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Abstract

This paper presents results of flow boiling heat transfer in two parallel asymmetrically

heated vertical minichannels. The heating element for Fluorinert FC-72 flowing in the

minichannels was a thin foil with an enhanced surface on the side in contact with the

fluid. The channels were observed from both sides through glass panes. Two of the

panes allowed us to observe the two phase flow patterns on the enhanced surface of the

foil, while the other two panes were used for simultaneous measurement of temperature

on the smooth side of the foil. The temperature was measured by applying two con-

tactless methods. One was liquid crystal thermography (LCT), which required treating

the foil surface with thermochromic liquid crystals (TLCs), and the other was infrared

thermography (IRT), which required coating the foil surface with black paint. Calcu-

lations were performed on the basis ofa one-dimensional model to determine the heat

transfer coefficient at the foil-fluid interface from the Robin boundary condition. The

experimental results were graphically represented as the foil temperature and the heat

transfer coefficient against the distance from the minichannel inlet and as LCT and IRT

images obtained for saturated boiling.

Keywords: Flow boiling heat transfer; Rectangular minichannel; Enhanced foil surface;

Liquid crystal thermography; Infrared thermography

Nomenclature

A – surface area, m2
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C0 – confinement number

d – diameter, m

dh – hydraulic diameter, m

g – gravitational acceleration, m/s2

I – current, A

L – length of the minichannel, m

n – derivative of temperature in the direction normal to the isothermal

surface, m

p – pressure, N/m2

qw – density of the heat flux, W/m2

qwl – density of the heat flux for heat transferred from the heating foil to the

surroundings, W/m2

T – temperature, K

x – distance from the minichannel inlet, m

Greek symbols

α – heat transfer coefficient, W/(m2K)

δ – thickness, m

∆U – voltage drop, V

λ – thermal conductivity, W/(mK)

ρl – density of the saturated liquid, kg/m3

ρν – density of the saturated vapour, kg/m3

σ – surface tension, N/m

Subscripts

cond – conduction

conv – convection

in – inlet

F – foil

f – fluid

G – glass

h – hydraulic

out – outlet

sat – saturation

w – wall

Superscripts

LCT – liquid crystal thermography

IRT – infrared thermography

1 Introduction

Today heat exchangers are miniaturized to reduce their size and cost; how-

ever, their efficiency needs to be as high as possible. Flow boiling heat

transfer is a process during which the important parameters, i.e., the heat
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transfer coefficient and the heat flux, reach very high values. Because of

the change in the state of matter, which is accompanied by flow boiling

heat transfer, the highest heat flux occurs when the difference in temper-

ature between the heating surface and the saturated liquid is small. The

use of enhanced surfaces is reported to improve the efficiency of the heat

transfer process [1]. Recently there has been an increased interest in flow

boiling heat transfer in minichannels. Research on flow boiling heat transfer

in minichannel has gained significant attention in engineering community

because of the utilization of latent heat of vapourization in their compact

sizes Miniaturization has become a prerequisite in the design of energy and

process systems, including compact heat exchangers, cooling devices, high-

powered lasers, and microelectronic manufacturing systems. Compact heat

exchangers with small channels are able to provide good surface contact

even under high pressure conditions. When microscale channels are used

for flow boiling, larger amounts of thermal energy can be removed than dur-

ing single-phase flow. Capillary forces and surface tension play an important

role in two-phase flow and heat transfer. There are visible differences in flow

between macrochannels and minichannels [2].

There are many criteria taken into account when classifying small chan-

nels. Kandlikar and Grande, for example, divide channels according to their

hydraulic diameter, (dh), into three groups [3]:

a) conventional channels: dh > 3 mm,

b) minichannels: 200 µm ≤ dh ≤ 3 mm,

c) microchannels: 10µm ≤ dh ≤ 200 µm.

Another classification based on the hydraulic diameter was proposed by

Shah. It is used for channels incompact heat exchangers, and these fall into

two groups [4]:

a) conventional channels: dh > 6 mm,

b) minichannels: dh < 6 mm.

