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Abstract: Due to environmental concerns, natural refrigerants and their use in refrigeration and air
conditioning systems are receiving more attention from manufacturers, end users and the scientific
community. The study of heat transfer and pressure drop is essential for accurate design and more energy
efficient cycles using natural refrigerants. The aim of this work is to provide an overview of the latest
outcomes related to heat transfer and pressure drop correlations for ammonia, propane, isobutane and
propylene and to investigate the current state of the art in terms of operating conditions. Available data
on the existing correlations of heat transfer coefficient and pressure drop for natural refrigerants have
been collected through a systematic search. Whenever possible, validity intervals are given for each
correlation and the error is quantified. It is the intention of the authors that this could be a valuable
support for researchers and an aid to design, with particular reference to heat pumps. A procedure based
on the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement was
adopted, and the Scopus database was used to query the relevant literature. A total of 135 publications
qualified for inclusion in the survey; 34 articles report experimental investigations for not usual geometric
conditions. Of the 101 selected papers related to usual geometric conditions, N =50 deal only with HTC,
N = 16 deal only with pressure drop and the remainder (N = 35) analyse both HTC and pressure drop.
Among the 85 HTC papers (N = 53) deal with the evaporating condition, N = 30 with condensation and
only N = 2 with the heat transfer correlations under both conditions. Most of the 101 articles concern
propane and isobutane. The high temperatures are less widely investigated.

Keywords: natural refrigerants; two-phase flow; heat transfer; pressure drop; correlations; systematic
review

1. Introduction

Refrigeration and air conditioning play an important role in modern society, providing thermal
comfort and food safety. However, the widespread use of synthetic refrigerants, particularly fluorinated
gases (F-gas), has led to serious environmental concerns as they contribute significantly to the greenhouse
effect and climate change. In response to these problems, international regulations have imposed
restrictions on the use of F-gases, pushing industry towards the adoption of more sustainable solutions.
In this context, natural refrigerants have gained increasing attention as environmentally friendly and low
impact alternatives [1].

These refrigerants, such as ammonia (R717), hydrocarbons and carbon dioxide (R744), have been
studied to replace CFCs, HCFCs and HFCs in refrigeration, air conditioning and heat pump systems. They
have zero ozone depletion potential (ODP), and most have near-zero global warming potential (GWP)
compared to CFCs and HCFCs.

However, the use of natural refrigerants will be complex, mainly due to the need to adapt
refrigeration and air conditioning systems to their characteristics.

In this context, the experimental study of heat transfer and pressure drop and their correlations
becomes very important to optimise the energy efficiency of the system and to ensure reliable
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performance. In addition, the flow pattern studies will help to determine how natural refrigerants behave
under different operating conditions, contributing to a more accurate design.

Sunden et al. [2] in their systematic review presented a meta-analysis and regression analysis of the
available pressure drop and heat transfer data for both single-phase and two-phase flows for several
refrigerants with attention to enhanced configurations of heat exchangers.

Cavallini et al. [3] provide a comprehensive review of recent research on heat transfer and pressure
drop of natural refrigerants (CO2, NHs, CsHs, R600a, nitrogen) in mini channels, with the aim of properly
designing heat transfer equipment.

The review by Thome et al [4] focuses on flow boiling heat transfer, two-phase pressure drop and
flow patterns of ammonia and hydrocarbons. A comparison of experimental data in smooth tubes with
four flow boiling correlations is presented. It is suggested that more experimental data be obtained from
properly conducted experiments and that new correlations or modified correlations be made on the basis
of the existing ones.

This article presents a systematic review to evaluate the available correlations on heat transfer (HT)
and pressure drop (PD) of natural refrigerants such as ammonia (R717) and hydrocarbons (R290, R600a,
R1270). The most common geometries and operating conditions are analysed for each refrigerant.

Whenever possible, validity intervals are given for each correlation and the error is quantified. It is
the intention of the authors that this could be a valuable support for researchers and an aid to design, with
particular reference to heat pumps.

