important 
impact on the heat transfer conditions. 

Fig. 3 and Fig. 4 present 3D topographies and 
roughness profiles for porous surfaces produced by 
sintering (Fig. 3) and soldering (Fig. 4) iron powder to 
plate being a heated wall of a minichannel. 

 
 

 

Fig. 3. Porous surface produced bysintering iron powder, 
a) 3D topography, b) roughness profile. 

 

Soldering was carried out in according to the patent 
[25] application: once the surface was covered with  
a thin film of solder and flux, the fragmented structures 
of metallic material (powders) were joined by soldering 
to the plate. The main parameters of this porous surface 
are: the diameter of a solder granule - approx. 15÷80 µm 
(with an average being 40÷65 µm); the density of the 
solder paste – 2990 kg/m3, the thickness of the soldered 
layer – approx. 100 µm and the maximum height of the 
soldered layer – 200 µm [27]. 

 

 

Fig. 4. Porous surface produced bysoldering iron powder, 
a) 3D topography, b) roughness profile. 

2.4 Experimental methodology 

After the desired values of the pressure and flow rate 
were reached, the electric power supplied to the heated 
plate was increased gradually to achieve an increase in 
the heat flux transferred to the fluid. It caused a change 
in the heat transfer between the plate and the fluid from 
single phase convection to nucleate boiling. The 
distribution of temperature on the heated plate was 
measured on the smooth side coated with a black paint 
layer of known emissivity [28]. Simultaneous 
observations of the two-phase flow structures were 
conducted on the opposite side of the minichannel. 

Main thermal and flow parameters of the tested 
experimental series are listed in Table 1. 

Table 1 Main thermal and flow parameters of the tested 
experimental series. 

Parameter 
Average or range* 

surface with Fe powder/smooth 
sintering/soldering sintering/smooth 

Mass flux  
[kg/(m2s)]  423 422 405 402 

Absolute 
pressure, the 
inlet, [kPa] 

107 111 156 170 

Absolute 
pressure, the 
outlet [kPa] 

104 102 144 173 

Heat flux  
qw [kW/m2] 27 38 108 128 

Inlet liquid 
subcooling 
[K]  

41 42 45 45 

Fluid 
temperature 
Tl* [K] 

289÷300 291÷303 297÷334 297÷341 

Heated plate 
temperature  
TP* [K] 

316÷323 319÷331 352÷359 359÷370 

* range, at the inlet÷at the outlet 
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3 Heat transfer coefficient determina-
tion 

The local values of the heat transfer coefficient for 
stationary state conditions; were calculated using simple 
one-dimensional method. The main assumptions in this 
method are as follows: (i) the heat is transferred between 
the plate and the flowing fluid through the plate-fluid 
contact surface, (ii) the temperature changes in plate and 
fluid along the minichannel width are negligible, as are 
the changes on the remaining side surfaces of the plate 
and on the external surface of the glass, (iii) only one 
direction of heat flow is taken into account i.e. 
perpendicular to the direction of flow related to the 
heated plate thickness. 

The resulting local heat transfer coefficients were 
obtained similarly as in [9, 29] from the following 
equation: 

............. ))(),(/()(
P

P
wlPw qxTxTqx

λ
δ

δα ⋅−−=   (1) 

where x − distance from the minichannel inlet,  

wq  – density of the heat flux transferred from the heated 
plate to the fluid, Tp − plate temperature measured by 
infrared thermography, δp – thickness of the plate 
(0.00045 m), Pλ  – thermal conductivity of the plate  
(8.3 W/(m⋅K)), Tf  – temperature of the fluid, assuming 
that Tf  = Tl in the subcooled boiling region and Tf  = Tsat 
in the saturated nucleate boiling region, Tl – fluid 
temperature calculated from the assumption of the linear 
distribution of the fluid temperature along the 
minichannel, Tsat – liquid saturation temperature 
determined from the assumption of the linear distribution 
of the fluid pressure along the channel. It was assumed 
that the saturated boiling region starts when the 
temperature of the heated surface is higher than the 
saturation temperature. 

The heat transferred to the fluid in the minichannel 
was assumed to be equal to the difference between the 
heat generated by the heated plate and the heat loss to 
the surroundings according to the equation [9, 29]: 

........................ lossww qAUIq ,/)Δ( −⋅=  (2) 

where I − current, ΔU − voltage drop, A − surface area of 
the heated plate, qw,loss − heat loss to the surroundings. 

The central part of the heated plate where the surface 
temperature is measured with the infrared camera  
(4 mm x 180 mm) is not insulated. Therefore, the loss of 
heat to the surroundings is the greatest. It was estimated 
as 1.3% of the heat flux density [9].  

4 Results 
The results are represented graphically as a relationship 
between the heat transfer coefficient and the distance 
from the minichannel inlet. Separate plots were 
generated for the subcooled boiling region (Fig. 5) and 
the saturated boiling region (Fig. 6). In Fig. 6 results 

obtained for using a smooth heated plate in experiments 
was also presented to compare. 

The values of the heat transfer coefficient calculated 
for the porous surface produced by soldering, sintering 
iron powder and for the smooth plate were marked with 
circles, diamonds, and squares, respectively. 