On the other hand, Kewand Cornwell suggests that the division into micro-

and macrochannels should be based on the confinement number, which is

defined by [5]

C0 =
1

dh

√

σ

g(ρl − ρν)
. (1)

With the confinement number as the criterion, channels are categorized into:
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a) microchannels, for C0 < 0.5,

b) macrochannels, for C0 > 0.5.

In Poland, the problems of flow boiling heat transfer have been stud-

ied by several research teams. One of the teams, headed by Bohdal of the

Koszalin University of Technology, deals with the behavior of refrigerants,

especially their phase changes. Their main area of interest is heat transfer in

conventional channels [6–8], but recently they have also analyzed minichan-

nels [9–11]. Dutkowski of the Koszalin University of Technology is another

researcher involved in the study of heat transfer [12–15], who specializes in

the heat transfer and flow resistance during two-phase flow of water and

refrigerants in a minichannel with a circular cross-section. His findings con-

cern heat transfer phenomena ina 500 mm long minichannel with a diameter

ranging from 0.21 mm to 2.3 mm for different fluids: air, water, water-air

mixture, and cooling liquids (R-134a and R-404A).

The next research team, headed by Mikielewicz of the Gdańsk Univer-

sity of Technology, is involved in experimental and theoretical investigations

of flow boiling heat transfer in minichannels [16–19]. Their studies focus

on flow boiling heat transfer for R-123 in a circular cross-section channel

with a diameter of 1.15 mm and 2.3 mm and a length of 380 mm, whose

surface is enhanced or smooth. They also propose a semi-empirical model

to determine the heat transfer coefficient.

The studies undertaken by Cieśliński’s team of the Gdańsk University

of Technology concern pool and flow boiling on enhanced surfaces [20–24].

They conducted experiments for pure R22, R134a, R407C and their mix-

tures with synthetic oil (FuchS Reniso Triton SEZ 32) flowing in a stainless

steel tube with a porous or smooth inside surface. In the case of flow boil-

ing heat transfer with pure refrigerants, the heat transfer coefficient was

higher and the pressure drop was lower for a porous coated surface than for

a smooth surface at the same mass velocity. They proposed a correlation

equation for calculating the heat transfer coefficient during the flow boiling

heat transfer of pure refrigerants in a tube with a porous coated inside sur-

face.

The flow boiling heat transfer in a short minichannel with a circular

cross-section was studied by Wilk [23] of the Rzeszów University of Tech-

nology. Her experiments concerned convective mass and heat transfer at

low Reynolds numbers [26].

Ciałkowski and Frąckowiak of the Poznań University of Technology deal

with direct and inverse problems in mechanics and inverse problems in heat
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conduction. In [27], they apply the Trefftz method to solve the problem of

unsteady motion of a viscous liquid.

The research team of the Kielce University of Technology, headed by

Poniewski, (for years 1991–2008) includes Orzechowski, Wójcik, Pastuszko,

Piasecka, and Poniewski is now head of a research team at the Płock Satellite

Institute of the Warsaw University of Technology. The research of the Kielce

team focuses on pool boiling and flow boiling heat transfer in minichannels

with enhanced and smooth surfaces of the heating foil. Orzechowski, Wójcik

and Pastuszko deal with the problems of pool boiling heat transfer. Orze-

chowski and Tyburczyk [28–30] are concerned with pool boiling heat transfer

on fins with mesh structures. Wójcik [31–33] investigates the incipience of

boiling and heat transfer hysteresis on porous coatings; now he is working

with a research team at the AGH University of Science and Technology.

Pastuszko [34–37] studies pool boiling heat transfer on fin- and microfin

and tunnel structures. The main are as of interest of Piasecka [38–47] are

boiling heat transfer and two-phase flow pressure drop in minichannels with

smooth and enhanced surfaces at different orientations. Piasecka, Maciejew-

ska and Hożejowska have proposed several models for determining the heat

transfer coefficient and the application of the Trefftz method to determine

the temperature fields and the heat transfer coefficient in flow boiling in

minichannels [46,47,55]. Finally, Kaniowski [48,49] analyzes two-phase flow

patterns in a vertical minichannel with a smooth inside surface.

