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Abstract. In the paper presented are the results of the study on the effect of reduced pressure on flow 
boiling heat transfer data in minichannels as well as conventional ones. That effect renders that most of heat 
transfer correlations fail to return appropriate results of predictions. Mostly they have been developed for 
the reduced pressures from the range 0.1-0.3. The special correction has been postulated to the in-house 
model of flow boiling and condensation which modifies the two-phase flow multiplier as well as the 
temperature gradient in pool boiling.  Four two-phase flow multiplier models were tested for this purpose, 
i.e. due to Friedel, Tran, Müller-Steinhagen and Heck and finally its in-house modification for applicability 
to minichannels. The model has been tested against a large selection of experimental data collected from 
various researchers to investigate the sensitivity of the in-house developed model. The collected 
experimental data came from various studies from literature and were conducted for the full range of quality 
variation and a wide range of mass velocity and saturation temperatures. In the work are presented the 
results of calculations obtained using the in-house developed semi empirical model on selected 
experimental flow boiling data related to carbon dioxide.  

1 Introduction  
Nowadays, there is an increasing interest in refrigerants 
featuring low Global Warming Potential (GWP). The 
reason of this concern can be attributed to the growing 
number of regulations and laws prohibiting the use of 
some of synthetic refrigerants. According to these 
regulations the new fluids used in e.g. air-conditioning 
and refrigeration applications cannot be manufactured 
with fluorinated greenhouse gases having GWP greater 
than 150 [1]. Within that document most of the 
substances used in refrigeration system have been 
regulated due to its Ozone Depletion Potential (ODP). 
Consequently one of the working fluids most extensively 
used in medium evaporation temperatures, such as for 
example R134a with GWP=1430 needs to be replaced by 
more environmentally friendly fluids. Previous studies 
have considered R152a [2] and the natural refrigerant 
CO2 [3] as possible replacements for R134a. However, 
R152a is a flammable refrigerant and for the CO2 
system, the working pressure is significantly higher than 
for R134a system. Apart from that drawback CO2, as 
compared to other contemporary fluids is a relatively 
safe one. It is non-toxic, non-flammable, non-explosive, 
inexpensive and can be coupled with most metals and 
plastics. Design of evaporators for use of the CO2 
requires the exact determination of the heat transfer 
coefficient during flow boiling. Available in the 
literature empirical correlations give different results as 
compared to the results obtained experimentally. There 
is hardly any robust and recommended correlation for 

the purpose of calculation of carbon dioxide two-phase 
heat transfer, despite some devoted contributions [3]. 
There are many available experimental investigations 
into flow boiling heat transfer of all mentioned above 
working fluids in the literature. Unfortunately, the results 
published for some of these fluids are still inconsistent 
and difficult in mathematical modelling [4]. In the 
literature there are many empirical correlations for 
modelling of flow boiling heat transfer. As mentioned 
earlier, in case of CO2 most of well-known models does 
not exhibit a good consistency with experimental data. It 
was authors intention to show the performance of their 
own approach in predicting of flow boiling heat transfer 
coefficient on the example of the data collected from 
literature using the in-house developed model [5]–[8]. 
Based on the evidence of comparisons with experimental 
data two corrections incorporating the effect of reduced 
pressure have been postulated to the authors own model.  
The first one modifies the temperature gradient in flow 
boiling and is applicable only to that situation. The 
second correction relates to modification of the two-
phase flow multiplier and influences both the flow 
boiling or flow condensation. Presented model provides 
improved consistently of the predictions with the 
experimental data for the case of carbon dioxide data in a 
wide range of reduced pressures. 