2. Materials and Methods

A systematic review of heat transfer and pressure drop correlations for natural refrigerants was
conducted following the PRISMA guidelines [5]. This approach to literature review aims to collect all
evidence that meets pre-defined eligibility criteria to answer a specific research question. It uses explicit,
systematic methods to minimise bias and thus provide reliable findings from which conclusions can be
drawn and decisions made.

The workflow consists of four phases: identification, screening, eligibility, and inclusion. In the first
phase, a number of research questions were formulated to accurately identify the objectives of the
systematic review and, consequently, to examine the available literature:

e Are there heat transfer and pressure drop correlations that can predict the experimental data of natural
refrigerants?

e How accurate are the current correlations?

e  Which natural refrigerants receive more attention?

Specifically, for this research, the SCOPUS database was queried, using a combination of keywords
and Boolean operators to find relevant studies. Specifically, the keywords in the following items were
searched in the “Article title, Abstract and Keywords” fields:

1. '"heat transfer" OR "heat transmission";
2. ‘"pressure drop" OR "frictional pressure gradient";
3. 'natural refrigerant" OR hydrocarbons OR propane OR R290 OR CsHs OR isobutane OR R600a
OR C:Hio OR propylene OR R1270 OR CsHs OR ammonia OR R717 OR NHs;
4. Correlation OR "prediction method" OR "predictive method" OR “relationship” OR "as a function of";
5. Combustion OR kerosene OR coal (only for “Article Title and Keywords” fields).
The queries from #1 to #5 were combined as follows: #1 OR #2 AND #3 AND #4 AND NOT #5.

Inclusion and exclusion criteria were then defined and applied through the identification, screening,
and inclusion steps to select the relevant studies for the review, which were then analysed in detail.

Inclusion criteria:

e The research must include heat transfer and/or pressure drop correlations.
e Natural refrigerants must be evaluated, in particular R717, R290, R600a, R1270.
e The papers can be reviews but also reporting data and correlations.

Exclusion criteria:
e The articles focus on combustion, toxicity, flammability, and risk.
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e The studies concern natural refrigerants (e.g. CO2), which are not considered in this review.

e The papers partly deal with heat transfer and pressure drop, but no correlations are reported.
e The studies refer to synthetic refrigerants and/or refrigerant blends.

e The papers are conference papers.

e The papers are purely reviews, not reporting data and correlations.

e The language is not English.

In the screening phase, the titles, and the abstracts of all the articles identified in the first stage were
rigorously assessed against the defined inclusion and exclusion criteria. The papers that met the criteria
were analysed in more detail through a full reading of the text (eligibility stage).

A period of 15 years was chosen to give priority to more recent studies, and only those written in
English were selected.

The division of labour consisted of a first phase in which the first author independently selected the
relevant material, followed by a second stage in which both authors reviewed all papers. In cases of doubt,
the senior author made the final decision.

3. Results

A total of 1366 articles were analysed in the first identification step. Duplicates of 24 articles were
removed before the screening phase. As shown in Figure 1, of the 1342 original articles, N = 728 were
excluded because their titles did not meet the inclusion criteria and N =213 were excluded because of their
abstracts. From the 401 articles obtained, those for which the full text was not available were subtracted.
This resulted in N = 353 papers that were assessed for eligibility. A thorough reading of the full text of the
articles and the application of the exclusion criteria resulted in a final sample of 135 articles that were
assessed in the review.