This study involved calculating the heat transfer coefficient at the foil-

fluid interface with the one dimensional model using the data obtained ex-

perimentally from two contactless temperature measurement methods, i.e.,

liquid crystal thermography and infrared thermography. The results are

presented as liquid crystal thermography (LCT) and infrared thermography

(IRT) images, as well as the curves of the local temperature of the heating

surface vs. distance from the inlet and curves of the local heat transfer

coefficient vs. distance from the inlet obtained for saturated boiling.

2 Experimental setup

The experimental setup consists of several systems: the test loop fluid FC-

72, the calibration loop, the lighting system, the data and image acquisition

system and the supply and control system, as shown in Fig. 1.

The test loop in which Fluorinert FC-72 circulates are composed of

a heat exchanger, a rotary pump, rotameters, a compensating tank, a filter,
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and a deaerator. The calibration loop, where water circulates, comprises

a rotary pump, a filter, a deaerator, a heater with an electric heating ele-

ment and a digital camera. In the lighting system there are two types of

lamps: halogen lamps to light two phase flow patterns and fluorescent cold

light tubes to illuminate the other side of the parallel minichannels. The

data and image acquisition system designed to collect measurement data is

made up of a data acquisition station with a computer and appropriate soft-

ware, an infrared camera, a digital camera, and a digital single-lens reflex

(SLR) camera. Another important system of the experimental setup is the

supply and control system, which consists of an inverter welder, a shunt, an

ammeter and a voltmeter.

The most important element of the setup is the test section with two par-

allel vertically-oriented rectangular minichannels, each 1.8 mm deep, 24 mm

wide, and 360 mm long. The schematic diagrams of the test section are

shown in Fig. 2. The heating element for FC-72 flowing in each minichan-

nel (1) is a Haynes-230 alloy foil with a thickness of about 0.1 mm (2). The

surface of the foil in contact with the fluid is enhanced. The channel can

be observed through four glass panes. The first pane (4a) enables us to

monitor changes in temperature on the smooth surface of the foil because

it is coated with thermochromicliquid crystals (TLCs) (3). In this paper,

this minichannel (Fig. 2a) will be called the LCT minichannel. In the other

minichannel, changes in temperature are observed using infrared thermog-

raphy. For this purpose, the foil was coated with blackpaint (9) to achieve

an emissivity of 0.83 [50]. Temperature is measured with an infrared cam-

era in the central,axially symmetric part of the channel (approx. 10 mm

× 350 mm). The sides of the channel are reinforced with glass panels to pre-

vent the heating foil from deformation. The other minichannel (Fig. 2b) will

be called the infrared (IRT) minichannel. The other side of the minichan-

nels, where two-phase flow patterns occur on the enhanced surface of the

foil in contact with the fluid (8), can be observed through the other two

glass panes. Pressure converters and K-type thermocouples are installed at

the inlet and outlet of the minichannel. The other basic elements of the

experimental setup are a data acquisition station, a computer with special

software, two digital cameras and an IR camera, as shown in Fig. 1.

The surface of the heating foil that was in contact with the fluid in the

minichannel was enhanced. The mini cavities (Fig. 2c) produced by spark

erosion over the whole surface area of the foil using an arcograph were dis-

tributed unevenly and their dimensions varied. The rims of resolidified melt
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Figure 1: The schematic diagram of the main systems of the experimental setup, 1 – test

section with two parallel minichannels; 2,9 – rotary pumps, 3 – compensating

tank/pressure regulator, 4 – tube-type heat exchanger, 5,10,13 – filters, 6-

rotameters, 7,12 – deaerators, 8 – pressure converter, 11 – heater with an

electric heating element, 14 – digital camera, 15 – digital SLR camera, 16

– fluorescent lamps, 17 – halogen lamps, 18 – data acquisition station, 19 –

laptop, 20 – autotransformer, 21 – inverter welder, 22 – shunt, 23 – ammeter,

24 – voltmeter, 25 – infrared camera.
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Figure 2: The schematic diagrams of the test section with: a) the LCT minichannel;

b) the IRT minichannel: 1 – minichannel, 2 – heating foil, 3 – liquid crystal

layer, 4a,b – glasspanels, 5 – channel body, 6 – front cover, 7 – thermocouple,

8 – enhanced surface of the foil, 9 – black paint layer; c) foil surface enhanced

by spark erosion; fragment with minicavities: image and 3D topography.

