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ABSTRACT 

This paper presents a study into flow boiling of R123 in two small diameter silver tubes of 

inner diameters of 1.15mm and 2.3mm. The experiments have been accomplished for a wide 

range of quality variation (0.01 – 0.9), mass flow rate (650 -3000 kg/m2s) and heat fluxes (40 – 

80 kW/m2). The saturation temperature ranged from 30 to 70oC. In experiments a peculiar 

distribution of heat transfer coefficient leading to development of two maxima in its 

distribution with respect to quality has been observed. Such behaviour was seen in both sizes 

of tubes. 

INTRODUCTION 

Boiling heat transfer, as one of the most efficient techniques for removing high heat fluxes, 

has been extensively studied for a very long time. Nowadays, rapid development of practical 

engineering applications for micro-devices, micro-systems, advanced material designs, 

manufacturing of compact heat exchangers, electronic microchips increases the demand for 

better understanding of small and micro-scale transport phenomena. There is a significant 
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body of experimental research into the flow boiling in small diameter channels and 

minichannles, however the conclusions from these studies are still not unanimous, which 

gives incentives for additional research. 

 

Lazarek and Black [1], measured the local and average heat transfer coefficient, pressure 

drop, and critical heat flux of saturated boiling of R-113 flowing vertically upwards and 

downwards in single 3.17 mm tubes, L = 123 and 246 mm, G = 125–750 kg/(m2s), p = 1.3–

4.1 bar, q = 14–380 kW/m2, and ΔT
sub,in 

= 3–73 K. The major conclusion from the study was 

that the heat transfer coefficient was found to be independent of the flow quality for x ≥ 0. 

They concluded that nucleate boiling was the dominant heat transfer mechanism in all tests.  

That was based on the observed strong dependence of heat transfer coefficient on heat flux 

and negligible influence of quality. They suggested that the occurrence of nucleate boiling 

dominated heat transfer all the way to critical heat flux could be attributed to the high boiling 

number (Bo > 5 x 10-4) of their data. Predictions from the Chen [2] and Shah [3] correlations 

were compared with their experimental data, concluding that the Shah correlation showed 

reasonable agreement with their experiments. The authors provided also their own 

experimental correlation to fit their data. 

Wambsganss et al. [4], investigated the nucleate flow boiling of R-113 through a single tube 

of 2.92 mm inside diameter. Investigated range of parameters was G = 50–300 kg/(m2s),  

p = 1.24–1.6 bar, q = 8.8–90.7 kW/m2, x = 0–0.9 and T
in

= 20–50 ºC. The heat transfer 

coefficient slightly decreased with increasing quality for x ≥ 0. The correlation due to Lazarek 

and Black [1] showed the best agreement in correlating that data. 

Tran et al. [5,6], measured the local heat transfer coefficients and overall two-phase pressure 

drop for three different refrigerants (R-113, R-12, R-134a) through both a single circular tube 

of 2.46 mm inner diameter and rectangular cross-sectioned channels of hydraulic diameter of 
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2.4 and 2.9 mm, with G = 44–832 kg/(m2s), p = 5.1 and 8.2 bar, q = 3.6–129 kW/m2 
and x = 0 

– 0.94. Their results showed different behavior of the flow boiling in small channels from that 

found in large hydraulic diameters. Nucleate boiling was dominant for wall superheats larger 

than 2.75 K, forced convective boiling for walls superheated less than 2.75K, and the heat 

transfer coefficient was independent of x for x ≥ 0.2. An empirical correlation was proposed, 

where the heat transfer coefficient was correlated with the boiling number, Weber number, 

and liquid to vapor density ratio. No significant geometry effect was found between circular 

and rectangular channels.  

Kew and Cornwell [7] found that simple nucleate boiling correlations predicted relatively 

well their results in single narrow tubes in the confined bubbles flow region. They also 

underlined the fact that pool boiling correlations often have no geometric components 

although the influence of surface angle and tube diameter for example have shown to be 

important. Nucleate boiling is enhanced in small channels at low wall superheats above that 

predicted by the pool boiling correlation.  

