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Abstract: This study will present a comprehensive review of the two-phase flow boiling heat trans-
fer coefficient of hydrocarbons such propane (R-290), butane (R-600) and iso-butane (R-600a) and
ethanol at various experimental conditions. Studying the multiphase flow heat transfer coefficient
has a crucial importance for many heat transfer equipment to achieve higher efficiency for more
compact design and cost reduction. One reason behind choosing hydrocarbons as refrigerants in
this study is because hydrocarbons have zero ozone depletion potential (ODP=0) and insignificant
direct global warming potential (GWP = 3). Moreover, thermodynamic and thermophysical charac-
teristics of hydrocarbons qualify them to be a strong candidate for more heat transfer applications.
Initially, by constructing a database for the working fluids from various experimental work availa-
ble in the literature. The current data that this study has collected for the flow boiling of spans wide
ranges of parameters, such as: mass flux, heat flux, operating pressure, and saturation temperature,
etc. Furthermore, by comparing the experimental multiphase heat transfer coefficient database with
the anticipated values of each correlation, the prediction performance of 26 correlations found in
the literature was assessed. This study leads to the selection of the best prediction method based on
the minimum deviation of predicted results from the experimental database provided by calculated
mean absolute error (MAE) from the assessed correlations. The findings of this study can also be
useful in the development of more accurate correlation methods for these fluids and improve the
prediction of their flow boiling characteristics.

Keywords: Flow boiling; Heat transfer coefficient; Two phase flow; hydrocarbons; Ethanol; Flow
boiling correlations

1. Introduction

In recognition environmental challenges such as ozone depletion and global warming, there is
a growing interest among manufacturers, end-users, and scientific researchers regarding the utiliza-
tion of natural operating fluids in air conditioning, heat pump, and refrigeration systems [1].

However, the use of natural refrigerants has become increasingly complex, involving countless
experimental research on heat transfers, pressure drops, and fluid flow patterns. Natural refrigerant
research has become extremely active, with the goal of establishing more precise design methodolo-
gies and more energy-efficient cycles using natural refrigerants.

Natural refrigerants such as ethanol, hydrocarbons such as propane (R290), butane (R600)/iso-
butene (R600a), and others have been studied over the last decade as a replacement for CFCs, HCFCs,
and HFCs in refrigeration, air conditioning, and heat pump systems[1],[2],[3].The ozone depletion
potentials (ODPs) of these natural refrigerants are zero, and most of them have close-to-zero global
warming potentials (GWPs) in comparison to CFCs and HCFCs [1],[2],[3].

Hydrocarbons had earlier been employed as refrigerants. Because of increased concern for the
environment, their use has recently been reassessed. Hydrocarbon (HC) refrigerants are already used
in small freezers in some European countries. Propane, isobutane, n-butane, perfluorocyclobutane,
cyclopropane, propylene, and other common hydrocarbons are under investigation [4]. In low-
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temperature applications, R290 is thought to be a suitable alternative for R22 and R502. In household
refrigerators, R290 mixtures with R600a or R600 are proposed as R12 substitutions.

For those reasons, hydrocarbons such as Propane (R290) are commonly utilized as a refrigerant
in a large cascade refrigeration system in ethylene manufacturing facilities. Germany has recently
considered using propane and propane/n-butane mixes as a replacement for CFCs, HCFCs, and
HECs [5]. Furthermore, iso-butane is now used in the majority of new residential refrigerators in
Germany. As a result, the usage of hydrocarbons as refrigerants is increasing due to their effective-
ness.

The only issue is that hydrocarbon refrigerants are highly flammable. However, most refrigera-
tors use a hermetic compressor, which seals the entire system. Furthermore, because hydrocarbons
have a higher specific volume of liquid when compared to traditional refrigerants, the refrigerant
charge is reduced.

The utilization of natural refrigerants has become progressively intricate, necessitating numer-
ous experimental studies on heat transfer of these fluids. Along with the goal of developing more
precise design techniques and energy-efficient cycles that use natural refrigerants, research in this
area has become highly active. Nevertheless, many aspects of the present correlations require en-
hancement to attain the aimed level of accuracy for the design of refrigerant evaporators, as observed
by Thome (1996) [6], from a predictive perspective.

Therefore, the aim of the present study is to present a comprehensive review on two-phase flow
boiling heat transfer coefficient of ethanol and hydrocarbons (R290, R600, and R600a) refrigerants.
Firstly, the experimental work done in literature was discussed. Then, a description of the available
flow boiling heat transfer characteristic of the mentioned fluids and the two-phase heat transfer co-
efficient prediction correlations was assessed. Since each correlation is derived based on its own data,
fluids, geometry, and operating conditions. Therefore, there are no specific prediction methods for
ethanol and hydrocarbon. Furthermore, studying the operating fluids and using their data to evalu-
ate the performance of the prediction correlations will be definitely an efficient way that might help
in better understanding the complexity of natural refrigerants in the field of boiling two-phase flow.
Leading to developing better designs and optimization methods for manufacturing and heat transfer
equipment.

2. Experimental studies on hydrocarbons and pure ethanol

A literature survey on experimental studies in the literature has been conducted to create a da-
tabase of hydrocarbons (R290, R600, R600a) and pure ethanol for analysis purposes. Table 1 summa-
rizes various experimental work done by researchers studying the flow boiling of hydrocarbons. As
well as Table 2 shows the experimental work done for pure ethanol. These studies are listed according
to author/year, tube material, inner diameter, also the ranges of the experimental conditions in each
experiment such as saturation temperature, heat flux, mass flux, and vapor quality.

2.1. Description of experimental work on Hydrocarbons

Cichong et al. [7] have reported that Propane exhibits considerable promise as a refrigerant for
next-generation refrigeration systems, barring its flammability. One possible solution to address this
issue is the use of low-charge systems. The boiling and evaporation heat transfer of propane increases
in proportion to the heat flux, till reaching dry-out. Nevertheless, the correlation between boiling and
evaporation heat transfer with mass flux and vapor quality is complex and heavily dependent on the
operating conditions. The dry-out inception point is likewise strongly contingent on the flow mech-
anism.