from the electrode and the foil were several µm in height, with a maximum

height being 5 µm. The craters were usually less than 1 µm deep.
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3 Test methodology

The testing requires that a calibration procedure is performed first. Its aim

is to determine the hue-temperature relationship, i.e., to correlate the colour

response to the temperature of the foil surface [46,51]. The actual test with

a refrigerant in the system begins with degasification. After the deaeration,

the working fluid (FC-72) flows laminarly along the minichannel.

Measurements consist of photographing the minichannels simultane-

ously from both sides: with a digital camera(LCT minichannel) and an in-

frared camera(IRT minichannel) to monitor the temperature on the smooth

surface and with a digital camera to record the flow structures on the en-

hanced surface. Once switched on, an infrared camera self-calibrates. How-

ever, it is necessary to set, for example, the object emissivity, the distance

to the object, the ambient temperature, and the relative humidity. For dig-

ital cameras, it is vital first to set the distance from the object, then focus,

and finally ensure stability to be able to take repetitive images, in order to

monitor the changes in the process. Data collected with the infrared camera

are recorded in the form of IR thermograms.

When the desired pressure and flow rate are reached, there is a gradual

increase in the electric power supplied to the heating foil followed by an in-

crease in the heat flux transferred to the fluid in the channel. This leads to

the onset of nucleate boiling and the heat transfer enhancement. After the

maximum current is achieved (with the value dependent on the operating

temperature range of the liquid crystal display), there is a gradual decrease

in the heat flux supplied to the heating foil. It takes longer for the heat flux

to decline while the current is decreased than when it is increased. And this

is due to higher thermal inertia of the metal elements of the experimental

setup. As all the measurements were performed under stable thermal and

flow conditions at a constant heat flux supplied to the heating surface, the

results correspond to steady-state regimes.

4 Aim and methodology of the calculations

The aim of the calculations was to evaluate the suitability of the one di-

mensional model for determining the heat transfer coefficient at the foil-

fluid interface. In this model, local values of the heat transfer coefficient in

the area between the heating foil and the boiling fluid are calculated from

the Robin boundary condition (third-kind boundary condition). Under this

ISSN 0079-3205 Transactions IFFM 128(2015) 97–118



106 K. Strąk and M. Piasecka

condition,the rate of heat transfer by convection between the multilayer wall

and the moving liquid is equal to the rate of heat transfer by conduction

between the liquid and the wall. In this study, flow boiling heat transfer

was analyzed using two contactless measurement techniques: liquid crys-

tal thermography and infrared thermography. The results obtained by the

above methods were represented graphically as relationships between the

foil temperature and the distance from the minichannel inlet and between

the heat transfer coefficient and the distance from the minichannel inlet.

Convection is a mechanism of heat transfer between a solid surface and

a fluid or gas in motion. The process involves the combined effect of fluid

motion and conduction. This mechanism of heat transfer is strongly depen-

dent on the fluid properties (density, thermal conductivity, dynamic viscos-

ity, specific heat or velocity), the type of fluid flow (laminar or turbulent),

and finally the geometry or roughness of the heating element. The rate of

convection heat transfer is observed to be proportional to the temperature

difference and is described by Newton’s law as

qw(conv) = α(Tw − Tf ) , (2)

where: α – is local values of the heat transfer coefficient, Tw – wall temper-

ature, Tf – fluid temperature.

The heat is transfered from the solid surface to the fluid layer by con-

duction. As the fluid layer is stationary, it can be described as

qw(conv) = qw(cond) = −α
∂T

∂n
, (3)

where: ∂T – temperature derivative, ∂n – derivative of temperature in the

direction normal to the isothermal surface [52,53].

