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Abstract. In the paper are presented the results of follow on studies from [1]-[3] using authors own model
to predict heat transfer coefficient during flow boiling. 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 of the refrigerants: R134a, R1234yf,
R600a, R290, NH3, CO2, R236fa, R245fa, R152a and HFE7000. In the present study the particular
attention was focused on the influence of reduced pressure on the predictions of the theoretical model. The
results of calculations were to test the sensitivity of the flow boiling model with respect to selection of the
appropriate two-phase flow multiplier, which is one of the distinctive elements of the in-house model. The
main purpose of this paper however is to show the effect of the reduced pressure on the predictions of heat

transfer during flow boiling.

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 [4]. According to this
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 [5]. Within the Montreal Protocol [5], most of
the substances used in refrigeration system had been
regulated due to its Ozone Depletion Potential (ODP).
Consequently one of the working fluids most extensively
used in medium evaporation temperatures, i.e.
refrigerant R134a has a 100-year GWP=1430 [6], needs
to be replaced by more environmentally friendly fluids.
Previous studies have considered R152a [7] and the
natural refrigerant CO; [8] as possible replacements for
R134a. However, R152a is a flammable refrigerant and
for the CO, system, the working pressure is significantly
higher than for R134a system. Apart from that drawback
CO,, as compared to other contemporary fluids is a
relatively safe one. It is non-toxic, non-flammable, non-
explosive, cheap and can be coupled with most metals
and plastics. Design of evaporators for use of the CO,
requires the exact determination of the heat transfer
coefficient during flow boiling. Available in the
literature empirical correlations give different results as
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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 [9].
Moreover, the traditional refrigerants can be also
replaced by other natural refrigerants such as R600a and
R290. These working fluids do not exhibit a harmful
impact on ozone layer and have a negligible GWP.
Furthermore, the mixture of R290 and R600a can be one
of the most appropriate refrigerants to replace R134a
[10]. Recently, the new fluid R1234yf has been believed
to be the promising candidate as an alternative of R134a.
Its ODP=0, whereas GWP=4 and its thermophysical
properties are similar to those of R134a. 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 [3]. In the literature there are
many empirical correlations for modelling of flow
boiling heat transfer. As mentioned earlier, in case of
CO; 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 [11]-[14]. Based on the
evidence of comparisons with experimental data a
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correction incorporating the effect of reduced pressure
has been postulated to the authors own model to provide
the best consistently of the predictions with the
experimental data.

2 The model

The versatile semi-empirical model for calculations of
flow boiling and flow condensation due to .
Mikielewicz [11] and the final version due to D.
Mikielewicz et al. [12]-[14] 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:

2
Orps _ Rl +4l Doy @)
a0 1+ P\ oo
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 flow, n=2 for laminar flow).
P =253.10".Re"!. Bp®® '(RMs _1)70.65 2

In calculations tested was the sensitivity of the
developed model to the selection of the two-phase flow
multiplier. For that purpose four models were introduced
into equation (1), namely modified correlation due to
Muller-Steinhagen and Heck [16], Friedel [17], Tran
[18] and taking into account of the non-adiabatic effect
[14]. The relationships, which describes the two-phase
multiplier using during this analyse has been show in
Table 1.

Table 1. Two-phase multiplier correlations.
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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 empirical
correction P yields:

P=253.10"°-Re""-Bo® - (R,s —1) **° -(—%mj (7
kr

In the following part, the basic model and its
subsequent modifications, which have been selected for
discussion, will be analysed with respect to predictions
of the heat transfer coefficient. These models are
denoted respectively as: model I — using equation (3),
model II — using equation (4), model III — using equation
(5) and model IV — using equation (6). Moreover,
exponent a, present in the modified two-phase flow
multiplier in equation (7) was adjusted to the available
data bank for flow boiling.

