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Abstract. The paper discusses the results of the flow boiling heat transfer in a vertical minichannel with 
rectangular cross-section. The heating element for FC-72 flowing in the minichannel is a thin plate. Infrared 
thermography is used to determine changes in the temperature on its outer side. The aim of the calculation is 
to determine the heat transfer coefficient using 1D and 2D calculation models. Local values of heat transfer 
coefficient on the surface between the heated plate and boiling fluid are calculated from the Newton`s and 
Fourier`s laws. In 2D model the plate temperature distribution is obtained by solving the inverse heat 
conduction problem. The governing equation is solved by means of two methods: the non-continuous 
Trefftz method and the Beck method. The results are presented as plate temperature and heat transfer 
coefficient calculated using 1D and 2D models as a function of the distance from the minichannel inlet. The 
analysis of the results revealed that the values and distributions of the heat transfer coefficient calculated by 
means of both models were similar. This suggests that all mentioned methods are interchangeable. 

1 Introduction 

The mechanism of heat transfer in minichannels is  
a complicated phenomenon not fully understood yet. 
With reduced dimensions of devices, it is possible to 
achieve an intensive flow boiling heat transfer in 
minichannels. The use of mini heat exchangers reduces 
both the size of the device and its costs, while the power 
of the device remains unchanged. An overview of the 
literature on heat transfer in minichannels can be found 
in the following works: [1-4]. The application of an 
enhancement of the heated plate surface may increase 
the intensity of heat transfer [5, 6]. In the literature,  
[7-10] the results of pool boiling heat transfer when the 
enhancement of the heated surface was applied in the 
form of mini-fins were described. 

A lot of mathematical methods: analytical, analytical 
-numerical or numerical are applied for heat transfer 
calculation during flow boiling heat transfer in minigaps. 
Heat transfer coefficient computations using a one-
dimensional model proposed by the authors were 
described in papers [11-14]. The 1D model assumes that 
heat flux conducted through the heated wall and 
absorbed by the fluid from the wall, at the contact 
surface of the heater - fluid flowing in the minichannel, 
are equal.  

In paper [15] the results of studies of heat transfer 
and pressure drop during flow boiling of refrigerants are 
presented. The author proposed an analytical model of 
heat transfer and pressure drop by using of the 
experimental results.  

The heat transfer coefficient in flow and pool boiling 
was calculated by using analytical method in articles 
[16-18].  

The heat transfer issues can be modelled by 
numerically method using specialized software such as 
ANSYS CFX and Fluent like in [19, 20]. 

The two-dimensional calculation model was 
presented by the authors e.g. in [21, 22]. This model was 
proposed to identify the heat transfer coefficient at the 
flowing fluid-heated wall contact surface the wall 
temperature, the fluid temperature and the wall 
temperature gradient, by solving the inverse heat transfer 
problem [23]. One of the classical methods used to solve 
inverse problems is the sensitivity coefficient method 
(the Beck method) [22, 23]. This method consists in 
transforming the inverse problem into a few direct 
problems by differentiation the measured quantity with 
respect to the identified quantity. Inverse problems can 
also be solved by the method based on the functions that 
strictly satisfy the governing equation, so-called Trefftz 
functions [24-31]. The approximate solution of  
a differential equation, in form a linear combination of 
the Trefftz functions, is fitted to the given boundary 
conditions.  

For the inverse heat transfer problem solving other 
methods as Hybrid Picard-Trefftz Method [32] and 
Fourier transform can be applied [33]. 

 
 

E3S Web of Conferences 128, 01017 (2019) https://doi.org/10.1051/e3sconf/201912801017
ICCHMT 2019

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution  
License 4.0 (http://creativecommons.org/licenses/by/4.0/).



 

2 Experiment  

The principal aim of experiments was to collect data for 
analysing flow boiling heat transfer using the 
experimental stand shown in Fig. 1.  

The main loops of the set-up are:  
 the flow loop with the working fluid (Fluorinert 

FC-72, 3M), 
 the data and image acquisition system consists of: 

an infrared camera (E60, FLIR), data acquisition 
stations, PC computer with appropriate software 
and the lighting system, 

 the power supply system. 
The accuracy of the IR camera is  ± 1 °C or ± 1% in 

the temperature range 0 – 120 °C. 