Kew and Cornwell [7] investigated nucleate boiling, confined bubble boiling, partial dry-out, 

and convective boiling of R-141b in single tubes with 1.39–3.69 mm inside diameter. For the 

larger tubes (2.87 and 3.69 mm), the heat transfer coefficient decreased slightly or remained 

constant with increasing x for x ≤ 0.2, but increased for x ≥ 0.2. For the smaller tube (1.39 

mm inside diameter), the heat transfer increased with increasing x at low mass flux, G, for x ≥ 

0, but decreased rapidly at high G for x ≥ 0. 

In Bao et al. [8], the heat transfer coefficients of R-12, and R-123 flow boiling were measured 

for flow through a single horizontal tube of 1.95 mm inner diameter. The flow conditions 

were G = 50-1800 kg/(m
2
s), p = 2–5 bar, q = 5–200 kW/m

2
 and x = 0–0.9. The heat transfer 

coefficient was independent of quality for x ≥ 0, and their data showed a strong dependence of 
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the heat transfer coefficient on the heat flux and the system saturation pressure, while it was 

independent of the mass flux and vapor quality.  

Karayiannis [9] accomplished research into small diameter tubes with R-134a as test fluid. 

These investigations were carried out on stainless steel tubes with internal diameters of 2 mm 

and 4.26 mm. 996 data points were at the disposal for comparisons. The test section was 40 

cm long. The flow parameters were following: x=0.1-0.8, G=100-500 kg/m2s, heat flux, 

q=11-100 kW/m2, TSAT=30-46 oC. Both increasing and decreasing trends of heat transfer 

coefficient with quality were detected.  

Recently, Bar-Cohen and Rahim [10] reported the existence of an M-shaped distribution of 

heat transfer coefficient with respect to quality in small diameter tubes. In their opinion the 

phenomenon is specific only to such small passages and its explanation is lacking proper 

validations, therefore more studies focused on that effects are required especially of the runs 

encompassing the whole range of quality variation. 

 

The objective of the present study is to shed more light into the problem of flow boiling in 

small diameter tubes, as during experiments it turned out that the obtained distributions of 

heat transfer distribution with respect to quality were following in some cases the M-shaped 

distribution of heat transfer coefficient. 

 

EXPERIMENTAL FACILITY 

 

An experimental rig has been designed and constructed as a compact, highly integrated 

mobile unit, Fig. 1. It’s main part is a closed loop of a working fluid. Freon R-123 (Suva) has 

been selected as a test fluid due to its very convenient saturation temperature: 27.9 ºC under 

normal conditions. The flow of working fluid is forced by a set of two electrically-powered 
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pumps, composed in series, capable to deliver mass flow rate up to 200 kg/h and gauge 

pressure up to 8 bars. Gear pumps have been chosen to limit any arising flow pulsations. 

Adjustment of the mass flow is realized by changing voltage of the pump’s power supply or 

using the by-pass. Working medium is pumped from the main tank through the Danfoss mass 

flowmeter type MASS D1 3 working with MASS 6000 19” IP20 interface. Such system, 

gives about 0.3 % of measurement accuracy. In the present work the mass flow range from 10 

to 45 kg/h has been considered. Then the working fluid went to the pre-heater, where it 

attained required input parameters. Isobaric pre-heating was realized in the stainless steel tube 

powered by the low voltage, high current DC power supply. Such arrangement provides the 

power up to 1.2 kW, corresponding to heat flux of 168 kW/m2. In such way, the full range of 

quality x was possible to be obtained at the test section input. Current, voltage, inlet and outlet 

temperatures and pressure were measured on the pre-heater to determine a corresponding heat 

flux and quality x from the appropriate heat balance. From the pre-heater the medium went to 

the test section through the connection sockets. In this experiment a silver tube of 1.15 mm or 

2.3 mm inner diameter, and the length of 38 cm was used. The working medium flowed into 

the test section with a pre-defined quality x and was heated further to get the expected boiling 

conditions. Heating in the test section was realized using a low voltage, high current DC 

power supply and could be adjusted from 0 up to 1 kW of heating power, corresponding to the 

heat flux up to 364 kW/m2. Current, voltage, inlet temperature, inlet pressure, outlet 

temperature and outlet pressure were measured at the test section to determine the 

corresponding heat flux, subcooled liquid temperature, saturation temperature of boiling 

liquid and pressure drop. The tube wall temperature gradient was measured using a set of ten 

K-type thermocouples, soldered directly to the wall. All the data were collected automatically 

using PC computer with a data acquisition interface. The measuring system used a specially 

developed in-house software TERMOLAB 06. From the test section the medium went to the 
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water cooled condenser and back to the main storage tank. The unit is also equipped with the 

filter/dryer and an additional pre-heater in the main tank (to be accomplished using hot water). 