2 The modelling 
The versatile semi-empirical model for calculations of 
flow boiling and flow condensation originally due to J. 
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Mikielewicz [5] and the final version due to D. 
Mikielewicz et al. [6]–[8] has been tested for a 
significant number of experimental data and has returned 
satisfactory results for the case of the flow boiling 
process for numerous fluids. The fundamental 
hypothesis of the model is the fact that heat transfer 
during flow boiling with bubble generation can be 
modeled as a sum of two contributions constituting the 
total energy dissipation in the flow, namely the energy 
dissipation due to the shearing flow without the bubbles 
and dissipation resulting from the bubble generation. The 
final version of the model reads: 
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In equation (1) C = 1 for flow boiling and C =0 for flow 
condensation, Equation (1) also includes the empirical 
correction P defined by equation (2). Occurring in the 
equation (1) the two-phase multiplier is raised to the 
power n (n=0.76 for turbulent, n=2 for laminar flow).  

 ( )[ ] 65,026,017,13 1Re1053,2
−− −⋅⋅⋅⋅= MSLOBoP φ , (2) 

The two-phase flow multiplier present in eq. (1) has been 
recommended thus far as a Muller-Steinhagen and Heck 
[9] model or its in-house modifications (described in 
Table 1), but it must be stressed that any definition of the 
multiplier can be used for that modelling provided that it 
captures the convective flow boiling character properly. 

In calculations presented below the sensitivity of the 
developed model to the selection of the two-phase flow 
multiplier has also been examined. For that purpose four 
models of two-phase flow multipliers were introduced 
into equation (1), namely modified correlation due to 
Friedel [10], Tran [11], Muller-Steinhagen and Heck [9],  
and the latter taking into account of the non-adiabatic 
effect [12]. Relationships, which describe the two-phase 
multiplier using during this analysis have been shown in 
Table 1.  

Table 1. Two-phase multiplier models. 
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Turbulent flow 
f1=(ρL/ρG)(µL/µG)0.25, 

f1z=(µG/µL)(λL/λG)1.5(cpL/cpG) 
Laminar flow 

f1=(ρL/ρG)(µL/µG) ; f1z=(λG/λL) 
m=0 for conventional channels 
m = -1 for flow in minichannels 

Con  
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The model adopted for consideration may be used both 
for predicting heat transfer coefficients during boiling 
and condensation. It was expected that the accuracy of 
model predictions could be improved by some 
modifications to the empirical correction P, here by 
incorporation of the reduced pressure effect. Taking into 
account the reduced pressure in the empirical correction 
P in case of modeling the condensation process in the 
flow will not affect the obtained results of the 
calculations. This is due to the fact that the empirical 
correction P, and thus the reduced pressure included in 
the calculations, are considered only in the part 
associated with the generation of bubbles, which is non-
existent when modeling the condensation process. The 
condensation process can only be influenced if the 
reduced pressure effect is applied to the model of two-
phase flow multiplier. 
As mentioned above it was expected that the accuracy of 
model predictions could be improved by some 
modifications to the empirical correction P, here by 
incorporation of the reduced pressure effect. The 
modified in the present work empirical correction P 
yields: 

 ( )[ ] 65,026,017,13 1Re1053,2
−− −⋅








= MSLO

a

kr

sat Bo
p
p

P φ  (8) 

The convective part of equation (1) can also be modified 
to include the effect of reduced pressure in the form: ( ) 2
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Therefore the general form of the model (1) with account 
of reduced pressure in the convection term and bubble 
generation term reads: 
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The exponents in eq. (9) have been derived using the 
multiple regression method and are equal to a1=1.61 and 
a2=-1.There is additionally another term in eq. (9) which 
should  account for the fact that it may be prone to the 
reduced pressure. That is the pool boiling heat transfer 
coefficient. In the considered model the generalized 
Cooper model is used. That model is featuring the 
reduced pressure as one of the independent parameters. 
For that reason no amendments are required to that issue. 
The final form of the generalized dependence is 
described 

 ( ) 55,012,05,03
2

lg −− −⋅⋅⋅⋅= rrPb PPMqAα  (11) 

The term A in the formula (11) is a constant dependent 
on the type of refrigerant and in the case of freons this 
value is 55. 