 

 

Fig. 5. Heat transfer coefficient vs. the minichannel inlet;  
data for the subcooled boiling region: a) qw = 27 kW/m2,  
b)qw= 38 kW/m2 

 
Fig. 6. Heat transfer coefficient vs. the minichannel inlet;  
data for the saturated boiling region, a) qw = 108 kW/m2,  
b) qw = 128 kW/m2. 
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In the subcooled boiling region, the heat transfer 
coefficient was low. The local values of the heat transfer 
coefficient increased slightly with the increase of the 
distance from the minichannel inlet (Fig. 5) for two heat 
fluxes. At lower heat fluxes (qw = 27 kW/m2), heat 
transfer coefficients at subcooled boiling region were 
slightly higher for surfaces prepared via sintering, except 
for the channel inlet area (Fig. 5a). At a higher heat flux 
(qw = 38 kW/m2), local heat transfer coefficients were 
higher for the surface prepared via soldering (Fig. 5b).  

In the saturated boiling region the heat transfer 
coefficient was high, with values up to over a dozen 
times greater (Fig. 6) than those obtained for the 
subcooled boiling region (Fig. 5). 

Due to lack of data (the liquid in the minichannel 
evaporates at the set heat fluxes), the heat transfer 
coefficient in the saturated boiling region for the 
soldered surface was not calculated. Fig. 6 shows also 
local heat transfer coefficients from the experiments with 
smooth surfaces. In the saturated boiling region, the heat 
transfer coefficient was increasing from the inlet up to 
the distance of about 1/3 to 1/2 of the distance from the 
channel inlet (depending on the surface type), then it 
began to decrease on the way to the channel outlet. The 
local heat transfer coefficients during saturated boiling 
from the smooth surface were slightly higher than those 
obtained from the sintered surface. The difference is 
negligible at a higher heat flux, qw = 128 kW/m2 
(Fig. 6b).  

It can be underlined that the porosity of the powder-
based iron structure may produce high values of thermal 
resistance at diffusion bridges and a decrease in the 
surface wettability. Finally, the formation of vapour 
bubbles can be responsible for the reduction in heat 
transfer efficiency [27]. In the case of the surface formed 
by iron powder soldering, thermal resistance additionally 
occurs at the contact zones between the substrate and 
solder and between the solder and Fe powder grains. 
Low conductivity of the material in the diffusion bridges 
due to sintering may contribute to relatively low heat 
transfer efficiency in the saturated boiling region.  

Analysis of the results suggests that small dimension 
of the pores in both surface types may exacerbate surface 
wettability during the refrigerant flow and generate 
vapours „plugs” thereby inhibiting heat transfer in the 
minichannel. This hypothesis is confirmed by the results 
of pool boiling heat transfer experiments, where 
capillary processes play a major role in the transport of 
refrigerants. 

Boiling curves were drawn from the data collected 
during tests, which involved increasing the heat flux 
supplied to the heated plate. Boiling curves frequently 
represent the relationship between the heat flux density 
and the difference in temperature between the heated 
surface and the bulk fluid in the case of flow boiling in 
minichannel. The boiling curves in Fig. 7 were generated 
for three distances from the minichannel inlet: 0.06 m 
(Fig. 7a), 0.105 m (Fig. 7b) and 0.12 m (Fig. 7c). They 
were plotted for the two porous surfaces and the smooth 
plate. 

The boiling curves shown in Fig. 7 were a basis for 
the heat processes analysis. Upon the inflow of the 
subcooled liquid (section A-BI), increased heat flux 
density leads to the onset of boiling (BI - nucleate 
boiling incipience). Boiling regions start with the 
subcooled boiling region. The liquid is superheated in 
the area adjacent to the plate and subcooled in the flow 
core. The spontaneous nucleation results in  
a temperature drop on the heated surface (section BI-C). 
The bubbles absorb a large amount of energy transferred 
to the liquid and act as internal heat sinks [8]. In the 
boiling region that follows, the saturated boiling region, 
the temperature of the fluid in the core of the flow is 
equal to the saturation temperature. Furthermore, in the 
fully developed nucleate boiling region, there were 
temperature differences TP-Tf at high heat flux (section 
C-D). No significant differences in shape were observed 
between the boiling curves plotted for the smooth 
surface and for the surface enhanced by soldering iron 
powders.  

 

 

Fig. 7. Boiling curves for three distances from the minichannel 
inlet: a) 0.06 m, b) 0.105 m, c) 0.12 m. 
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5 Conclusions 
This article focuses on identification of the impact of 
porous heated surface on flow boiling heat transfer in 
minichannel. The porous surface in contact with the fluid 
in the minichannel was produced in two processes: 
sintering or soldering of Fe powder to the plate made of 
Haynes-230. The results were presented as relationships 
between the heat transfer coefficient and the distance 
from the minichannel inlet and as boiling curves 
constructed for selected distances along the channel 
length. Results obtained for using a smooth heated plate 
in experiments was also presented to compare for the 
saturated boiling region. 

In the subcooled boiling region, at a higher heat flux, 
the local heat transfer coefficients were slightly higher 
for the surface prepared via soldering. In the saturated 
boiling region, the local heat transfer coefficients 
obtained for the smooth plate surface were slightly 
higher than those achieved from the sintered plate 
surface.The porous structures formed from Fe powders 
bonded with the heated surface have low thermal 
conductivity. This may induce noticeable thermal 
resistance at the diffusion bridges of the sintered 
structures, in particular within the saturated boiling 
region. 

The boiling curves were generated for three distances 
from the minichannel inlet. No significant differences in 
shape were observed between the boiling curves plotted 
for the smooth surface and for the surface enhanced by 
soldering iron powders. 
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