)
g Records identified from Records removed before
; copus searchin screening:
E Scop ching g
Eg databases: Duplicate records
'g (N =1366) removed: (N =24)
-
- |
) Records screened: Records excluded for
(N =1342) abstract: (N =728)
i title: (N = 213)
Reports sought for .
0 retrieval: Reports not retrieved:
g o =401) (N =48)
g v
Reports assessed for
eligibility: —»f Reports excluded:
(N'=353) ® Refrigerant mixtures
™ =10)
S ® Synthetic refrigerants (N =5)
£ * No HTC or PD correlations (N = 18)
Total studies included in

* Not of interest and/or no scientific
teview: significance (N = 32)

(N=135) Not in the English language (N = 89)
Year <2009 (N =39)
Conference papers (N = 11)
Purely reviews (N = 14)

Included

Figure 1. PRISMA flowchart for studies included in this review.

The 135 articles included are summarised in Tables 1, 2, 3 and 4.
It should be noted that the tables are constructed with some assumptions and conventions, which are
specified below.
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Table 1 shows the source of the data used for the correlation and the geometry studied, highlighting
the main focus of the article. As in Table 3, the reader is referred to the citing article in this review (first
column) when the number of external databases is greater than 3.

Table 2 shows the operating conditions and correlations for only the natural refrigerants of interest in
this review (R717, R290, R600a, R1270). Different refrigerants appear in the table in the case of universal
correlations and have therefore been developed with different refrigerants.

The most frequent dimensionless parameters used in the correlations reported in Tables 2 and 4 are
summarised in the Nomenclature section.

The “R” column refers only to the refrigerants used to develop the correlation. If the experimental
data available in the literature and related to the refrigerant of interest for the present work are used to
test the correlation, the corresponding error is reported in the "AAD" column.

When the experimental results related to the refrigerant of interest for the present work are coupled
with an existing correlation, the corresponding error is reported in the table (column "AAD") together with
the corresponding reference.

The error between the model prediction and the experimental data is reported as Average Absolute
Deviation (AAD), calculated according to Equation 1:

N

AAD = 12
_N'

i=1

It should be noted that some authors expressed the error in a different way: some as the percentage
of data falling within a certain range, others as the coefficient of determination (R?). It is marked with an
asterisk in Tables 2 and 4. The error values related to the mean deviation without the absolute value are
indicated by AD.

Table 3 shows the source of the data used for the correlation and the geometry studied, highlighting
the main focus of the article in case of not usual configurations.

Table 4 shows the operating conditions and correlations for only the natural refrigerants of interest in
this review, in case of not usual configurations.

y(i)pred - :V(i)exp
}’(i)exp

o)

Table 1. Summary of the type of data, geometries and research highlights of the articles included in this