Specification of tested data is presented in Table 2. 
Some of the data fall into the range of minichannels, 
some of them to conventional ones. The value of the 
confinement number Con is used to distinguish between 
these data. Additionally in Table 2 presented are values 
of reduced pressure. Using the Kew and Cornwell [14] 
criterion, the available data bank was divided into 
conventional size channels and minichannels.  

Table 2. List of experimental data. 

Author(s) Fluid Con Psat/Pkr 

Docoloumbier et 

al. [15] 

CO2 

1.611 

– 

1.412 

0.359 – 

0.472 

Pamitran et al. [16] 

0.241 

– 

0.483 

0.485 – 

0.61 

Mastrullo et al. 

[17] 

0.113 

– 

0.138 

0.382 – 

0.548 

Yoon et al. [18] 

0.083 

– 

0.099 

0.472 – 

0.61 

Choi et al. [19] 0.415 0.61 

Oh et al. [20] 

0.071 

– 

0.274 

0.413 

0.777 

Dang et al. [21] 0.274 0.69 

Kim et al. [22] 
0.096 

– 0.16 

0.413 – 

0.777 

Wu et al. [23] 
0.526 

– 0.78 

0.136 – 

0.472 

Cho et al. [24] 

0.048 

– 

0.149 

0.472 – 

0.777 

Zhao et al. [25] 0.223 0.19 

3 Results 
It can be concluded that the transition from conventional 
size channels to minichannels takes place on average at 
channel diameter smaller than 1.5 mm, i.e. Con > 0.5. It 
should be also noted that the analysis of the parameters 
from Table 2, indicates the fact that collected for 
scrutiny experimental research covers a full range of 
quality and a relatively wide range of mass velocity. 

In the first instance the attention will be drawn to the 
issue how the Muller-Steinhagen and Heck model is 
peforming at different reduced pressures in  comparison 
to the Zhang and Webb model [25]. The latter has been 
especially developed to model pressure drop in 
minichannels and has a capability of differentiating 
between different values of reduced pressure. The 
comparison of the diagrams presented in Figures 1 
shows that distributions of the pressure drop component 
for the same channel diameter are very similar for the 
case of the Zhang and Webb model  and the model 
proposed here (9). Comparisons of the pressure drop 
determined with these two models at constant mass 
velocity G and different channel diameters show some 
differences, but they are smaller than 20% between 
simulations. 
In Fig. 2 presented are the results of predicting the two-
phase pressure drop in tubes using different models of 
two-phase flow multipliers. The data from 
Docoloumbier et al. [23] has been taken. Apparently, the 
model using formulation (9) performs best of other ones 
considered. 

Belyaev et al. [25] tried to confirm the hypothesis 
that in case of high value of reduced pressure, the two-
phase flow structures in small diameter channels are 
similar to those occurring in conventional size diameter. 
Based on their study they observed that when reduced 
pressure is greater than 0.4 then is no differences 
between heat transfer during flow boiling in 
minichannels and conventional channels. Mauro [26] 
reports that at the same value of reduced pressure, the 
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thermodynamic properties of refrigerants are very 
similar, wherein in case of transported properties, these 
properties are more  
divergent.  

 

Fig. 1. Pressure drop distribution in function of quality for 
CO2 at different values of mass velocity; G=400 kg/(m2s),     
Tsat=0oC, d = 1mm, comparison of modified Muller-Steinhagen 
and Heck model (3) and Zhang and Webb.  

 

Fig. 2. Pressure drop distribution in function of quality for 
CO2 at different values of mass velocity; G=400 kg/(m2s),  
Tsat = -10oC, d = 1.42 mm, comparison of different two-phase 
multiplier models [15]. 

In the following part, the basic model and its subsequent 
modifications, which have been selected for discussion, 
will be analyzed with respect to predictions of the heat 
transfer coefficient. Calculation are carried out using the 
model described by equation (5), where different two-
phase multiplier definitions have been assumed. The 
results of calculations are presented in Fig. 3. 
In Figures 4-6 presented are the results of calculations of 
heat transfer coefficient using the model presented 
pressure drops related to boiling in flow using the 
relationships specified in Table 1. The presented 

calculations show that the models proposed by eq. (10) 
gave the very good match with the experimental data.  