5 Estimation of the heat loss

As the central part, 10 mm × 350 mm rectangle, of the heating foil where

the surface temperature is measured with the infrared camera (Fig. 3b) is

not insulated, the loss of heat to the surroundings is the greatest. The

results of the heat loss measurements conducted for each current setting

indicate that the greatest heat loss occurs at the highest heat flux, while

the smallest is observed at the minimum heat flux. The average loss of heat

to the surroundings for the analyzed measurement series was 1.3% of the

heat flux density (taken into account in Eq. (5)). It is obvious that the loss
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is relatively small because the measuring module itself is quite small.

The issue of heat loss for a minichannel was discussed in [36]. They

were considered to be negligible and omitted in the calculations. Similar

observations were reported for the IRT minichannel.

Figure 3: The schematic diagram of the main elements of the central part of the test

section with the LCT minichannel (a); the IRT minichannel (b): 1, 5 – glass

panels, 2 – minichannel, 3 – heating foil, 4 – liquid crystal layer, 6 – SLR digital

camera, 7 – digital camera, 8 – thermal imaging camera.

6 Determination of the heat transfer coefficient

When the one-dimensional model is used, first it is necessary to calculate

the heat transferred to the fluid separately for each minichannel by using the

heating foil temperature determined by liquid crystal thermography and in-

frared thermography. This model takes into account the heat flow direction,

which is perpendicular to the direction of the fluid flow in the minichannel.

Thus, the heat transferred to the fluid in the LCT minichannel (see Fig. 3a)

is equal to the heat generated by the heating foil in the this minichannel:

qwLCT (x) =
I∆U

AF LCT
, (4)

where: I – current, ∆U – voltage drop, AF LCT – surface area of the heating

foil in the LCT channel.
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The amount of heat transferred to the fluid in the IRT minichannel (see

Fig. 3b), which is equal to the difference between the heat generated by the

heating foil and the heat lost to the surroundings, qwl, is proportional to

the surface area of the heating foil in the IRT minichannel:

qw IRT (x) =
I∆U

AF IRT
− qwl , (5)

where: AF IRT – surface area of the heating foil in the IRT channel, qwl –

is heat lost to the surroundings in the IRT minichannel.

Local values of the heat transfer coefficient in the area between the heat-

ing foil and the boiling liquid determined by LCT, αLCT (x), are calculated

from Newton’s law

qwLCT (x) = αLCT (x)
[

TLCT
F (x, δG + δF )− Tsat(x)

]

, (6)

where: TLCT
F (x, δG + δF ) – the foil temperature measured by liquid crystal

thermography, Tsat(x) – liquid saturation temperature determined on the

basis of the linear distribution of pressure along the length of the minichan-

nel from the inlet to the outlet.

It is assumed that TLCT
F (x, δG + δF ) = TLCT

F (x, δG). The tempera-

ture gradient through the heating foil thickness was not taken into consid-

eration due to very low values. Temperature TLCT
F (x, δG + δF ) was de-

rived using Fourier’s law, which describes heat conduction through the foil.

It is assumed that the application of simplification TLCT
F (x, δG + δF ) =

TLCT
F (x, δG) has a very slight impact on the values of the heat transfer

coefficient because the foil is very thin.

Local values of the heat transfer coefficient in the area between the

heating foil and the boiling fluid determined by IRT, αIRT (x), are calculated

from Newton’s law:

qw IRT (x) = αIRT (x)
[

T IRT
F (x, δG + δF )− Tsat(x)

]

, (7)

where: T IRT
F (x, δG + δF ) - the foil temperature measured by infrared ther-

mography, thus by analogy to the LCT case, T IRT
F (x, δG+δF ) = T IRT

F (x, δG).
Finally, local values of the heat transfer coefficient are calculated as

follows:

• for the LCT minichannel

αLCT (x) =
qwLCT (x)

TLCT
F (x, δG)− Tsat(x)

, (8)
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• for the IRT minichannel

αIRT (x) =
qw IRT (x)

T IRT
F (x, δG)− Tsat(x)

. (9)

7 Measurement errors

The accuracy of the measurements of the heating foil temperature by liquid

crystal thermography was assessed by determining the error in the mea-

surement of the heat source efficiency for the same experimental setup with

a single rectangular minichannel [46,51]. The relative error was 3.53%. The

mean error in the measurement of the heating foil temperature using liquid

crystal thermography was approximately 0.86 K. The images taken with

a FLIR SC640 infrared camera system operating in the spectral range from

7.5 µm to 13 µm were recorded in a digital system with an image frequency

of 30 Hz. The accuracy of the camera was ± 2 ◦C or ± 2%. The camera can

be used for remote real time measurement of temperature with a thermal

resolution ranging from 273.21 K to 303.15 K [54].