Col et al. [8] investigated, the thermal performance of propane in enhanced mini-channels with
an internal diameter of 0.96mm and a rough internal surface was scrutinized under a range of mass
fluxes, from 100 to 600 kg/m?s and evaporation temperature of 31°C. The authors discovered that the
flow was characterized by a slug and annular flow region according to Tibirica and Ribatski's [9]
classification, within the range of vapor quality from 0.05-0.6 and heat flux from 10-315 kW/m?2. It was
observed that within this region, the heat transfer coefficient increased with the rise in heat flux and
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had little dependence on other operating conditions. Moreover, the authors observed that the heat
transfer coefficients decrease with an increase in vapor quality, Within the vapor quality range of
0.16-0.36, the heat transfer coefficient was found to be unaffected by mass fluxes.

Magbool et al. [10] conducted experiments to analyze the flow boiling heat transfer of propane
in a smooth vertical mini channel with an internal diameter of 1.7mm, mass flux of 100-400 kg/m?s,
heat flux of 5 -240 kW/m?, and saturation temperature of 23°C. The authors showed that boiling heat
transfer coefficient was found to be independent of mass flux. They also concluded that, with the
exception of higher vapor qualities, the local boiling heat transfer coefficients were mainly independ-
ent of vapor quality but increased with increasing heat fluxes. Moreover, a maximum point was de-
termined where heat transport begins to decrease and proposed that this is the beginning of dry-out.

Wang et al. (2014) [11] performed experiments on propane boiling in a copper tube with an
inner diameter of 6 mm under mass fluxes ranging from 62 to 104 kg/m?s, heat fluxes ranging from
11.7 to 87.1 kW/m?, and saturated temperatures ranging from -35 °C to -1.9 °C. The authors observed
that mass flux had a neglected effect at low vapor quality, but it had a more significant impact at high
vapor quality, with a 60% increase in mass flow leading in a 20% increase in heat transfer coefficient.
However, the heat flux had a substantial influence, with an almost linear increase in the heat transfer
coefficient observed with an increase in heat flux. The saturation temperature had a negligible effect
at small heat fluxes, but with increasing heat fluxes, it caused an increase in the heat transfer coeffi-
cients. They observed that the vapor quality effects were influenced by boiling number and liquid-
to-vapor density ratio (Kandlikar and Steinke [12]), which depended on the flow boiling mechanism.

Jung et al. [13] Investigated the nucleate boiling heat transfer coefficients of some refrigerants,
including propane, on a 19 mm outer diameter horizontal smooth tube. Where the saturation tem-
perature of 7 °C and a heat flux of 10-80 kW/m?2. The results pointed out that propane has a heat
transfer coefficient that is just 2.5% greater than R22.

Choi et al. [14] studied the flow boiling heat transfer and pressure drop characteristics of pro-
pane in horizontal mini channels with inner diameters of 1.5mm and 3mm, heat fluxes of 5-20 kW/m?,
mass fluxes of 50-400 kg/m2, saturation temperatures of 10.5 and 0 °C, and vapor quality up to 1.0.
They demonstrated that mass flux has no influence on heat transfer coefficient prediction in the low-
quality region but can induce a heat transfer decrease in the high-quality region. In contrast to mass
flow, heat flux has a considerable influence on heat transfer coefficient in the low-moderate quality
region, whereas the influence decreases in the high-quality region. Furthermore, the decrease in inner
tube diameter and the rise in saturation temperature cause an increase in the heat transfer coefficient.

Magbool et al. [15] studied propane heat transfer and pressure behaviors in a vertical circular
mini channel with an inner diameter of 1.7mm at saturation temperatures of 23.33 and 43°C, heat
fluxes of 5-280 kW/m?, and mass fluxes of 100-500 kg/m?2s. Their outcomes show that the heat transfer
coefficient has a negligible association with vapor quality and mass flux, however, it increases with
heat flux and saturation temperature. Lee et al. [16] conducted a study on four refrigerants, namely
R290, R600a, R1270, and R22, using a 12.70mm tube and a mass flux ranging from 50-200 kg/m?s.
They observed that the evaporative heat transfer coefficient increases with an increase in vapor qual-
ity until it sharply decreases after reaching 0.85 due to dry-out. R290 exhibited an average evaporative
heat transfer coefficient 67.6% higher than that of R22.

Shin et al. [17] Investigated the flow boiling heat transfer of propane, isobutane, and propane
(25, 50, and 75wt%/isobutene mixes) in a horizontal plain tube having an inner diameter of 7.7 mm.
They discovered that the local heat transfer coefficients were substantially reliant on heat flux in the
poor-quality zone and became independent as vapor quality increased. The propane/i-butane mix-
ture outperformed R22 in terms of heat transfer coefficients. They compared their pure fluid heat
transfer data to the Gungor and Winterton (1986) correlation and their mixture heat transfer data to
Thome and Shakir's [18] modified Gungor-Winterton [19] correlation for refrigerant mixes. Both cor-
relations outperformed the experimental data.

Wen and Ho (2005) [20] tested propane, butane, and propane/butane (55%/45wt %) in a horizon-
tal plain tube with an inner diameter of 2.46 mm. They observed two-phase pressure decreases and
local heat transfer coefficients. At equal heat and mass fluxes, the heat transfer coefficients of propane,
butane, and propane/butane mixture were much higher than those of R134a, while the corresponding
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two-phase frictional pressure drops were lower. To anticipate their data for pure refrigerants, they
presented a new heat transfer correlation based on a superposition model. Thome and Shakir [18]
modified Gungor-Winterton [19] correlation for mixtures was tested against their mixed data and
found to be highly accurate. This conclusion, however, contradicts the already cited Shin et al. [17]
study. Because both studies. It is difficult to explain this because both investigations employed the
same refrigerant blends with slightly varying component concentrations. Because mixture flow boil-
ing is much more complex than pure refrigerant flow boiling, it is suggested that additional experi-
ments for hydrocarbon mixtures be performed to validate this mixture boiling model and provide a
larger database.