The strong emphasis was put on the precision of temperature measurements, especially in the 

light of the fact that in some cases small wall – liquid temperature differences were 

encountered. The K type of sheathed thermocouples were used for the measurements of 

working medium temperature and the K type thermocouple wire was used for the wall 

temperature measurements. To maximize the accuracy above the standard values quoted by 

the producer, a special data acquisition interface – TERMOLAB 06 - was designed which 

ensured accuracy of ±0.1 ºC for the measuring range 0 - 120 ºC and ±0.3 ºC for the range 120 

- 300 ºC. Additionally, each thermocouple was individually calibrated. It was carried out 

using the stabilized temperature at the accuracy not worse than ±0.05 ºC. Next, the whole 

system was tested in 3 constant temperature points: 0, 20 and 100 ºC. This confirmed the 

average accuracy of temperature measurement at the level of ±0.1 ºC for each measuring 

channel. Maximum deviation between the 10 points on the tube length was also checked in 

the adiabatic single phase flow conditions and it amounted to ±0.3 ºC. This value can be 

admitted as a binding temperature measurement accuracy in the whole experiment. 

 

Input power supplied to the test section (and further - the heat flux) was obtained by 

multiplying voltage measured on the tube length and current in the tube supplying circuit. 

Both measurements were carried out using digital multimeters M 890 G, whereas the current 

was measured in the shunt. The deviation of voltage measurement on the tube length was ±0.8 

% for the range 20 V AC (resolution 10 mV). The deviation of voltage measurement on the 

shunt was also ±0.8 % for the range 2 V AC (resolution 1 mV). An error of the shunt 

resistance measurement and its characteristic determination was assessed as ±1 %. The 

general error of input power measurements is about ±3 % for the power of about 230 W. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

The accuracy of obtained data was assumed by performing an uncertainty analysis based on 

the method of sequential perturbation (Moffat [11]). This method provides means to estimate 

the overall uncertainty of data by integrating the uncertainties of individual sources of error 

into the data base independently, then using a root-sum-square method to calculate the overall 

uncertainty. Error analysis was performed for every test run of each data set. It was executed 

automatically by implementing the above procedures in the data reduction spreadsheet. The 

heat balance was also automatically tested using: temperature difference and heat capacity for 

the case of single-phase heat exchange and enthalpy difference for the case of flow boiling.  

The average error of heat transfer coefficient determination not exceeded 5 %. An error of 

pressure drop measurements for the case of single phase flow was on the level of 400 mbar.  

The distribution of the rate of heat imbalance against average quality is presented in Fig. 2. 

The fitting curve was considered in calculations to minimize the error of heat transfer 

coefficient determination. 

 

EXPERIMENTAL RESULTS 

 

In the investigations presented below the focus was set on the following issues: 

1. Identification of dominant heat transfer mechanisms in minichannels. 

2. Relations of heat transfer in two-phase flow in minichannels with respect to mass flow 

rate and heat flux, as well as channel diameter and variation with quality. 

3. Comparison of data describing heat transfer with existing correlations for conventional 

and small diameter tubes. 

The range of conditions studied in saturated flow boiling of R123 for upward flow in a 

vertical tube is presented in Table 1. 
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Prior to all tests the single phase heat transfer coefficient was calculated from the 

measurements. The results are presented in Fig. 3. Over 100 readings were taken to elaborate 

that test. The results were compared with the Dittus-Boelter [12] and Petukhov [13] 

correlations. None of the correlations exhibits full consistency with experiments. Better 

agreement is shown with the Dittus-Boelter correlation in case of the tube diameter 

D=1.15mm and with Petukhov for D=1.4mm. All data are within the error band of ±10%. 

 

The effect of mass flux and heat flux 

 

Figure 4 presents a qualitative distribution of heat transfer coefficient which has been 

observed during some of the experiments in literature, see for example Bar-Cohen and Rahim 

[10]. In flow boiling in conventional size channels there is observed a maximum in heat 

transfer coefficient distribution as a function of quality which is found at about x≅0.8. That 

location corresponds to the existence of annular flow structure in the tube. In studies of flows 

in minichannels there can also exist an additional maximum of heat transfer coefficient in its 

distribution as a function of quality, see Fig. 5. Similar findings were also found in the present 

study. 