8 Results

The experimental results are shown in the form of thermograms of the

heating foil surface obtained by liquid crystal thermography (Fig. 4a) and

infrared thermography (Fig. 4b) for 145 kg/(m2s) mass flux, 160 kPa in-

let pressure and 45 K inlet liquid subcooling. The measurement results

represented as relationships between the heating foil temperature and the

distance along the length of the minichannel obtained by LCT and IRT are

shown in Figs. 5a and 5b, respectively. The values of the heat transfer co-

efficient plotted against the distance from the minichannel inlet calculated

using the one-dimensional model are presented in Figs. 6a and 6b. The

calculations took into account only the data obtained for saturated boil-

ing. The results for subcooled boiling and the incipience of boiling were

discussed in [38–40,46,47,55].

Figure 5 shows the distribution of temperature on the heating surface

against the distance from the minichannel inlet measured with liquid crystal

thermography (Fig. 5a) and infrared thermography (Fig. 5b) for the same

heat flux supplied to the heating surface. The values of the temperature

obtained through liquid crystal thermography were measured within the op-

erating range, i.e., approx. from 333 K to 353 K. That is why only a selected
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Figure 4: Thermograms of the heating foil surface obtained by liquid crystal thermog-

raphy, (a) and infrared thermography (b) at the following parameters: mass

flux 145 kg/(m2s), inlet pressure 160 kPa, inlet liquid subcooling 45 K; 1)

qw = 10883 W/m2, 2) qw = 12597 W/m2, 3) qw = 14233 W/m2, 4)

qw = 15669 W/m2, 5) qw = 16387 W/m2.

section of the channel was studied. On the other hand, the results obtained

through infrared thermography always showed the temperature of the heat-

ing surface for the whole length of the minichannel. The LCT measurement

data for the parts located closest to the inlet and outlet (approx. 15% at

each end) was omitted in the analysis. For these results, the measurement

error was the highest and it was attributable to the calibration procedure,

the aim of which is to determine the hue-temperature relationship. Details

of the calibration procedure were discussed in [46,51].

The temperature trends in both graphs indicate that when the heat flux

supplied to the heating surface rises there is a gradual increase in the surface

temperature. The IRT results (Fig. 5b) show that locally the temperature

of the foil surface at the minichannel outlet decreases; this is due to the fact

that there is a direct contact of the channel walls with the cooler parts of

the module. The comparative analysis of the graphical data obtained with
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the two contactless measurement methods demonstrates that the values of

temperature are similar. The greatest differences were reported for # 5

of the heat flux setting, at which the temperature measured by LCT was

about 5 K lower than that obtained with IRT.

a) b)

Figure 5: Heating foil temperature vs. the distance along the length of the minichannel

determined experimentally by liquid crystal thermography (a), infrared ther-

mography (b), with parameters the same as in Fig. 4.

Figure 6 illustrates the heat transfer coefficient against the distance from

the minichannel inlet obtained on the basis of the one-dimensional model

using the temperature data recorded by IRT (Fig. 6a) and LCT (Fig. 6b).

This paper analyzes the local values of the heat transfer coefficient only for

saturated boiling. In the saturated nucleate boiling region, the heat transfer

coefficient decreases considerably with an increase in the distance from the

channel inlet, which is accompanied by an increase in the vapour volume

fraction in the mixture. The values of the heat transfer coefficient recorded

at the minichannel outlet are lower than the highest values observed closer

to the minichannel inlet. As the heat flux supplied to the heating foil is

reduced, the heat transfer in the minichannel returns to single phase forced

convection with the values of local heat transfer coefficient being low and

approximately constant. The lowest values of the coefficient were reported

at the channel outlet while single-phase convection takes place (as seen in

Fig. 6a).