3 Results and discussion

The value of the confinement number Con and reduced
pressure for all considered refrigerants are presented in
Table 2. Using the Kew and Cornwell [19] 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
0.359
Docoloumbier et 1.611 -
al. [20] 1.412
0.472
) 0.241- | 0.485
Pamitran et al. [21]
0.483 | —0.61
0.382
Mastrullo et al. CO: 0.113-
[22] 0.138
0.548
0.083- | 0.472
Yoon et al. [23]
0.099 | -0.61
Choi et al. [24] 0.415 0.61
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0.071- | 0.413 Martin-Callizo et
Oh et al. [25] 1.224 0.218
0.274 0.777 al. [43]
Dang et al. [26] 0.274 0.69 Consolini and
1.579 0.195
0.413 Thome [44]
. 0.096 —
Kimetal. [27] - 0.145
0.16 Mahmoud et al. 0.731 -
0.777 -
[45] 1.65
0.136 0.197
0.526 -
Wu et al. [28] - Ong and Thome
0.78 0.782 0.195
0.472 [46]
0.472 0.499- | 0.174
0.048- Anwar et al. [47]
Cho et al. [29] - 1.267 -0.2
0.149
0.777 Del Col et al. [4] 0.736 0.238
Zhao et al. [30] 0.223 0.19 Satioh et al. [35] 0.414 0.151
] 0.75 - 0.111
Choi et al. [24] T 0.0455 Choi et al. [24] 0.285 —
. ol et al. —
NHs 0.567
Anwar [31] 1.167 | 0.1125 R1234yf 0.133
Copetti et al. [32] 0.537 | 0.0884 Diani et al. [48] 0.218 0.232
Anwar [31] R6002 855 T 0.1024 0.213
0.456 —
0.111 Anwar et al. [47] -
] 05- 0.475
Choi et al. [24] - 0.244
0.889
0.154 Ong and Thome 0.826 0.104
R0 | o5 | 0038 [46] R236fa | = '
Wang et al. [33] O. 72 - Tibir¢a and 0.441 0.050
' 0.105 Ribatski [40] 0.425 0.071
Anwar [31 0.021 0.273 Ong and Thome
1] : R24%fa | 0986 | 0.050
0.639- | 0.14- [46]
Anwar [31] R152a
0.656 0.162 Anwar [31] 1.592 0.049
Luetal. [34] 0.234 0.129 ) 0.034
_ Own experimental 0,361 —
Satioh et al. [35] 0.444 0.151 HFE700 -
research 0,396
Copetti et al. [32] 0.328 0.149 0.080
Kundu et al. [36] 0.132 0.094
0142 It can be concluded that the transition from
0.205 — ' conventional size channels to minichannels takes place
Xu et al. [37], [38] — on average at channel diameter smaller than 1.5 mm, i.e.
0.38 0.202 Con > 0.5. It should be also noted that the analysis of the
R134a ' parameters from Table 2. indicates the fact that collected
Mancin et al. [39] 0.238 0.189 for scrutiny experimental research covers a full range of
quality and a relatively wide range of mass velocity.
q . 0.149 Belyaev et al. [49] tried to confirm the hypothesis that in
Tibir¢a and 0.325 -
_ case of high value of reduced pressure, the two-phase
Ribatski [40] 0.371 flow structures in small diameter channels are similar to
0.257 those occurring in conventional size diameter. Based on
Owhaib et al. [41] 0.645 0.213 their [49] study they observed that when reduced
i pressure is greater than 0.4 then is no differences
Shiferaw et al. [42] 0.732 0.195 between heat transfer

during flow boiling in
minichannels and conventional channels.
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Figures 1 to 4 show the results of calculations of heat
transfer coefficient for all data bank obtained using the
described earlier flow boiling model described by Eq.
(1), (2) and (6), supplemented by different definitions of
the two-phase flow multiplier (3), (4) and (5).
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Fig. 2. Comparison of the test results aexp With predictions atn
using Friedel model Eq. (4).
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using Tran et al. model Eq. (5).
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Fig. 4. Comparison of the test results aexp with predictions atn
using Eq. (6).

The modification to the empirical correction
described by Eq. (2) includes the effect of reduced
pressure. The new version of the correction P is

presented by Eq. (7), where the reduced pressure is
raised to power a. The value of the exponent a was
adjusted using the regression analysis. The results of
calculations, which were obtained with taking into
account of the reduced pressure are presented in Figures
5 to 8. The information about approximating error AE
and correlation factors R?is given in Table 3.
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Fig. 5. Comparison of the test results aexp with predictions atn

using Egs. (3), (7) and a=1 for synthetic refrigerants: R134a,
R1234yf, R236fa, R245fa, R152a, HFE7000.
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Fig. 6. Comparison of the test results aexp With predictions atn

using Egs. (4), (7) and a= -0.86 for natural refrigerants: R600a,
NHs, R290.
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Fig. 7. Comparison of the test results aexp With predictions atn
using Egs. (5), (7) and a= 1 for CO..
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for final version of correlation.
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Table 3. Values of exponent a, AE and R°.

Model a data | AE [%] R?
all 33.11 0.426
natural 37.41 0.548
Model | synthetic 30.20 0.239
Co, 38.46 0.243
all 32.64 0.344
natural 33.45 0.344
Model I synthetic 24.63 0.184
Co, 34.18 0.297
0 all 50.17 0.115
natural 30.34 0.142
Model 111 synthetic 52.10 0.050
co, | 3125 | 0349
all 44.72 0.221
natural | 4650 | 0483
Model IV synthetic 49.00 0.072

cO, 40.34 0.216

-0.86 | natural | 3240 | 0.513

Model | 1 synthetic | 27.62 0.275
1 CO, 37.74 0.256

-0.86 | natural 28.60 0.338

Model II 1 synthetic | 23.36 0.250
1 Cco, 33.84 0.320

-0.86 natural 25.88 0.150

Model 111 1 synthetic | 24.33 0.201
1 co, 31.08 0.362

-0.86 natural 43.34 0.415

Model IV 1 synthetic 47.46 0.090

1 CO, 41.00 | 0.196

All data presented in Figure 8 28.00 0.490

4. Conclusions

The paper presents the analysis of the results of flow
boiling calculations using an authors’ own model to
predict heat transfer coefficient. The model was studied
in several way, i.e., it was used as original one, in a
modified version where the two-phase flow multiplier
was changed and also in modified version where into the
empirical correction P was included the reduced pressure
effect (the value of exponent a was modeled). The results
show that change the model which describing two-phase
multiplier is significant especially in case of CO?, where
the best compliance with experimental data obtained
using 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 [50, 51].
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