 
Fig. 1.The schematic diagram of the main systems of the 
experimental setup, 1-test section with a minichannel, 2-gear 
pump, 3-compensating tank/pressure regulator, 4-tube-type 
heat exchanger, 5-filters, 6- mass flowmeter, 7-deaerator,  
8-pressure converter, 9-quick shot camera, 10- high power 
LEDs, 11-data acquisition station, 12-PC, 13-infrared camera, 
14-power supply. 

 

Fig. 2. Schematic diagram of the test section: 1-minichannel,  
2-front cover, 3-PTFE spacer, 4-heated plate, 5-glass panel,  
6-thermocouple, 7- channel body, 8-copper electrode. 

 
The essential element of the main loop is a test 

section with a minichannel of 1.7 mm in depth, 16 mm 
in width and 180 mm in length (Fig. 2). The test section 
is vertically oriented with upward flow in a minichannel. 
The heated element being in contact with the fluid 
flowing in the minichannel is a smooth plate  

(Ra =   0.1752   μm [13]) made of Haynes-230 alloy, 
Haynes Int.), 0.45 mm thick. The properties of this alloy 
were given in [34]. 

The temperature of the heated plate was measured by 
infrared thermography (IRT), in the central, axially 
symmetric part of the minichannel. The outer surface of 
the plate was coated with black paint of known 
emissivity (about 0.97). 

During the experimental series, the flow of the 
working fluid (FC-72) in the minichannel was laminar. 
When the desired values of the fluid pressure and flow 
rate were reached, there was a gradual increase in the 
electric power supplied to the heated plate followed by 
an increase in the heat flux transferred to the fluid in the 
minichannel. 

3 Analysis and modelling  

In this paper, local heat transfer coefficients were 
determined using the one-dimensional and two-
dimensional models.  

3.1. The one-dimensional model 

Heat flow direction perpendicular to the direction of the 
fluid flow in the minichannel was taken into account. In 
the subcooled boiling region, the local heat transfer 
coefficients were determined from the following 
equation: 
  ) -)(-)(/()( ''
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   (1) 

where: x −  distance  from  the  minichannel  inlet  along  the  
direction of the flow, TIRT −  plate  temperature,  measured  
by using infrared camera, Tf −   fluid   temperature  
calculated from the assumption of the linear distribution 
of the fluid temperature along the minichannel, k −  
thermal conductivity of the heated plate,  −  thickness  of  
the heated plate, ''

1Dq −   density   of   the   heat   flux  
transferred from the heated plate to the fluid, defined as: 
 ''''

1 -)/Δ( lossD qAUIq 
 

 (2) 
where: I −  current,  U −  voltage drop across the heated 
plate, A −   surface   area   of   the   plate,   ''

lossq −   heat   loss   to  
the surroundings. 

The loss of heat to the surroundings was estimated 
according to formula: 

 ]-)([''
sIRTsloss TxThq    (3) 

where hs −  local  values  of  the  heat  transfer coefficient at 
the interface between the heated plate and the 
surroundings, Ts −  ambient  temperature. 

3.2. The two-dimensional model 

It was assumed that the heat flow through the main 
elements of the test section was steady-state and two-
dimensional, and that there were no temperature changes 
along the minichannel width. 

Local values of the heat transfer coefficient were 
calculated  from  Newton’s  law: 
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where: ''
2Dq – density of the heat flux obtained in 

proposed 2D calculated methods, PT  – calculated plate 
temperature,   and fT  defined as for Eq. (1). 

The heat flux density ''
2Dq  and the plate temperature 

PT  were determined by solving the inverse heat 
conduction problem in the heated plate: 
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where    yLxRyx 0,0:∈, 2 , L – length 
of the minichannel, , k, I, U , A  defined as for Eqs. 
(1) and (2), respectively. The boundary conditions are 
shown in Fig. 3. 

 

Fig. 3. Boundary conditions. 
 

The inverse problem (no boundary condition at 
y  boundary) was solved using two methods: the 

non-continuous Trefftz method and the Beck method.  