Chien et al. [21] investigated the boiling heat transfer coefficient and pressure drop of R410A,
R32, and R290 in micro-channels. The experiments were carried out in horizontal stainless-steel tubes
with inner diameters of 0.3 and 1.5 mm. The experimental results revealed that the heat transfer co-
efficients R32 and R290 increased as the heat flux increased. The contribution of nucleate boiling is
the most significant. The experimental results were compared to several well-known heat transfer
coefficient and pressure drop correlations. The present experimental data were well predicted by a
modified heat transfer coefficient correlation for alternative and natural refrigerants. The one pro-
posed by Liu and Winterton [22] makes the best forecast. A modified heat transfer coefficient corre-
lation was also developed using current data. The mean and average deviations were reported to be
roughly 16.80% and -0.23%, respectively.

Yunos et al. [23] studied the contributions of various heat transfer mechanisms in two phase
flow boiling heat transfer coefficient for R290 (propane) in a narrow channel. The effects of heat flux
and mass flux on heat transfer are investigated by comparing experimental data from a 7.6 mm di-
ameter horizontal channel. It was discovered that experimental and optimized R290 findings coin-
cided in the low vapor quality zone, with the heat transfer coefficient increasing with increasing heat
flow.

Kanizawa et al. [24] reported on the heat transfer coefficient during flow boiling of the refriger-
ants R134a, R245fa, and R600a inside small diameter tubes with internal diameters ranging from 0.38
to 2.6 mm. They discovered that in conditions dominated by convective effects, the heat transfer co-
efficient increases with vapor quality until surface dry out is reached, at which point subsequent rises
in vapor quality result in a significant fall in the heat transfer coefficient. In contrast, heat transfer
coefficient increases with increasing heat flux and saturation temperature in flow circumstances dom-
inated by nucleate boiling effects.

Wen et al. [25] evaluated the boiling heat transfer and pressure drop of R600a (iso-butane) flow-
ing in a circular pipe with dispersed-copper porous inserts. They found that an increase in mass ve-
locity and heat flux, as well as a loss in quality, raise the heat transfer coefficients of the current test
tubes.
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Table 1. Summary of flow boiling experimental studies on hydrocarbons.

Saturation
t - Heat{l Mass fl
Author/year Fluids Tube material/inside diameter (mm) tui:;szr:or (I:V/ml:)x ( ljgslsmz;l)x
quality
R22, R32,
R134a,
Shin et al. a Horizontal/Stainless steel tube Tsat=12
R290, R600a . q=10-30 G =424-583
(1997) [17] . . din=7.7 x =0.05-0.7
refrigerant mix-
tures
Tsat = '35 -
Wang et al. Horizontal, copper tube 1.9
R290 q=11.7-87.1G =62 -104
(2014) [11] din=6 x=0.14-0.75
Wenetal. R290, R600, Horizontal/Copper tube Tsat=6
. q=5-21 G =250-500
(2005) [20] R290/R600 din=2.46 x =0-0.86

. Horizontal/ Stainless steel tube(micro-  Tsat =10
Chien et al. R290, R32,

channel) x=0.1-dry q=10-20 G =200-500
(2016) R410a ,
din=0.3mm, 1.5 out
Yunos et al. 290 Horizontal/ sir;glf tci;cular stainless- Tux = 620 o e 0050
steel tube =5- =200~
(2017) [23] . x=0.01-0.15 1
din=7.6
Kanizwa et R600a, R134a, stainless steel tube Tsa=22
. q=46-100 G =240-400
al. (2016) [24]R245fa din=0.38-2.6 x=0.01-0.69
Del Col et al. Horizontal, Copper mini-channel Tsat =31
R290 =10-315 G=100-600
(2014) [8] din =0.96 x =0.05-0.6 |
Horizontal, Circular pipe within dis-
Wenetal o0 d insert T =10 1065 G=1201100
a persed-copper porous inserts. q=12- =120-
2014) [25 =0.076-0.87
(2014) 23] din =0.168-0.506 X
Tsat =23, 33
Magbool et Vertical, stainless steel mini-channel T
R290 43 =5-280 G =100-500
al. (2011) [10] din=1.7 q
x=0-1
. Horizontal mini channel/ smooth Tsat =22
Copetti et al. .
R600a, R134a stainless-steel tube x=0.076- q=44-95 G=240-440
(2013) [26] .
din=2.6 0.87
Choi et al. 2200 Horizontal, smo}olth ste;inless steel mini Tt =0,5,10 a0 . - 000
channels =5- =50-
(2009) [14] : x=01 1
din=1.5,3

2.2. Description of experimental work on Ethanol

Ethanol has been characterized as a very promising fluid as a result of its intermediate thermo-
dynamic and transport characteristics. However, due to its high flammability, which may pose a con-
siderable risk to the experimental labor, there is a significant lack of experimental data for ethanol in
the new literature. Because of its thermos-physical characteristics, ethanol requires less heat to reach
boiling.

Mastrullo et al. [27] investigated anhydrous ethanol (purity grade of 99.8%) experimentally. All
of the flow boiling tests were carried out in 6.0 mm stainless horizontal steel tube, with various oper-
ating conditions in terms of mass velocities ranging from 85 to 127 kg.m-2 s-1, saturation tempera-
tures ranging from 64.5 to 85.8 °C. Furthermore, the heat flux ranged from 10.0 to 40.3 kW/m?2 The
authors discovered that the local heat transfer efficiency exhibits pure convective behavior, with an
increasing trend with vapor quality up to the occurrence of dry-out. Ethanol has been studied and
found to be effective in heat pipe applications.
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Robertson et al. [28] studied the boiling of ethanol in a 10 mm internal diameter and 3 m long
vertical tube. Their experiments utilized a wide range of heat fluxes range (25.5 - 104.6 KW/m?), vapor
quality ranging from 0.03 to 0.6, and two mass velocities (145 and 290 Kg. m-2. s-1). Based on precise
measurements of ethanol at saturation conditions, the authors demonstrate the interaction between
nucleate and convective boiling as a function of vapor quality.