It should be noted that the heat transfer coefficient trends for the two

contactless methods are similar. In both cases, the curves slope downwards

as the distance from the inlet increases. However, there was a large scatter

of results when the heat transfer coefficient was determined by IRT (partic-

ularly for # 1, # 2). It was also found that local values of the coefficient
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a) b)

Figure 6: Heat transfer coefficient vs. the distance along the length of the minichannel

determined on the basis of the one-dimensional model from the measurement

data: a) liquid crystal thermography, b) infrared thermography, with parame-

ters the same as in Fig. 4.

recorded through IRT at the minichannel inlet were shifted to the left side

(see Fig. 6) in comparison with the LCT data.

The comparative analysis indicates that the values of the heating sur-

face temperature recorded with the two contactless measurement methods

were similar. Figures 5a and 5b show the distribution of the temperature

of the heating surface along the length of the minichannel from the inlet for

liquid crystal thermography and infrared thermography, respectively. As

can be seen, the distributions of temperature measured by LCT and IRT

are similar for different heat flux settings. a marked difference in tempera-

ture between the two methods of measurement was reported for # 1 heat

flux setting, when the temperature measured by LCT was lower than that

obtained with IRT.

9 Statistical analysis

The differences between two sets of measurement data concerning the tem-

perature of the heating surface obtained with LCT and IRT were analyzed

using the Student’s t-test. This method enabled us to assess whether the

temperature variances obtained with the two techniques were equal. It was

assumed that the distributions of results in each set resemble the normal

distribution. The study was conducted at two settings of the heat flux for

the following section lengths: 0.165–0.32 m (# 1) and 0.075–0.32 m (# 3).

With the level of significance of 0.05 for a two-sided test, the probability
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that the statistic will be less than or equal to the critical value is 0.91 and

0.09 for (# 1) and (# 3), respectively. The results indicate that the hy-

pothesis that the two variances are equal for all the features tested cannot

be rejected [56].

The analysis of the relationship between the heat transfer coefficient

and the distance along the length of the minichannel indicates that the

heat transfer coefficient decreases rapidly in the boiling region. For higher

volume fractions of the vapour phase in the two-phase mixture during nucle-

ate saturated boiling, the heat transfer coefficient decreases gradually. The

values at the minichannel outlet are lower than the highest values recorded

closer to the minichannel inlet. From a statistical analysis of the mea-

surement data it was evident that the temperature variances obtained for

a given series with the two methods were the same for the selected settings

of the heat flux.

The values of the heat transfer coefficient obtained by IRT and LCT plot-

ted against the distance along the length of the minichannel were calculated

using the one-dimensional model. The results are graphically represented

in Fig. 6. As can be seen, all the curves slope downwards. However, the

results of infrared thermography, especially those for # 1 and # 2, show

a large scatter. The values of the coefficient obtained by IRT are shifted to

one side when compared with those determined by the LCT method.

10 Conclusions

The simultaneous use of the two techniques for contactless measurement of

surface temperature, i.e., liquid crystal thermography and infrared thermog-

raphy, enabled us to obtain more comprehensive data on the heat transfer

coefficient. As a result, it was possible to compare the foil surface tempera-

ture with the heat transfer coefficient for saturated boiling. The paper has

shown the relationships between the temperature of the heating foil mea-

sured by LCT and IRT and the distance from the inlet to the outlet of the

minichannel for five values of the heat flux supplied to the foil. From the

local values of the temperature obtained by LCT and IRT it is clear that

the distributions of temperature over the heating surface recorded at differ-

ent values of the heat flux were similar. However, infrared thermography

provided more detailed data for the whole length of the minichannel. The

values of the heat transfer coefficient plotted against the distance from the

minichannel inlet are similar for both methods. The curves slope down-
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wards as the refrigerant flows through the minichannel. Nevertheless, the

IRT method is characterized by fairly scattered values.
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