3.2.1 The non-continuous Trefftz method 

The plate temperature in each of subdomains  

j   ≤≤0,≤≤:∈, 1-
2 yxxxRyx jj , for 

Jj ,....,2,1 , where 
J

j

j

1

 was a linear combination 

of the Trefftz functions:  
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where: ),( yxu – particular solution of Eq. (5), and 
 yxvi ,  – Trefftz functions. 

The coefficients ija  minimize the functional which 
expresses the mean square error of the approximate 
solution on the boundary and on the common edges of 
the neighbouring subdomains [35]. 
The heat flux from Eq. (4) was obtained according to the 
Fourier law: 
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3.2.2 The Beck method 

The plate temperature TP dependent on the constant heat 
fluxes ''

mq  for Mm ,,2,1  at the boundary y  for 
Lx≤≤0 , like in [37], is expanded into a Taylor series 

around the point  ''
0

''
01,..., Mqq . Since higher order 

derivatives vanish in linear problems, the formula has 
the form: 
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where    ''
0

''
01,...,,,, MP qqyxTyx  , while the sensitivity 

coefficients  ),,( yxZm for Mm ,,2,1   are defined: 
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The functions ),( yx  and ),( yxZm  for 
Mm ,2,1  in the domain   were the solution of the 

1+M direct problems obtained after substituting Eq. (8) 
into Eq. (5) and to the boundary conditions given in  
Fig. 3. 

The direct problems were solved by means of the 
Trefftz method [36]. 

The values of ''
mq  for Mm ,2,1  in Eq. (8) were 

calculated, like in [21], as the minimum of the 
functional:  
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3 Results and discussion 

This paper shows the results of heat transfer during fluid 
flow in a vertically oriented minichannel at the 
subcooled boiling region. The experiments involved 
increasing the heat flux supplied to the heated plate. The 
outer plate surface temperature was measured using an 
infrared camera. The experiments were conducted under 
steady-state conditions.  

In the experiment, the heat transfer between the 
heated plate surface and fluid FC-72 in the minichannel 
was initially by single phase convection. When the heat 
flux supplied to the heated plate was increased, the 
boiling initiation occurred. In the subcooled boiling 
region the liquid became superheated only in the vicinity 
of the heated plate surface while in the core of the flow, 
it was highly subcooled.  
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Data from several experimental series were analysed 
when three values of heat flux supplied to the heated 
plate and three values of fluid pressure at the inlet were 
set. The heat transfer coefficient was calculated using 1D 
and 2D calculation models. Local values of the 
coefficient in the contact surface between the heated 
plate and working fluid were determined from the 
Newton`s and Fourier`s laws. In 2D model the plate 
temperature distribution was obtained by solving the 
inverse heat conduction problem. The governing 
equation was solved by means of the non-continuous 
Trefftz method and the Beck method.  

The results are presented as: 
  the plate temperature vs .the distance from the 

minichannel inlet (Fig. 4), 
  the heat transfer coefficient as a function of the 

distance from the minichannel inlet, calculated 
using 1D and 2D models, at three values of inlet 
pressure: 130 kPa, 150 kPa, 165 kPa (Fig. 5), 

  the heat transfer coefficient vs. the distance from 
the minichannel inlet, calculated according to 1D 
and 2D models on the basis of experimental data 
obtained at three values of heat flux: 54 kW/m2,  
66 kW/m2 and 82 kW/m2 (Fig. 6). 

Experimental parameters are shown in Table 1. 

Table. 1. Experimental parameters. 

Heat 
flux 

''
1Dq  

kW/m2 

Average 
mass flux 

G 
kg /(m2∙s) 

Average 
inlet 

pressure 
pin 

kPa 

Average 
inlet liquid 
subcooling

Tsub 
K 

54 411 
130 47 

 150 
165 

66 421 
130 

51 150 
165 

82 427 
130 

54 150 
165 

 
The temperature distributions on the heated plate 

surface, illustrated in Fig. 4, indicate that the highest 
plate temperature was achieved at lower inlet pressure of 
130 kPa and the highest heat flux of 82 kW/m2 (Fig. 4a). 
At the highest value of inlet pressure (165 kPa) and the 
lowest value of heat flux (54 kW/m2), the lowest 
temperature of the heated plate was obtained from 
measurements (Fig. 4c). 