Vasileiadou et al. [29]performed an experimental investigation of boiling multiphase flow heat
transfer for ethanol as a pure component and as binary mixture with water (5%v/v) in borosilicate
glass using vertical tantalum surface square channel with 5 mm inner hydraulic diameter, wall thick-
ness 0.7 mm, heated length 72 mm, heat flux range 2.8-6.1 kW/m?, and mass flux 0.33-1.0 kg.m-2 s-1
and constant, saturation temperature of 40 °C. The authors demonstrate the effect of fluid composi-
tion on flow boiling heat transfer by demonstrating that the addition of ethanol into water (5%v/v)
might increase the heat transfer coefficient when compared to the pure components. They also real-
ized that the amplitude of wall temperature heating variation is significantly lower in pure liquids,
leading to a more stable heat transfer process.

Table 2. Summary of flow boiling experimental studies on ethanol.

Saturation tem-

Author/vear Fluid Tube material/inside diam- ture/V Heat flux Mass flux
uids erature/Vapor
y eter (mm) P VAPOT Wi (kg/ms)
quality
Horizontal stainless-steel

Mastrullo et Tsat= 64.5-85.8

Ethanol tube q=10-40.3 G=85-127
al. (2018) [27] . x=0.11-091

din=6.0

Robertson et Vertical copper tube Tsat = 88.6 q=25.5-

Ethanol G =145-290
al. (1988) [28] ano din=10 x = 0.03-0.6 146
Vasileiadou o borosilicate

Ethanol, Deionized wa-
et al. (2017) glass square channel Tsa= 40 q=28-61 G=0.3-1
ter, 5% v/v Ethanol/water )
[29] din=5

3. Assessment of previous correlations

Many researchers offered a number of correlations to predict the heat transfer coefficient of flow
boiling. The applicability of these prediction approaches, on the other hand, is often dependent on a
specific database and is derived based on their operating conditions such as saturation temperature,
pressure, heat flux, and mass flux ranges. The correlations are also dependent on their own experi-
mental geometry, which includes tube orientation (e.g., horizontal, vertical, inclined), tube diameter,
etc. In general, these correlations can be classified into two main categories: (A) the superposition
model, which combines nucleate boiling and two-phase forced convection mechanisms, and (B) func-
tions of the most significant dimensionless groups.

3.1. Review of flow boiling heat transfer coefficient correlations

Chen Correlation [30] is considered to be a leading method for calculating heat transfer coeffi-
cients in convective boiling Chen employed a superposition model (Category A) summarized in Ta-
ble 3, which combines nucleate pool boiling with convective heat transmission. Nevertheless, con-
vection is responsible for the suppression of nucleate boiling. Chen declared that when flow rate
increases, the temperature gradient near the wall decreases, reducing the temperature difference be-
tween the tube inner wall and bubbles forming outside the wall. Numerous studies of flow boiling
heat transfer correlations based on the Chen superposition model have been proposed to date, in-
cluding the Liu-Winterton [22], Gungor-Winterton [19], and Saitoh et al. [31], Jung et al. [32], Bennett
and Chen [33] and Choi et al. [34] Correlations.
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Table 3. Flow boiling heat transfer coefficient prediction methods (Category A).

Author (Year) Correlations
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Table 3. (Continued).

Author (Year) Correlations
hep = Ehgy + Shy,

S=1+04(Re,x 1074)~14
1.05

1
Saitoh et al. (2007) [31] ot ()
1+ We; 04
hyp is calculated using equation (4)
hg, is calculated using equation (5)
hep = S hpp + Fhg,
§ = 7.2694(¢2)" " Boo2e14
F =0.05(¢7) +0.95

Choi et al. (2007) [34] 6= 1+ C N
! Xee X2

hyp is calculated using equation (4)

hsy, is calculated using equation (5)

211/2
hep =[S hup)? + (E.hsp)’]
S= [(1 + 0.055. E0.1 i ReB.IG)]_l
Liu-Winterton(1991) N )l
[21] E= [1+x.PTL (__1)]

hyp is calculated using equation (4)
hs, is calculated using equation (5)

271/2
hep = [(S ) + (F.hgp)’]
where x < x,,
Xer = 0.0012Re27°(Bo x 103)006p4~+76

pL 0.11
Yoon et al. (2004) [49] F= [1 +9360xF;, <—pv — 1)]

S =
1+ 1.62 x 10-6F069Rel 11
hyp is calculated using equation (4)
hgy is calculated using equation (5)

1
hep = [W25 + (FRAG)]P*
F =1+ 1.925X;°%3
Wattelet et al. (1994) _ (1.32E%2 ,F, <025
[46] k= { 1 ,Fr, = 0.25
hyp is calculated using equation (4)
hgy is calculated using equation (5)

Bennett and Chen [30] employed Chen superposition model for over 1,000 data sets for forced con-
vective boiling of pure water, ethylene glycol, and aqueous ethylene glycol mixes. The majority of
these measurements were made in the annular flow regime. Their study's aims were to collect forced
convective boiling heat transfer data for a liquid with a relatively high Prandtl number and for aque-
ous mixtures, and to develop a correlation based on these data sets that would be applicable to other
pure com-ponents and binary mixtures. The authors expected that their proposed correlation would
be valid for boiling of binary mixtures anticipated to be in the annular and annular dispersed flow
regimes. It should also be applicable for boiling liquids with Prandtl values between unity and ten
under saturated circumstances. Furthermore, because it reduces to the normal Chen correlation for
pure liquids with Prandtl values close to unity, it should be applicable for the same range of flow
conditions as the Chen equation.
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Lazarek and Black [38] introduced a new method for constructing correlation by fitting experimental
data which consist of 728 data points and R113 was used a working fluid as a function of the most
important dimensionless groups (Category B) as shown in Table 4. The authors used mini and micro-
channels with 3.1 mm diameter and range G = 125 - 750 kg/m?s, q = 14 — 380 kW/m2and P =1.3 - 4.1
bar. The liquid only Reynolds number and the boiling number were utilized by the authors. The
influence of mass flux on the proposed correlation was negligible.