 

The mechanism of development of M-shape distribution can be explained in the following 

way. Values of heat transfer coefficient gradually increase from the values which are obtained 

at small subcoolings to the local maximum close to x=0. Then, the decrease is observed 

followed by a plateau and subsequently by a slight increase of heat transfer coefficient. The 

decrease of heat transfer coefficient maybe the result of suppression of nucleate boiling. That 

has also been confirmed by recent research by Thome [14], who confirms that the bubbly 
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flow is found in small diameter channels only up to qualities not exceeding x≅0.1.  At values 

of quality about 60% the second maximum is observed. After that another decrease of heat 

transfer coefficient is found. The smallest values are reached when quality approaches 1, 

which is generally related to the dryout conditions. The M-shape distribution of heat transfer 

coefficient seems to be a specific phenomenon devoted merely to two-phase flows in 

minichannels. Initiation of boiling on the wall and related to it acceleration of saturated liquid 

flow induces significant rise of heat transfer coefficient, significantly above the level of single 

phase values. That may explain the first steep rise on the heat transfer coefficient distribution. 

Subsequent transition to the slug/plug flow structure renders gradual decrease of heat transfer 

coefficient, as the vapour slugs form conditions for local evaporation of thin liquid film, 

separating the liquid and the wall, and even to development of dry patches, which impair heat 

transfer. The transition to annular flow structure again results in increase of heat transfer 

coefficient, as a result of development of evaporating thin liquid film on the wall. The 

evaporating film thinners and splits into rivulets causing local dryout conditions. The 

experimental evidence available in literature refer to a smaller range of quality and enable to 

reflect only a part of the M-shaped curve. Detailed analysis of experimental data enables to 

conclude that different sets of data describe different parts of M-shape distributions. That is 

the reason why in some cases authors are claiming the reduction of heat transfer coefficient 

with quality and some – the increasing trend.  

 

From Figures 6 to 8 it can be clearly seen that the local heat transfer coefficient depends on 

heat flux at a set values of mass velocity. These data have been collected for the tube 

diameters of 2.3 mm. In Fig. 9 and 10 presented are data for the smaller tube size, i.e. d=1.15 

mm. The relation is however not very straightforward. Because of quite big dispersion of 

experimental data the trend lines are introduced to connect the appropriate labels 
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corresponding to the same heat flux to make them more legible. Strong non-equilibrium 

character of the process can be the reason for this dispersion, however presented data have 

been repeated several times for the specified inlet conditions (at least 20 times). Values of 

heat transfer coefficient vary non-monotonically with quality, showing up the presence of the 

first peak in heat transfer distribution at lower qualities. The highest absolute value of the 

peak is found for the smallest heat flux at a specified mass velocity. Following the reduction 

of heat transfer coefficient and a subsequent plateau the increase in all cases is observed. That 

increase leads probably to the second peak. In case of smaller tube sizes the peak is found for 

smaller values of quality than in case of larger tubes, see Fig. 9 and 10. 

 

Now we can turn our attention to the case where we have distributions of heat transfer 

coefficient with respect to quality at set values of heat flux and varying mass velocity. Figures 

11 to 13 show the measured distributions of heat transfer coefficient for such conditions for 

the tube size of 2.3 mm, whereas in Fig. 14 and 15 presented are results for the smaller tube 

size. The results of experimental investigations presented in these figures clearly show two 

maxima on the heat transfer coefficient with respect to quality, namely the first one at 

qualities around 0.1 - 0.2 and the second one at qualities around 0.6 - 0.8. In these cases the 

trends in the development of peaks is much clearer than in the previous case where at constant 

mass velocity the heat flux varied. At a constant value of heat flux the most shifted to high 

qualities peak in heat transfer coefficient corresponds to the lowest value of mass velocity. 