 

Fig. 3. Pressure drop distribution in function of quality for 
CO2 at different values of mass velocity; d = 0,53 mm, G = 200 
kg/m2s, q = 10 kW/m2, Tsat = 0oC, comparison of different two-
phase multiplier models [15]. 

The results of the analysis include all the collected 
experimental data specified in Table 2. According to the 
adopted systemization of channels, experimental data of 
Docoloumbier and al. [15] (CO2), Wu and others [23] 
(CO2), Con ≥ 0.5 was obtained while the remaining 
experimental database collected corresponds to the flow 
through a channel with conventional diameter. In 
performed calculations MAE=36.22%. 

 

Fig. 4. Correllation of theoretical and empirical heat transfer 
data for CO2 at a=1.61. 

The graphs show that the correlation equations adopted 
for analysis reflect the experimental data in a satisfactory 
manner.  
 In addition, it should be added that to reduce the 
average relative error and increase the coefficient of 
determination in the linear regression model, the amount 
of experimental data falling within the error limits of ± 
30% in relation to the original form of the model adopted 

     , 0 (2018) https://doi.org/10.1051/e3sconf/2018E3S Web of Conferences 70 7002012
HTRSE-2018

2012 

4



 

for analysis also increased. For the case of considered 
carbon dioxide data it amounts to 52%. The histogram of 
deviations is presented in Fig. 6. 

 

Fig. 5. Correllation of theoretical to empirical heat transfer 
ratio data in function of quality for CO2 at a=1.61. 

 
 

Fig. 6. Histogram of deviations of the calculateds results αth. 

4 Conclusions 
The paper presents the analysis of the results of flow 

boiling calculations using an authors’ own model to 
predict heat transfer coefficient in a wide range of 
reduced pressures for the case of carbon dioxide.  The 
special correction has been postulated to the in-house 
model of flow boiling and condensation in which 
modified was the two-phase flow multiplier as well as 
the temperature gradient in pool boiling.  Four two-phase 
flow multiplier models were tested for this purpose, i.e. 
due to Friedel, Tran, Müller-Steinhagen and Heck and 
finally its in-house modification for applicability to 
minichannels. The latter model has been tested against a 
large selection of experimental data collected from 
various researchers to investigate the sensitivity of the 
in-house developed model. The collected experimental 

data were conducted for the full range of quality 
variation and a wide range of mass velocity and 
saturation temperatures. The results show that change of 
the model which describes the two-phase multiplier is 
significant in case of CO2, where the best compliance 
with experimental data obtained using the Tran 
correlation. The results also show that taking into 
account appropriate two-phase multiplier model and 
reduced pressure effects can significantly contribute to 
the convergence with experimental data compared to 
original model. In authors’ opinion, the proposed method 
to calculate the heat transfer coefficient is a reliable tool 
in engineering calculations e.g. designing heat 
exchangers [28-30]. 

Results presented in the paper have been carried out within the 
project 2017/25/B/ST8/00755 funded by the National Science 
Centre, Poland in years 2018-2021. 
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1 Introduction 