Table 4. Flow boiling heat transfer coefficient prediction methods (Category B).

Author (Year) Correlations

K
Lazarek and Black (1982) [36] hep = 30 Re %857 Bo0714 =
in
K
Kew and Cornwell (1997) [37] hep = 30 Re %857 Bo0714 d_L (1 —x)0143
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In contrast to Chen's superposition concept, Kenning and Cooper [44] suggested that the heat transfer
mechanism in narrow tubes could be more like an enhancement of single-phase forced convection
heat transfer. The expression of enhanced convective heat transfer was then proposed. To express the
effect of two-phase flow, they used the LockhatMartinelli parameter “Xtt". The correlation of Kenning
and Cooper [44] takes the form of the product of single-phase forced convection and the function of
the Lockhart-Martinelli parameter. However, Kenning and Cooper's experimental correlation data
were still based on water as working fluid in a macro-scale tube with range of diameter of 9.6 -
14.1mm, x=0-1, p=0.16 - 0.6 MPa and G =123 - 630 kg/m2s

Saitoh et al. [31] developed a correlation for the boiling heat transfer of R-134a in horizontal tubes
including the effect of tube diameter were developed here for both the pre- and post-dry out regions.
The authors modified Chen correlation model for flow boiling heat transfer was established, which
includes the effect of tube diameter. The Weber number was used to describe the effect of tube diam-
eter on flow boiling heat transfer. For a wide range of tube diameters from 0.51 to 10.92 mm, the
correlation corresponded reasonably well with experimental results.

Jung et al. [32] studied the mixture effect on a horizontal flow boiling heat trans-fer. More than 2000
local heat transfer coefficients are obtained with the azeotropic R12/R152a mixture and compared
against the previously measured data with the non-azeotropic R22/R1l14 mixture. He modified the
superposition model suggested by chen using only phase equilibrium data to consider mixture effects
to develop his correlation. Firstly, they replaced Forster and Zuber’s [48] nucleate pool boiling corre-
lation shown in equation (1) by Stephan and Abdelsalam correlation [49] as shown in equation (2).
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Secondly, they discussed that in a given quality in the partial boiling regime, nu-cleate boiling
coefficient is a strong function of heat flux. It is also a function of mass flow rate for a given heat flux.
Consequently, it becomes a function of quality, heat flux, and mass flow rate. After Since the derived
their own suppression factor ‘S” which is a strong function of heat flux which is differs from other
similar factors such as the other suppression factors by Chen [30] and by Gungor and Winterton [19]
fac-tors which are independent of heat flux.

Choi et al. [34] conducted experiments on the convective boiling heat transfer in horizontal mini
channels with CO2. The test section is made of stainless-steel tubes with inner diameters of 1.5 and
3.0 mm and range of G=200 — 600 kg/m2s, x=0 -1, Tsat =0, 10, -5, -10 °C. In their developed correla-
tion, the have used chen superposition model, however they developed their own suppression factor
and enhancement factor by including the two-phase frictional multiplier that is based on pressure
gradient for liquid only flow according to Chisholm [50]. They discovered that the heat transfer co-
efficient at low vapor qualities (up to 0.2) is independent of mass flux and vapor quality but reliant
on heat flux, and the boiling regime was designated as nucleate boiling. In the convective boiling
regime, the heat transfer coefficient increases with mass flux and vapor quality. At high vapor quality
(0.5-1), a drop in heat transfer coefficient happened more rapidly for higher mass fluxes due to the
annular regime occurring earlier at a higher mass flow as shown in equation (3).

¢ =1+ ¢! ®3)
4 Xee  X&

ElFaham and Tang [51] conducted a review study for the flow boiling heat transfer of pure ethanol
in various experimental work. A wide range of parameters has been used in their study, Where Tsat
=4.-86.6 °C, G = 0.33 - 290 kg/m2s, q = 2.8 - 104 kW/m2 and x= 0.11 — 0.91. As well as the range of
internal diameter is 5-10 mm. Their findings were Liu-Winterton [22] and Chen [30] correlations
showed a good prediction among 14 correlations in the study. The authors have used the same ap-
proach as Liu-Winterton [22] correlation to derive their proposed correlation. Furthermore, they
modified the suppression factor ‘S’ by introducing a suppression factor multiplier (Ms) to control the
performance of suppressing the nucleate boiling contribution. They also classified their dataset into
4 regions using boiling number intervals to identify the value of (Ms) in each region [35]. Also, they
used Cooper’s correlation as shown in equation (4) and Dittus-Boelter correlation shown in equation
(5) to calculate the nucleate boiling and single-phase heat transfer coefficient.

hnb — 55q0.67P1(2).12(_ 10810 PR)—O.SSM—O.S (4)

hsgp = 0.023 Re %P, ** 5)

Warrier et al. (2002) [43] conducted sub-cooled and saturated nucleate boiling experiments in a multi
micro-channel section with 5 rectangular channels with a hydraulic diameter of 0.75 mm. FC-84 is
the test fluid. Their saturated boiling studies revealed that for a given Boiling number, the boiling
heat transfer coefficient falls with increasing vapor quality. They presented an empirical correlation
for saturated nucleate boiling and vapor qualities up to 0.55, with the heat transfer coefficient associ-
ated with the liquid heat transfer coefficient, boiling number, and vapor quality, with a maximum
divergence with experimental data of 28%.

The flow boiling heat transfer characteristics were investigated by Tran [45] for R12 as working fluid.
The authors used in their experiments small circular and rectangular tubes with diameters of din=2.46
mm, dn = 2.4 mm respectively. Moreover, a range of vapor quality (x =0 - 0.94), Mass Flux (G =44 -
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832 kg/m?s) and Heat flux (q = 7.5 — 129 kW/m?). He emphasized that nucleate boiling contribution
predominates in high-wall superheat conditions, while forced convection is the primary heat transfer
mechanism in low-wall superheat conditions.