When analyzing the results illustrated in Figs. 5 and 
6 it can be noticed that there was an increase in the local 
values of the heat transfer coefficient with an increase in 
the distance from the minichannel inlet. The local values 
of the heat transfer coefficient obtained from 1D model 
were higher in comparison to determined according to 
2D model with using the Beck and the non-continuous 
Trefftz methods at three values of inlet pressure (Fig. 5) 
and three values of heat flux (Fig. 6). 

 

 

Fig. 4. The plate temperature measured by infrared 
thermography vs. the distance from the minichannel inlet, at 
selected values of heat flux and inlet pressure, experimental 
parameters shown in Table 1. 

 
The relative differences between the values of the 

heat transfer coefficients obtained for 1D and 2D models 
were calculated according to the following formula: 
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where NCT and B denote the results from application 
the non-continuous Trefftz method and the Beck method, 
respectively, R - the number of measurements, Dh1 and 

Dh2  are the values of the heat transfer coefficients 
calculated by means of 1D and 2D models.  

 

Fig. 5. The heat transfer coefficient vs. the distance from the 
minichannel inlet, calculated according to: 1D model (a) and 
2D model (b,c) using: the Beck method (b) or the non-
continuous Trefftz method (c),at heat flux of 82 kW/m2 and 
selected inlet pressure; experimental parameters shown in  
Table 1. 

The analysis of the results revealed that the values 
and distributions of the heat transfer coefficient 
calculated by means of 1D model and 2D model using 
the Beck and the non-continuous Trefftz methods, were 
similar at the same heat flux supplied to the heated plate.  

 

Fig. 6. The heat transfer coefficient vs. the distance from the 
minichannel inlet calculated according to 1D and 2D models 
with using: the Beck method (B) and the non-continuous 
Trefftz method (NTC),at the same value of inlet pressure, 
experimental parameters shown in Table 1. 
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The obtained relative differences from above 
calculations are shown in Table 2.  

Table. 2. Relative differences between heat transfer coefficient 
values calculated using1D model and 2D model with using the 

Beck and the non-continuous Trefftz methods. 

Average 
inlet 

pressure pin 
kPa 

Heat flux 
''

1Dq  
kW/m2 

Beck 
method 
  
% 

Non-continuous 
Trefftz method 

  
% 

130 
54 3.7 3.6 
66 3.9 3.8 
82 4.5 4.4 

150 
54 4.3 4.2 
66 5.2 5.0 
82 6.8 6.6 

165 
54 5.5 5.4 
66 6.7 6.5 
82 7.9 7.7 

3 Conclusions 

This paper has compared the results calculated according 
to proposed one-dimensional calculation model and two-
dimensional one with application of two methods: the 
non-continuous Trefftz method and the Beck method. 
The proposed models were applied to solve the two-
dimensional inverse heat transfer problem during FC-72 
flow in a vertical minichannel of rectangular cross-
section. The aim of the calculation was to determine the 
heat transfer coefficient on the basis of the heated wall 
temperature measured by infrared thermography on the 
outer heater’s surface. The results were presented as 
local plate temperatures and heat transfer coefficients 
calculated using 1D and 2D models and above 
mentioned methods. The temperature distributions on the 
heated plate surface indicate that the highest plate 
temperature was achieved at lowest inlet pressure and 
the highest heat flux. At the highest value of inlet 
pressure and the lowest value of heat flux, the lowest 
temperature of the heated plate was obtained from 
measurements. There was an increase in the local values 
of the heat transfer coefficient with an increase in the 
distance from the minichannel inlet. The heat transfer 
coefficient values obtained from 1D model were higher 
in comparison to determined according to 2D model. 
The relative differences in the coefficients calculated 
using both models were low. The analysis of the results 
revealed that the values and distributions of the heat 
transfer coefficient calculated by means of proposed 
calculation models and methods were similar. This 
suggests that all mentioned methods are interchangeable. 
 

The research reported herein was supported by a grant from the 
National Science Centre, Poland (No. DEC-
2016/23/N/ST8/01247). 
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