Nowadays, there is an increasing interest in refrigerants featuring low Global Warming Potential (GWP). The reason of this concern can be attributed to the growing number of regulations and laws prohibiting the use of some of synthetic refrigerants. According to these regulations the new fluids used in e.g. air-conditioning and refrigeration applications cannot be manufactured with fluorinated greenhouse gases having GWP greater than 150 [1]. Within that document most of the substances used in refrigeration system have been regulated due to its Ozone Depletion Potential (ODP). Consequently one of the working fluids most extensively used in medium evaporation temperatures, such as for example R134a with GWP=1430 needs to be replaced by more environmentally friendly fluids. Previous studies have considered R152a [2] and the natural refrigerant CO2 [3] as possible replacements for R134a. However, R152a is a flammable refrigerant and for the CO2 system, the working pressure is significantly higher than for R134a system. Apart from that drawback CO2, as compared to other contemporary fluids is a relatively safe one. It is non-toxic, non-flammable, non-explosive, inexpensive and can be coupled with most metals and plastics. Design of evaporators for use of the CO2 requires the exact determination of the heat transfer coefficient during flow boiling. Available in the literature empirical correlations give different results as compared to the results obtained experimentally. There is hardly any robust and recommended correlation for the purpose of calculation of carbon dioxide two-phase heat transfer, despite some devoted contributions [3]. There are many available experimental investigations into flow boiling heat transfer of all mentioned above working fluids in the literature. Unfortunately, the results published for some of these fluids are still inconsistent and difficult in mathematical modelling [4]. In the literature there are many empirical correlations for modelling of flow boiling heat transfer. As mentioned earlier, in case of CO2 most of well-known models does not exhibit a good consistency with experimental data. It was authors intention to show the performance of their own approach in predicting of flow boiling heat transfer coefficient on the example of the data collected from literature using the in-house developed model [5]–[8]. Based on the evidence of comparisons with experimental data two corrections incorporating the effect of reduced pressure have been postulated to the authors own model.  The first one modifies the temperature gradient in flow boiling and is applicable only to that situation. The second correction relates to modification of the two-phase flow multiplier and influences both the flow boiling or flow condensation. Presented model provides improved consistently of the predictions with the experimental data for the case of carbon dioxide data in a wide range of reduced pressures.

2 The modelling

The versatile semi-empirical model for calculations of flow boiling and flow condensation originally due to J. Mikielewicz [5] and the final version due to D. Mikielewicz et al. [6]–[8] has been tested for a significant number of experimental data and has returned satisfactory results for the case of the flow boiling process for numerous fluids. The fundamental hypothesis of the model is the fact that heat transfer during flow boiling with bubble generation can be modeled as a sum of two contributions constituting the total energy dissipation in the flow, namely the energy dissipation due to the shearing flow without the bubbles and dissipation resulting from the bubble generation. The final version of the model reads:



	,	(1)

In equation (1) C = 1 for flow boiling and C =0 for flow condensation, Equation (1) also includes the empirical correction P defined by equation (2). Occurring in the equation (1) the two-phase multiplier is raised to the power n (n=0.76 for turbulent, n=2 for laminar flow). 



	,	(2)

The two-phase flow multiplier present in eq. (1) has been recommended thus far as a Muller-Steinhagen and Heck [9] model or its in-house modifications (described in Table 1), but it must be stressed that any definition of the multiplier can be used for that modelling provided that it captures the convective flow boiling character properly.

In calculations presented below the sensitivity of the developed model to the selection of the two-phase flow multiplier has also been examined. For that purpose four models of two-phase flow multipliers were introduced into equation (1), namely modified correlation due to Friedel [10], Tran [11], Muller-Steinhagen and Heck [9],  and the latter taking into account of the non-adiabatic effect [12]. Relationships, which describe the two-phase multiplier using during this analysis have been shown in Table 1. 

Table 1. Two-phase multiplier models.

		Autor(s)

		Equation



		Muller-Steinhagen and Heck [9]

				



		[bookmark: _Ref515018672](3)









		

		Turbulent flow

f1=(L/G)(L/G)0.25, f1z=(G/L)(L/G)1.5(cpL/cpG)

Laminar flow

f1=(L/G)(L/G) ; f1z=(G/L)

m=0 for conventional channels

m = -1 for flow in minichannels

Con [image: ]



		Friedel [10]

		[image: ]        (4)
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		Tran [11]

		        (5)
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		Muller-Steinhagen and Heck with non-adiabatic effects [12]

		        (6)
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		Zhang and Webb [13]

		(7)

		















The model adopted for consideration may be used both for predicting heat transfer coefficients during boiling and condensation. It was expected that the accuracy of model predictions could be improved by some modifications to the empirical correction P, here by incorporation of the reduced pressure effect. Taking into account the reduced pressure in the empirical correction P in case of modeling the condensation process in the flow will not affect the obtained results of the calculations. This is due to the fact that the empirical correction P, and thus the reduced pressure included in the calculations, are considered only in the part associated with the generation of bubbles, which is non-existent when modeling the condensation process. The condensation process can only be influenced if the reduced pressure effect is applied to the model of two-phase flow multiplier.