That maximum is revealed at values of quality equal about 0.8. The absolute value of the peak 

is also the highest in such case, i.e. smallest mass velocity. Following subsequent increase of 

mass velocity we can observe the peak developing at small qualities. With increasing mass 

velocities the peak shifts left and reduces its maximum value. That peak corresponds to the 

value of quality of about 0.1. The difference between absolute values of both maxima is quite 
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significant, as the second maximum can be reaching a twice higher value than the first one. In 

our opinion, similarly to the knowledge from conventional channels, the first maximum arises 

as a result of suppression of nucleate boiling. Another mechanism is present in the case of the 

second maximum. The second peak is caused by the fact that the annular film is drying up. As 

long as the surface is wet (in annular flow) the heat transfer coefficient is increasing due to the 

thinning of the liquid annular film. When the film breaks down the heat transfer coefficient 

decreases rapidly. Heat transfer coefficient values at the maximum are bigger for the inner 

diameter of 1.15 mm than for 2.3 mm, see Fig. 14 to 15.  

 

Comparison with correlation due to Mikielewicz and co-workers [15,16] 

 

Figures 16 and 17 present collected experimental results compared with theoretical values 

determined from the model due to Mikielewicz and co-workers [15,16], which devises how to 

calculate the heat transfer coefficients in flow boiling from the following formulae: 

 

( )

2

65.06.017.13 1Re1053.21
1

⎟⎟
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⎞
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⎝

⎛
−×+

+= −−
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L
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RBo
R

α
α

α
α  (1) 

 

The pool boiling heat transfer coefficient αPB, is to be calculated from the relation due to 

Cooper [17]. The two-phase flow multiplier RMS  due to Müller-Steinhagen and Heck [18] is 

recommended for use in case of refrigerants, Ould Didi et al. [19]. The RMS acts in the 

correction as a sort of convective number, known from other correlations. In the form 

applicable to small diameter channels the modified Muller-Steinhagen and Heck model 

yields: 
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where Con=(σ/g/(ρL-ρG))0.5/d. Best consistency with experimental data has been obtained for 

m=-1, Mikielewicz and co-workers [15,16]. In (2) f1=(ρL/ρG) (μL/μG)0.25 for turbulent flow 

and f1=(ρL/ρG)(μL/μG) for laminar flows, whereas f1z=(μG/μL)(λL/λG)1.5(CpL/CpG) for turbulent 

flows and f1z=(λG/λL) for laminar flows. The applied heat flux is incorporated through the 

boiling number Bo, defined as, Bo=q/(GhLG). In case of turbulent flow exponent n assumes a 

value of 0.9, whereas in case of laminar flow that exponent assumes a value of n=2. It appears 

that over 65% of measurements is contained in ±30% error limits and 85% is contained in 

±50% error limits. This error spreads regularly for each quality value (Fig. 17). The biggest 

discrepancy appears for high values of quality. It follows that the correlation (1) over predicts 

values the heat transfer coefficient for high qualities. 

 

Comparison with other empirical correlations 

 

There are many correlations for saturated flow boiling available in the literature. Many of 

such correlations work well mainly with authors own data but they fail to reproduce correctly 

other authors data. Results of the comparisons of the present experimental data with the 

correlation described by expression (1) are presented in Figures 18 and 19. Three correlations 

from the literature were used, which are adequate for flow boiling in mini- and 

microchannels. These are correlations due to Kandlikar and Steinke [20], Lazarek and Black 

[1] and Owhaib [21]. Although the tested range of parameters in the presented work 

corresponded to the higher values of mass velocity these empirical correlations have been 

selected for comparisons just to be able to perform any tests with other experimental data. The 
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experimental conditions selected for comparison here were just outside the range of 

applicability of the correlations from literature but there are no other well established 

correlations available for the range of parameters considered here. Results calculated from 

these correlations were compared with the results of calculations obtained using correlation 

(1). Supremacy of the Mikielewicz and co-workers [15,16] correlation over the other 

correlations used in this work to describe heat transfer in minichannels can be noticed. 

Practically other correlations describe the experimental data properly only in few cases.  In 

Figures 20 and 21 presented are also calculations using authors own method applied to the 

data due to Karayiannis [9]. It is apparent from Fig. 16 that the discrepancies exceeding 30% 

are visible only for the quality close to zero. All other data fall into the envelope of ±30%. 

That result must be deemed satisfactory. Another experimental set of data against which the 

correlation was tested were data due to Bao et al. [8] and Wambsganns et al. [4]. Also here 

satisfactory comparisons have been obtained, see Fig. 22 and 23. 