Wattelet et al. [37] The authors conducted their experiment for R-134a, MP-39, and R-12 in horizontal
smooth 7.04 mm internal diameter copper tube, with testing parameters with ranges of G = 25-100
kg/m?s, q = 2-10 kW/m?, x=0.1 - 0.9, Tsat = -15 — 5 °C. Experimental heat transfer coefficients were
reported from their experimental work. In addition, an empirical correlation developed for annular
flow data using an asymptotic form was modified to account for the decrease in heat transfer due to
the wavy-stratified flow pattern in the low mass flux cases.

Yoon et al. [36] measured heat transfer coefficients and pressure drop during evaporation process of
carbon dioxide in a horizontal smooth stainless-steel tube with internal diameter 7.53 mm. Experi-
ments were conducted at Tsat=4 —20 °C, q=12 - 20 kW/m? and G =200 - 530 kg/m?s. They developed
a correlation for carbon dioxide during evaporation was developed by considering the critical qual-
ity. They proposed that the correlation can predict the critical quality at which the liquid film breaks
down at top of tube. Before the critical quality, the Liu and Winterton correlation is used to predict
the heat transfer coefficient. After the critical quality, the Dittus-Boelter equation for vapor flow and
the Gungor and Winterton correlation for liquid flow is superposed to predict the heat transfer coef-
ficient of carbon dioxide.

Kew and Cornwell [39] introduced the confinement number in their model to take into consideration
for the effect of bubbles limited by the mini-channel wall. They identified three types of flow patterns
in mini-scale tubes: isolated bubble regime, restricted bubble regime, and annular-slug flow. In terms
of bubble regime, nucleate boiling is the primary heat transfer mechanism, whereas convection is
more important in the confined bubble regime and annular-slug flow. However, the authors pre-
sented the concept of confinement number for the correlation, but the final version proposed by Kew
and Conwell is an improved correlation based on Lazarek and Black [38] correlation that takes vapor
quality into account. They found that nucleate boiling in pre and post dry out zones is related to mass
flux, boiling number, and vapor quality. It was shown that forced convection is the major mechanism
of flow boiling heat transfer in small channels under their experimental conditions. They also consid-
ered the impact of equilibrium quality.

Yu et al. [42] used his experimental results to propose a correlation that was the same as Tran.[45]
Water, ethylene glycol, and aqueous mixtures of ethylene glycol was the experimental fluids at high
temperatures up to 250 °C, pressure (<345 kPa), G=50 — 200 kg/m?s. The proposed correlation for two-
phase heat transfer coefficient based on water flow boiling in a small 2.98 mm diameter horizontal
channel which is also developed based on boiling results with refrigerants under similar conditions.

Sun and Mishima [41] used a relatively large database of 2050 data points from 20 published studies
to propose a correlation based on the Lazarek and Black [36] correlation which is a function of the
most important dimensionless groups as shown in Table 5.
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Table 5. Summary of the dimensionless equations used in flow boiling correlations.

Dimensionless Number Equation
Reynolds number for liquid phase Re, = GD
Ly
Boiling number Bo= —~
G Ahyg
Bond number Bd = 9L=pw)D
g
Weber number for Liquid phase We, = G*D
L pLO
Froude number for liquid phase Fr. = G*
" gDp}
Lockharte-Martinelli parameter v - (1 - x)o'9 p,,)O-S ( L)O-l
° x o)\,
Convection number co = (1 — x)o.s ( V)O-S
X P

Confinement number o
Neons = |——————
onf- = g (o — py) D2

The experimental results of Tran [45] reveal that nucleate boiling is the major process and that the
effect of mass flux is insignificant. Furthermore, Tran's formula is totally empirical, with R12 as the
working fluid in a circular channel with a hydraulic diameter of 2.46 mm and a tiny rectangular
channel with a hydraulic diameter of 2.4 mm.

Agostini and Bontemps [46] have tested flow boiling of R-134a in multiple mini-channels experimen-
tally. The tube is made up of 11 rectangular channels with a hydraulic diameter of 2.01 mm. They
discovered a convective to nucleate boiling regime transition for a wall superheat greater than 3 K
and heat flux greater than 14 kW. m2, which was consistent with Tran et al. [45] findings. They also
observed dry-out at a critical quality of 0.4, without considering heat or mass flux.

Hamdar et al. [40] investigated the boiling heat transfer coefficient and pressure drop of R-152a in a
1-mm square mini-channel under test circumstances of G= 200-600 kg m-2 s-1, q= 10-60 kW/m?, P=
600 Kpa, and Tsat = 25.2 °C. The Nusselt number and the dimensionless groups defined by Tran et al.
[45] are used to correlate the experimental data matching their results. For the data set, the correlation
coefficients are determined using a linear multi-regression technique.

4. Results and discussion

The present study provides a comprehensive review of the flow boiling heat transfer coefficient
of ethanol and hydrocarbons such, propane (R-290), butane (R-600), and iso-butane (R-600a) at vari-
ous experimental conditions. A database was constructed based on various experimental works
available in the literature for the mentioned fluids. This assessment includes a dataset consisting of
900 flow boiling heat transfer coefficient data point for hydrocarbons. On the other hand, 720 data
point of flow boiling heat transfer coefficient of ethanol.

4.1. Assessment of existing correlations

The performance of 26 correlations identified in the literature, for predicting flow boiling heat
transfer coefficient was evaluated by comparing their results with the experimental database of hy-
drocarbons, ethanol, and Propane (R290). To determine a reliable prediction method, a selection cri-
terion was employed which involved assessing the minimum absolute deviation between the pre-
dicted results and the experimental database using equation (6). Additionally, the mean relative de-
viation was also computed by equation (7) to enhance the reliability of the prediction methods.
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N

_ h(i)pred - h(i)exp
MAE = ; BT (6)
MRE = i h(i)pred - h(i)exp (7)
B — h(i)exp

4.2. Comparison to hydrocarbons dataset

The deviations in the predictions made by the 26 correlations have been summarized in Table 5
for hydrocarbons and Table 6 for ethanol. Among the correlations tested for hydrocarbons, the top
four that exhibited the lowest mean absolute deviation were Kew and Cornwell [39] (24.6%), Lazarek
and Black [38] (25.7%), Liu and Winterton [22] (33.1%), and ElFaham and Tang [35] (36.7%). The mean
relative deviations for the same correlations are -12.9%, -18.7%, -3.3%, -6.1% respectively. The perfor-
mance of the assessed correlations is listed in Table 6:

Table 6. Prediction performance of the selected correlations for hydrocarbons.