As mentioned above it was expected that the accuracy of model predictions could be improved by some modifications to the empirical correction P, here by incorporation of the reduced pressure effect. The modified in the present work empirical correction P yields:



		(8)

The convective part of equation (1) can also be modified to include the effect of reduced pressure in the form:



		(9)

Therefore the general form of the model (1) with account of reduced pressure in the convection term and bubble generation term reads:



		(10)

The exponents in eq. (9) have been derived using the multiple regression method and are equal to a1=1.61 and a2=-1.There is additionally another term in eq. (9) which should  account for the fact that it may be prone to the reduced pressure. That is the pool boiling heat transfer coefficient. In the considered model the generalized Cooper model is used. That model is featuring the reduced pressure as one of the independent parameters. For that reason no amendments are required to that issue. The final form of the generalized dependence is described



		(11)

The term A in the formula (11) is a constant dependent on the type of refrigerant and in the case of freons this value is 55.

Specification of tested data is presented in Table 2. Some of the data fall into the range of minichannels, some of them to conventional ones. The value of the confinement number Con is used to distinguish between these data. Additionally in Table 2 presented are values of reduced pressure. Using the Kew and Cornwell [14] criterion, the available data bank was divided into conventional size channels and minichannels. 

Table 2. List of experimental data.

		Author(s)

		Fluid

		Con

		Psat/Pkr



		Docoloumbier et al. [15]

		CO2

		1.611 – 1.412

		0.359 – 0.472



		Pamitran et al. [16]

		

		0.241 – 0.483

		0.485 – 0.61



		Mastrullo et al. [17]

		

		0.113 – 0.138

		0.382 – 0.548



		Yoon et al. [18]

		

		0.083 – 0.099

		0.472 – 0.61



		Choi et al. [19]

		

		0.415

		0.61



		Oh et al. [20]

		

		0.071 – 0.274

		0.413

0.777



		Dang et al. [21]

		

		0.274

		0.69



		Kim et al. [22]

		

		0.096 – 0.16

		0.413 – 0.777



		Wu et al. [23]

		

		0.526 – 0.78

		0.136 – 0.472



		Cho et al. [24]

		

		0.048 – 0.149

		0.472 – 0.777



		Zhao et al. [25]

		

		0.223

		0.19





3 Results

It can be concluded that the transition from conventional size channels to minichannels takes place on average at channel diameter smaller than 1.5 mm, i.e. Con > 0.5. It should be also noted that the analysis of the parameters from Table 2, indicates the fact that collected for scrutiny experimental research covers a full range of quality and a relatively wide range of mass velocity.

In the first instance the attention will be drawn to the issue how the Muller-Steinhagen and Heck model is peforming at different reduced pressures in  comparison to the Zhang and Webb model [25]. The latter has been especially developed to model pressure drop in minichannels and has a capability of differentiating between different values of reduced pressure. The comparison of the diagrams presented in Figures 1 shows that distributions of the pressure drop component for the same channel diameter are very similar for the case of the Zhang and Webb model  and the model proposed here (9). Comparisons of the pressure drop determined with these two models at constant mass velocity G and different channel diameters show some differences, but they are smaller than 20% between simulations.

In Fig. 2 presented are the results of predicting the two-phase pressure drop in tubes using different models of two-phase flow multipliers. The data from Docoloumbier et al. [23] has been taken. Apparently, the model using formulation (9) performs best of other ones considered.