 

Two-phase flow visualization 

 

Images of the flow patterns were registered using a high speed CCD camera at exposure time 

of 32μs on a 9 mm tube segment (starting from 30-th cm of total tube length, i.e. 

corresponding to the tube outlet). Recording was carried out at a constant values of heat flux q 

= 39.7 kW/m2 and variable mass velocity. A special two-segment test section was used. First 

segment, made of silver tube with 2.3 mm internal diameter, was used to heat the liquid to the 

required parameters. In the second segment, made of quartz glass with the same inner 

diameter, flow boiling was continued adiabatically and recorded under such conditions. 

Known flow structures of the flow were captured, which are presented in Figures 24 to 27. 
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CONCLUSIONS 

 

This work partly explains the specific features of two-phase flow and heat transfer inside 

minichannels. Within the framework of experimental and theoretical works authors realised 

the following observations: 

 

Qualitatively and quantitatively different patterns of heat transfer coefficient in function of 

quality were detected. In a general case two maximum values of heat transfer coefficient as a 

function of quality can be found. The first one occurs at the small vapour content in the flow 

in minichannel (quality of about 0.1). In most other authors experiments the decreasing heat 

transfer coefficient character was noticed because most of the measurements were executed 

for 0.1 < x < 0.7, which is before attaining the second heat transfer coefficient maximum 

conditions. That maximum was noticed for some flow parameters (for bigger qualities, x≈0.7 

- 0.8). Presence of these two maxima leads to the “M-shape” distribution of heat transfer 

coefficient. This observation was identified only recently in the literature [10]. Heat transfer 

coefficient increase with decreasing tube diameter was also shown in the some quality range. 

Also noticed was the fact, that heat transfer coefficient maximum values are bigger for the 

smaller channel diameters. 

 

Comparison of experimental data with some correlations from literature show that the 

correlation due to Mikielewicz [16] returns best consistency of those selected for comparisons 

here. Other correlations are satisfactory only in selected cases. 
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NOMENCLATURE 

LLGG

L

h
lqBo

μρ
ρ
⋅⋅

⋅⋅
=  - Boiling number 

C    - specific heat 

Cp    - specific heat at constant pressure, J/kgK 

d    - channel inner diameter, m 

L    - channel length, m 

f    - function in equation (2) 

g    - gravity, m/s2 

G   - mass flowrate, kg/m2s 

h   - enthalpy, J/kg 

hLG    - latent heat of evaporation, J/kg 

l    - bubble characteristic length, channel length, m 

m    - parameter in equation (2) 

n    - parameter in equation (1) 

p    - pressure, Pa 

L

LL CPr
λ
⋅μ

=   - Prandtl number 

q    - heat flux density, W/m2 

Rms   - two-phase flow multiplier 

L

dG
μ
⋅

=Re   - Reynolds number 
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t    - temperature, oC 

x    - quality 

 

Greek symbols 

α -  heat transfer coefficient, W/m2K 

λ -  thermal conductivity, W/mK 

μ -  dynamic viscosity, Pa s 

ρ -  density, kg/m3 

σ -  surface tension, N/m 

 

Subscripts 

G  - saturated vapour  

i - internal 

in - inlet 

L  - saturated liquid  

PB  - pool boiling 

SAT - saturation conditions 

sub - subcooled 

TPB - two-phase boiling 

w - wall 
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Table 1. Range of variation of parameters in investigations of flow boiling of R123. 
 

Parameter Range of variation
di [mm] 1.15, 2.3 
G [kg/(m2s)] 534 - 3011 
qw [kW/m2] 28.5 - 68.4 
tSAT [°C] 23 - 86 
x [--] 0 - 1 
L [mm] 380 
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Figure captions: 
 
Fig. 1. Schematic of experimental assembly: 1- main tank with pre-heater; 2 – circulation 
pump; 3 – filter and dryer; 4 – mass flow meter; 5 – pre-heater; 6 – test section; 7 – 
condenser; 8 – by-pass; 9 – filling in valve; 10 – de-aerator /  vacuum pump valve. 
 

Fig. 2. Distribution of rate of heat imbalance against the average quality. 

 

Fig. 3. Single phase convection for two tube sizes with R123 as a test fluid. 