review.
First R Data  Geometry/Material/Orientation Research highlights
author/Year Ty g8
Analytical
Agra R600a model and Horizontal smooth copper tube, TP annular flow
(2012) [6] experimental di=4 mm condensation HT
study
Hori 1 straigh
. orizontal straight copper tube, Condensation HT,
Ahmadpour Experimental di=8.7 mm L .
R600a - Effect of lubricating oil on
(2019) [7] study Horizontal U-shaped copper .
condensation HT
tube, di=8.7 mm
Akbar Experimental Horizontal smooth stainless .
R2 TP fl ling HT
(2021) [8] 90 study steel tube, di=3 mm ow boiling
Ali R1234yf . Vertical stainless steel tube . L
(2021) [9] R152a Experimental di = 1.60 mm. L = 245 mm Flow boiling frictional PD
i=1. h=
R600a R134a study ’
Allymehr Experimental A smooth tube, MF1, MF2 .
(2020) [10] R290 study do=5 mm Flow boiling HT and PD
Allymehr R600a Experimental A smooth tube, MF1, MF2 .
(2021) [11] R1270 study do=5mm Evaporation HT and PD
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R290 .
g(l)lzylr;l[efzr] R600a Exp::;rg}e’ntal A smootiiu?erz;llr\n/IFL MF2 Condensation HT and PD
R1270
R134a R245fa
Amalfi R236fa R717, R290 Extfernal Brazed/gasketed/welded/shell Flow boiling HT and TP
(2016) [13] R600a R1270  experimental and plate heat exchanger (PHE), frictional PD
R1234yf database [14]  [3=27-70°, dn=1.7-8 mm
R mixtures
Anwar R600a Experimental Vertical stainless steel tube Flow boiling HT and
(2015) [15] study di=1.60 mm, Lx =245 mm dryout characteristics
Arima R717 Experimental Vertical plate Flow patterns and forced
(2010) [16] study evaporator convective boiling HT
Asim Experimental Vertical stainless steel tube .
(2022) [17] R600a study di =1.60 mm, L» = 245 mm Flow boiling HT
External
Avyub R717 R134a experimental R .
(201;7) [18] R410A daltoabase (see PHE, [=0-65 Evaporation HT
[18])
Steady-state
numerical . .
Basaran R600a simulations Hor1zo;’§ilrf)$1c;c;’;}:e?rcular Condensation HT and TP
(2021) [19] (CFD code di = 0.2-0.6 mm PD
ANSYS
Fluent 19.2)
Experimental
Basaran study and Microchannel .
(2021) [20] R600a .thermfal dn = 0.2-0.6 mm Condensation HT and PD
simulation
model
. . Horizontal copper tubular .
Butrymowicz R134a, R507A  Experimental Flow boiling HT under
(2022) [21] R600a study channel near critical pressure
di=12 mm
Butrymowicz R290 Experimental =~ Aluminium minichannel Condensation and
(2022) [22] study condenser and evaporator  evaporation frictional PD
Cao Experimental Aluminium r.rurucha'n nel Condensation HT and
(2021) [23] R600a study di = 8 rr}m, vertical/horizontal frictional PD
inclined angles 0°-180°
Choi Experimental Horizontal S.HTOOth stainless TP flow boiling HT and
(2009) [24] R290 study steel minichannels PD
di=1.5,3.0 mm
. R74d . Horizontal circular stainless
Chot R717 Experimental steel smooth tube Evaporation HT
(2014) [25] R290 study d=15. 3 mm
R1234yf "
R22, R32 R134a External
. . R290 R600a . . . Liquid film thickness,
Cioncolini experimental ~ Vertical/horizontal tubes . .
(2011) [26] R7I8 RI2 - atabase (see di=1.03-14.4 mm void fraction and
R236fa 26)) convective boiling HT

R245fa

do0i:10.20944/preprints202403.0466.v1
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Horizontal aluminium Flow patterns, void