Correlations (Year) MAE (%) MRE (%)

Kew and Cornwel [39] (1997) 24.6 -12.89
Lazarek and Black [38] (1982) 25.73 -18.72
Liu and Winterton [22] (1991) 33.02 -3.33
ElFaham and Tang [35] (2022) 36.69 -6.16
Tran [45] (1996) 38.16 -36.22
Yoon [36] (2004) 40.64 14.02
Wojtan et al. [52] (2005) 42.54 -41.39
Hamdar [40] (2010) 47.01 -5.01
Warrier [43] (2002) 51.25 -40.72
Pujol and Stenning [53] (1969) 56.12 10.5
Li and Wu [54] (2010) 57.64 13.22
Saitoh [31] (2007) 60.57 27.7
YU [42] (2002) 65.03 -9.56
Wattelet [37] (1994) 67.98 54.04
Kenning Copper [44] (1989) 68.59 38.71
Oh and Son [55] (2011) 73.27 19.26
Hu et al. [56] (2011) 80.39 15
Gungor and Winterton [19] (1986) 83.51 75.43
Chen [30] (1966) 83.75 75.31
Lavin and Young [57] (1965) 83.8 49.16
Jung [32] (1989) 94.97 61.01
Choi [34] (2007) 104.56 73.16
Bennett and Chen [33] (1980) 104.6 74.28
Chaddock and Brunemann [58] (1967) 104.8 83.69
Sun and Mishima [41] (2009) 116.8 96.85

Kew and Cornwell [39] (1997) 186.97 177.68
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The Kew and Cornwell [39] correlation exhibits an MRE of -12.89%, signifying that the predictions
derived from this correlation tend to consistently underestimate the actual values. Likewise, the Laz-
arek and Black [38] correlation demonstrates an MRE of -18.72%, indicating a similar pattern of un-
derestimation. On the other hand, the Liu and [22] correlation reveals an MRE of -3.33%, suggesting
a relatively small deviation from the actual values and implying a reasonable level of accuracy in its
predictions. Furthermore, the EIFaham and Tang [35] correlation showcases an MRE of -6.16%, align-
ing with the previous correlations by displaying a slight underestimation. The MRE values provided
in Table 6 are supported by the graphical comparison depicted in Figure 1, which allows for a visual
assessment of the correlation's performance in relation to the actual values.
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Figure 1. Comparison between experimental and predicted flow boiling heat transfer coefficient for
hydrocarbons of the top four correlations in the assessment.

4.3. Comparison to ethanol dataset

In the evaluation of correlations pertaining to ethanol, it was determined that among the various
correlations examined, ElFaham and Tang [35]. displayed the most notable precision with a mean
absolute deviation of 15.3%. Following ElFaham and Tang correlation, other correlations such as
Chen [30] at 25%, Liu and Winterton [22] at 25.1%, and YU [42] at 25.7% exhibited relatively smaller
mean absolute deviations. In terms of the mean relative deviations, the aforementioned correlations
recorded values of -5.8%, 20%, -14.8%, and -8.2% respectively. The performance of the assessed cor-
relations for ethanol is listed in Table 7.


https://doi.org/10.20944/preprints202306.0266.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 June 2023 d0i:10.20944/preprints202306.0266.v1

Table 7. Prediction performance of the selected correlations for ethanol.

Correlations (Year) MAE (%) MRE (%)

ElFaham and Tang [35] (2022) 15.29 -5.83
Chen [30] (1966) 25.02 20

Liu and Winterton [22] (1991) 25.12 -14.81
YU [42] (2002) 25.7 -8.17
Saitoh [31] (2007) 26.78 -10.38
Yoon [36] (2004) 27.37 -20.03
Wattelet [37] (1994) 28.39 -8.35
Sun and Mishima [41] (2009) 29.69 18.58
Wojtan et al. [52] (2005) 40.57 -40.57
Jung [32] (1989) 47.25 -14.42
Gungor and Winterton [19] (1986) 52.28 51.61
Hu et al. [56] (2011) 56.76 56.01
Hamdar [40] (2010) 58.56 -58.57
Bennett and Chen [] (1980) 59.6 59.75
Kenning Copper [44] (1989) 64.66 -51.01
Oh and Son [55] (2011) 66.01 -52.44
Pujol and Stenning [53] (1969) 73.54 -73.34
Lavin and Young [57] (1965) 76.43 -74.91
Chaddock and Brunemann [58] (1967) 77.27 -29.97
Warrier [43] (2002) 79.67 -79.65
Tran [45] (1996) 83.36 -83.35
Kew and Cornwell [39] (1997) 83.91 -83.91
Tran et al. [47] (1997) 84.02 -84.02
Lazarek and black [38] (1982) 85.17 -85.17
Choi [34] (2007) 119.07 118.89
Li and Wu [54] (2010) 574.76 569.49

ElFaham and Tang [35] correlation exhibits a Mean Relative Error (MRE) of -5.83%. This nega-
tive MRE indicates a subtle underestimation of the actual values by this correlation. Conversely, the
Chen [30] correlation demonstrates an MRE of 20%. The positive MRE suggests that this correlation
tends to overestimate the actual values. In the case of the Liu and Winterton [22] correlation, an MRE
of -14.81% is observed, reflecting a significant and consistent underestimation of the actual values.
Similarly, the YU [42] correlation displays an MRE of -8.17%, which aligns with ElFaham in terms of
a slight underestimation of the actual values. The MRE values listed in Table 7 provide insights into
the overestimation and underestimation tendencies performed by each correlation. These behaviors
can be observed more distinctly through the graphical representation depicted in Figure 2.
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Figure 2. Comparison between experimental and predicted flow boiling heat transfer coefficient for
ethanol of the top four correlations in the assessment.