 

Fig. 4. Heat transfer distribution in conventional size channel and minichannels 

 

Fig. 5. Schematic of M-shape distribution of heat transfer coefficient minichannels 
 

 
Fig. 6. Distributions of heat transfer coefficient with respect to quality for fixed values of 
mass velocity and varying heat flux, D=2.3 mm, G=950 kg/(m2s). 

 
 

Fig. 7. Distributions of heat transfer coefficient with respect to quality for fixed values of 
mass velocity and varying heat flux, D=2.3 mm, G=2007 kg/(m2s). 

 
Fig. 8. Distributions of heat transfer coefficient with respect to quality for fixed values of 
mass velocity and varying heat flux, D=2.3 mm, G=2550 kg/(m2s). 

 
 

Fig. 9. Distributions of heat transfer coefficient with respect to quality for fixed values of heat 
flux and varying mass velocity, D=2.3 mm, q=48080 W/m2. 

 
Fig. 10. Distributions of heat transfer coefficient with respect to quality for fixed values of 
heat flux and varying mass velocity, D=2.3 mm, q=49246 W/m2. 

 
Fig. 11. Distributions of heat transfer coefficient with respect to quality for fixed values of 
heat flux and varying mass velocity, D=2.3 mm, q=58450 W/m2. 

 
Fig. 12. Distributions of heat transfer coefficient with respect to quality for fixed values of 
mass velocity and varying heat flux, D=1.15 mm, G=870 kg/(m2s). 

 
Fig. 13. Distributions of heat transfer coefficient with respect to quality for fixed values of 
mass velocity and varying heat flux, D=1.15 mm, G=1070 kg/(m2s). 

 
Fig. 14. Distributions of heat transfer coefficient with respect to quality for fixed values of 
heat flux and varying mass velocity, D=1.15 mm, q=22318 W/m2. 

 
Fig. 15. Distributions of heat transfer coefficient with respect to quality for fixed values of 
heat flux and varying mass velocity, D=1.15 mm, q=66500 W/m2. 
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Fig. 16. Experimental heat transfer coefficient as a function of heat transfer coefficient 
determined by expression (1), D=2.3 mm. 

 
Fig. 17. Ratio of experimental heat transfer coefficient to a value calculated by expression (1) 
as a function of quality, D=2.3 mm. 

 
Fig. 18. Comparison of obtained experimental data with other correlations for small diameter 
channel as a function of quality, G=822 kg/m2s, q=59641 W/m2, d=2.3 mm. 

 
Fig. 19. Comparison of obtained experimental data with other correlations for small diameter 
channel in function of quality, G=824 kg/m2s, q=63620 W/m2, d=2.3 mm. 

 

Fig. 20. Data due to Huo et al. [9]  reduced with correlation (1). 

Fig. 21. Data due to Huo et al. [9] versus quality reduced with correlation (1). 

 

Fig. 22. Comparisons with experimental data due to Tran et al. [5] and Wambsganss et al. [4] 
 

Fig. 23. Comparisons with experimental data due to Tran et al. [5] and Wambsganss et al. [4] 
 

Fig. 24. Beginning of nucleate boiling, q = 39,7 kW/m2, G = 2883 kg/m2s, tin = 22.51°C. 
 

Fig. 25. Developed nucleate boiling, q = 39,7 kW/m2, G = 3650 kg/m2s, tin = 30.75 °C. 
 

Fig. 26. Wispy-annular flow boiling, q = 39,7 kW/m2, G = 2237 kg/m2s, tin = 41.53 °C. 
 

Fig. 27. Mist-annular flow boiling, q = 39,7 kW/m2, G = 783 kg/m2s, tin = 54.09 °C. 
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Fig. 1. Schematic of experimental assembly: 1- main tank with pre-heater; 2 – circulation 
pump; 3 – filter and dryer; 4 – mass flow meter; 5 – pre-heater; 6 – test section; 7 – 
condenser; 8 – by-pass; 9 – filling in valve; 10 – de-aerator /  vacuum pump valve. 
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Fig. 2. Distribution of rate of heat imbalance against the average quality. 
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Fig. 3. Single phase convection for two tube sizes with R123 as a test fluid. 
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Fig. 4. Heat transfer distribution in conventional size channel and minichannels 
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Fig. 5. Schematic of M-shape distribution of heat transfer coefficient minichannels 
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Figure 6. Distributions of heat transfer coefficient with respect to quality for fixed values of 

mass velocity and varying heat flux, D=2.3 mm, G=950 kg/(m2s). 
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Figure 7. Distributions of heat transfer coefficient with respect to quality for fixed values of 
mass velocity and varying heat flux, D=2.3 mm, G=2007 kg/(m2s). 
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Figure 8. Distributions of heat transfer coefficient with respect to quality for fixed values of 
mass velocity and varying heat flux, D=2.3 mm, G=2550 kg/(m2s). 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 
 