Belyaev et al. [25] tried to confirm the hypothesis that in case of high value of reduced pressure, the two-phase flow structures in small diameter channels are similar to those occurring in conventional size diameter. Based on their study they observed that when reduced pressure is greater than 0.4 then is no differences between heat transfer during flow boiling in minichannels and conventional channels. Mauro [26] reports that at the same value of reduced pressure, the thermodynamic properties of refrigerants are very similar, wherein in case of transported properties, these properties are more 

divergent. 

[image: ]

Fig. 1. Pressure drop distribution in function of quality for CO2 at different values of mass velocity; G=400 kg/(m2s),     Tsat=0oC, d = 1mm, comparison of modified Muller-Steinhagen and Heck model (3) and Zhang and Webb. 

[image: ]

Fig. 2. Pressure drop distribution in function of quality for CO2 at different values of mass velocity; G=400 kg/(m2s), 
Tsat = -10oC, d = 1.42 mm, comparison of different two-phase multiplier models [15].

In the following part, the basic model and its subsequent modifications, which have been selected for discussion, will be analyzed with respect to predictions of the heat transfer coefficient. Calculation are carried out using the model described by equation (5), where different two-phase multiplier definitions have been assumed. The results of calculations are presented in Fig. 3.

In Figures 4-6 presented are the results of calculations of heat transfer coefficient using the model presented pressure drops related to boiling in flow using the relationships specified in Table 1. The presented calculations show that the models proposed by eq. (10) gave the very good match with the experimental data. 

[image: ]

Fig. 3. Pressure drop distribution in function of quality for CO2 at different values of mass velocity; d = 0,53 mm, G = 200 kg/m2s, q = 10 kW/m2, Tsat = 0oC, comparison of different two-phase multiplier models [15].

The results of the analysis include all the collected experimental data specified in Table 2. According to the adopted systemization of channels, experimental data of Docoloumbier and al. [15] (CO2), Wu and others [23] (CO2), Con ≥ 0.5 was obtained while the remaining experimental database collected corresponds to the flow through a channel with conventional diameter. In performed calculations MAE=36.22%.

[bookmark: _Ref514781963][bookmark: _Toc518059930][image: ]

Fig. 4. Correllation of theoretical and empirical heat transfer data for CO2 at a=1.61.

The graphs show that the correlation equations adopted for analysis reflect the experimental data in a satisfactory manner. 

	In addition, it should be added that to reduce the average relative error and increase the coefficient of determination in the linear regression model, the amount of experimental data falling within the error limits of ± 30% in relation to the original form of the model adopted for analysis also increased. For the case of considered carbon dioxide data it amounts to 52%. The histogram of deviations is presented in Fig. 6.
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[bookmark: _GoBack]Fig. 5. Correllation of theoretical to empirical heat transfer ratio data in function of quality for CO2 at a=1.61.
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Fig. 6. Histogram of deviations of the calculateds results αth.

4 Conclusions

The paper presents the analysis of the results of flow boiling calculations using an authors’ own model to predict heat transfer coefficient in a wide range of reduced pressures for the case of carbon dioxide.  The special correction has been postulated to the in-house model of flow boiling and condensation in which modified was the two-phase flow multiplier as well as the temperature gradient in pool boiling.  Four two-phase flow multiplier models were tested for this purpose, i.e. due to Friedel, Tran, Müller-Steinhagen and Heck and finally its in-house modification for applicability to minichannels. The latter model has been tested against a large selection of experimental data collected from various researchers to investigate the sensitivity of the in-house developed model. The collected experimental data were conducted for the full range of quality variation and a wide range of mass velocity and saturation temperatures. The results show that change of the model which describes the two-phase multiplier is significant in case of CO2, where the best compliance with experimental data obtained using the Tran correlation. The results also show that taking into account appropriate two-phase multiplier model and reduced pressure effects can significantly contribute to the convergence with experimental data compared to original model. In authors’ opinion, the proposed method to calculate the heat transfer coefficient is a reliable tool in engineering calculations e.g. designing heat exchangers [28-30].

Results presented in the paper have been carried out within the project 2017/25/B/ST8/00755 funded by the National Science Centre, Poland in years 2018-2021.
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