4.3. Comparison to Propane (R290) dataset

Upon analyzing R290 dataset, it is evident that each correlation demonstrates distinct Mean Ab-
solute Error (MAE) values, representing the average absolute deviation of their predictions from the
actual values. The correlation denoted as Kew and Cornwell [39] is associated with an MAE of 17.66.
Similarly, the correlation attributed to Lazarek and Black demonstrates an MAE of 18.28%. Moving
on to the Liu and Winterton correlation [22], it presents an MAE of 31.17%. Furthermore, the correla-
tion related to Tran (1966) [45] showcases an MAE of 32.4. Lastly, the ElFaham and Tang [35] corre-
lation is characterized by an MAE of 34.96%. Through a careful analysis of the MAE values, a com-
prehensive understanding can be obtained regarding the accuracy and precision of each correlation's
predictions in relation to the actual values which summarized in Table 7:
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Table 8. Prediction performance of the selected correlations for Propane(R290).

Correlations (Year) MAE (%) MRE (%)
Kew and Cornwell [39] (1997) 17.66 -1.85
Lazarek and black [38] (1982) 18.28 -9.13
Liu and Winterton [22] (1991) 31.17 5.8
Tran [45] (1996) 324 -30.4
Table 8. (continued)
Correlations (Year) MAE (%) MRE (%)
ElFaham and Tang [35] (2022) 34.96 5.48
Wojtan et al. [52] (2005) 37.78 -35.99
Yoon [36] (2004) 40.94 28.97
Hamdar [40] (2010) 43.11 13.32
Warrier [43] (2002) 48.09 -35.09
Pujol and Stenning [53] (1969) 58.25 26.35
Li and Wu [54] (2010) 63.01 35.31
Saitoh [31] (2007) 67.88 4.8
Wattelet [37] (1994) 75.55 63.57
Kenning Copper [44] (1989) 79.25 39.85
YU [42] (2002) 80.66 66.6
Oh and Son [55] (2011) 87.04 36.72
Chen [30] (1966) 96.18 76.92
Gungor and Winterton [19] (1986) 102.31 99.98
Hu et al. [56] (2011) 102.34 99.97
Lavin and Young [57] (1965) 113.88 94.54
Jung [32] (1989) 123.46 99.67
Tran et al. [47] (1997) 128.08 111.93
Choi [34] (2007) 130.29 123.6
Bennett and Chen [33] (1980) 138.48 127.86
Chaddock and Brunemann (1967) 220.54 218.07
Sun and Mishima [41] (2009) 252.15 250.39

In the examination of the provided data, it is evident that each correlation demonstrates distinct
Mean Relative Error (MRE) values. Kew and Cornwell [39] exhibit an MRE of -1.85%, indicating a
slight underestimation of the actual values. Similarly, Lazarek and Black [38] display an MRE of -
9.13%, signifying an underestimation that is slightly more pronounced. Conversely, Liu and Winter-
ton’s [22] correlation boasts an MRE of 5.8%, suggesting a tendency to overestimate the actual values.
In stark contrast, the Tran [45] correlation reveals a significantly negative MRE of -30.4%, indicative
of a consistent and substantial underestimation of the actual values. Lastly, the ElFaham and Tang
[35] correlation registers an MRE of 5.48%, aligning with Liu and Winterton in its inclination to over-
estimate the actual values, albeit to a slightly lesser degree. Through an analysis of the MRE values,
valuable insights emerge regarding the deviations and tendencies of each correlation in relation to
the actual values, enabling a comprehensive evaluation of their performance and reliability within
the given context.
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Figure 3. Comparison between experimental and predicted flow boiling heat transfer coefficient for
propane of the top four correlations in the assessment.

5. Conclusion

A comprehensive review of two-phase flow boiling heat transfer coefficient hydrocarbons and
ethanol is presented in this paper. The following results were reached after analyzing and comparing
the available heat transfer prediction methods to experimental data.

1. A database was created based on 11 published papers from 10 in-
dependent laboratories for hydrocarbons (R290, R600, and R600a).
This evaluation comprises 900 flow boiling heat transfer coeffi-
cient data points for hydrocarbons. Moreover, a dataset of 720 ex-
perimental data points was collected for the flow boiling heat
transfer coefficients of ethanol.

2. It was found that for hydrocarbons Kew and Cornwell [39]
(24.6%), Lazarek and Black [38] (25.7%) correlation has achieved
the least mean absolute deviation which is less than 30%. How-
ever, Liu and Winterton [22] (33.1%), ElFaham and Tang [35]
(36.7%), Tran (38.2%) had the tendency to show relatively low
Mean Absolute deviation. On the other hand, Agostini et al. [46],
Sun and Mishima [41] , Chaddock and Brunemann [58] , Bennet
and Chen [33] were out of prediction and their results were un-
satisfactory.

3. It has been observed that among the assessed correlations for eth-
anol, ElIFaham and Tang [35] achieved the lowest mean absolute
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deviation (15.3%). Nevertheless, Chen [30] (25%), Liu and Winter-
ton [22] (25.1%), and YU [42] (25.7%) exhibited a range of mean
absolute deviation less than 30%, which is considered to be in an
outstanding position.

4. There is an extreme shortage of experimental data on ethanol in
the novel of literature. As a result, additional research should be
conducted on ethanol, as it is a very promising fluid in many in-
dustrial applications. Furthermore, after analyzing the current
data set of ethanol, it is recommended to utilize a heat flux range
of 7 kW. m-2 to 20 kW. m-2 to fill the gap displayed in Figure 2.

5. Due to the fact that each correlation developed using its own data,
fluids, geometry, and operating conditions. As a result, no specific
universal prediction method exists. This study used an assessment
of the same correlations for different fluids to benchmark its find-
ings, demonstrating that each fluid has a varied performance for
prediction. Therefore, when comparing Tables 6, 7, and 8, each cor-
relation appears in a different place.
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