0 0.2 0.4 0.6 0.8 1
x [-]

0

4

8

12

16
α

TP
B [

kW
/m

2 K
]

D=2.3 mm, q=48.1 kW/m2

G=821 kg/m^2s
G=1411 kg/m^2s
G=2476 kg/m^2s
G=2630 kg/m^2s

 

kg/m2s 
kg/m2s 
kg/m2s 
kg/m2s 

 
Figure 9. Distributions of heat transfer coefficient with respect to quality for fixed values of 

heat flux and varying mass velocity, D=2.3 mm, q=48080 W/m2. 
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Figure 10. Distributions of heat transfer coefficient with respect to quality for fixed values of 

heat flux and varying mass velocity, D=2.3 mm, q=49246 W/m2. 
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Figure 11. Distributions of heat transfer coefficient with respect to quality for fixed values of 

heat flux and varying mass velocity, D=2.3 mm, q=58450 W/m2. 
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Figure 12. Distributions of heat transfer coefficient with respect to quality for fixed values of 
mass velocity and varying heat flux, D=1.15 mm, G=870 kg/(m2s). 
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Figure 13. Distributions of heat transfer coefficient with respect to quality for fixed values of 

mass velocity and varying heat flux, D=1.15 mm, G=1070 kg/(m2s). 
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Figure 14. Distributions of heat transfer coefficient with respect to quality for fixed values of 

heat flux and varying mass velocity, D=1.15 mm, q=22318 W/m2. 
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Figure 15. Distributions of heat transfer coefficient with respect to quality for fixed values of 

heat flux and varying mass velocity, D=1.15 mm, q=66500 W/m2. 
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Figure 16. Experimental heat transfer coefficient as a function of heat transfer coefficient 

determined by expression (1), D=2.3 mm. 
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Figure 17. Ratio of experimental heat transfer coefficient to a value calculated by expression 
(1) as a function of quality, D=2.3 mm. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 
 

0.3 0.4 0.5 0.6 0.7 0.8
x [-]

0

4

8

12

16
α

TP
B [

kW
/m

2 K
]

G=822 kg/m2s, q=59641 W/m2

Experiment
Equation (1)
Kandlikar and Steinke [20]
Lazarek and Black [1]
Owhaib [21]

 
Figure 18. Comparison of obtained experimental data with other correlations for small 
diameter channel as a function of quality, G=822 kg/m2s, q=59641 W/m2, d=2.3 mm. 
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Figure 19. Comparison of obtained experimental data with other correlations for small 
diameter channel in function of quality, G=824 kg/m2s, q=63620 W/m2, d=2.3 mm. 
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Fig. 20. Data due to Huo et al. [9]  reduced with correlation (1). 
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Fig. 21. Data due to Huo et al. [9] versus quality reduced with correlation (1). 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

 

5000 10000 15000 20000 25000
αexp [W/m2K]

5000

10000

15000

20000

25000

α
th
 [W

/m
2 K

]

Data from [4,5]
R11
R12
141b
134a
113
123

 

+30% 

- 30% 

 
Fig. 22. Comparisons with experimental data due to Tran et al. [5] and Wambsganss et al. [4] 
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Fig. 23. Comparisons with experimental data due to Tran et al. [5] and Wambsganss et al. [4] 
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Figure 24. Beginning of nucleate boiling, q = 39.7 kW/m2, G = 2883 kg/m2s, tin = 22.51°C. 
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Figure 25. Developed nucleate boiling, q = 39.7 kW/m2, G = 3650 kg/m2s, tin = 30.75 °C. 
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Figure 26. Wispy-annular flow boiling, q = 39.7 kW/m2, G = 2237 kg/m2s, tin = 41.53 °C. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 
 

 
 
 

Figure 27. Mist-annular flow boiling, q = 39.7 kW/m2, G = 783 kg/m2s, tin = 54.09 °C. 
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