Da Sil E i 1
@ 0338)1 [‘;;] R600a xp::lr;lenta multiport extruded tube fraction distribution and
Y di=1.47 mm flow boiling PD
.Da Silva Experimental Horizontal smooth stainless Flow p.a tterrlls, 41a?:>at1c
Lima (2009) R717 stud stee] tube. di = 14 mm and adiabatic frictional
28] y i PD
e . . Annular flow
Dalkilic Experimental Horizontal smooth copper tube, . ..
R600a condensation frictional
(2010) [29] study di=4mm PD
Horizontal copper smooth
Darzi Experimental round tube, dn = 8.7 mm .
R Condensation HT and PD
(2015) [30] 600a study Horizontal copper flattened oo o A
tubes, dn=5.1-8.2 mm
De Oliveira Experimental Horizontal smooth stainless TP flow patterns and flow
(2016) [31] R600a tud steel tube boiling HT
e di=1.0 mm, Ln =265 mm orne
De Oliveira R290 Experimental Horizontal stainless steel tube =~ Flow patterns and TP
(2017) [32] R600a study di=1.0mm, Lh=265mm  flow boiling frictional PD
De Oliveira Experimental Horizontal smooth stainless Flow patterns and flow
(2018) [33] R2%0 stud steel tube boiling HT
e di=1.0 mm, Ln =265 mm 8
De Oliveira R1270 Experimental =~ Horizontal stainless-steel Flow patterns and flow
(2020) [34] study circular tube, di=1 mm boiling HT
De Oliveira R1270 Experimental =~ Horizontal stainless-steel Flow patterns and flow
(2023) [35] study circular tube, di=1 mm boiling frictional PD
Del Col R290 Experimental Horizontal copper minichannel TP condensation and flow
(2014) [36] study di=0.96 mm, Ra=13 um  boiling HT, frictional PD
Condensation and flow
Del Col Experimental Horizontal copper Minichannel | . .
R127 ling HT TP
(2017) [37] 0 study di=096 mm, Ra=13um  COlN8 i%dlabahc
External . . .
ElFaham R290 experimental Horizontal/vertical stainless
(2023) [38] R600 daI’zabase (see steel/copper tubes TP flow boiling HT
R600a di=0.168-7.7 mm
[38])
R717 External Horizontal/vertical upward
Fang, Xiande R290 experimental copper/ étamless steel single Saturated flow boiling HT
(2019) [39] R600a database (see circular tubes
[39]) dn=0.96-14 mm
lfang, ' Extfernal Horizontal c?pper .C1Fc:ular Condensation frictional
Xianshi R600a experimental smooth and spiral coil inserted PD
(2023) [40] database [41] tubes, di=8.1 mm
Fries Experimental Horizontal mild steel plain .
(2019) [42] R290 study tubes, di= 14.65,208 mm  _ordensation HT and PD
Fries R290 Experimental ~ Copper tube, di =15 mm .
PD in TP fl
(2020) [43] R1270 study  Mild steel tube, di = 14.65 mm m A How
Pure ammonia
Fronk Ext'ernal Horizontal smooth stainless condensation HT'_hIgh_
R717 experimental temperature-glide

(2016) [44]

steel tube, di =0.98-2.16 mm

database [45] zeotropic ammonia/water

mixtures

do0i:10.20944/preprints202403.0466.v1
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Gao Experimental Horizontal smooth stainless Flow boiling HT,
R717 . . L
(2018) [46] study steel tube, di =4 mm adiabatic TP frictional PD
Gao Experimental Horizontal smooth stainless
R717 TP PD
(2019) [47] study steel tube, di=4, 8 mm
. Extfernal Horizontal smooth stainless Pre-dry .out P
Ghazali experimental evaporation HT,
R290 steel tubes ) .
(2022) [48] database (see genetic algorithm
di=1-6 mm L
[48]) optimization
Ghorbani R600a Experimental Horizontal flattened copper R 6%821?? iaatrl:;n i’;l;;:le
(2017) [49] study tube dn =7.29 mm hanop
mixtures
R1234ze(E)
Guo R290 Experimental Horizontal smooth copper tube, .
(2018) [50] R161 study di=2 mm Condensation HT
R41
Experimental
R134
Huang R537z sgf;igld Brazed PHE TP flow boiling HT and
(2012) [51] R12, R717 experimental [ =28-60°, dn=3.51 mm PD
database [52]
tlie R717 Experimental = b 6 _ 600 =10 mm Boiling HT
= h =
(2022) [53] study =607 &
Inoue R32, R410a Experimental Horizontal smooth copper tube,
(2018) [54] R1234ze(E) P tud di =3.48 mm Condensation HT
R152a R
. R134a Ext'ernal ' '
Kanizawa R245fa experimental Horizontal smooth stainless Flow boiling HT
(2016) [55] database (see steel tube, di = 0.38-2.60 mm &
R600a
[55])
Khan, T.S. Experimental P TP evaporation HT and
(2012) [56] R717 study PHE, =60 PD
Khan, M.S. Experimental TP evaporation HT and
R717 PHE, p =30°
(2012) [57] study P =30 PD
Koyama Experimental  Titanium plate evaporator .
(2014) [58] R717 study Channel height =1, 2, 5 mm Flow boiling HT
Lee R290 Experimental Horizontal smooth copper tube .
densation HT
(2010) [59] R600a study di = 5.80-10.07 mm Condensation
. . Horizontal circular smooth TP flow boiling HT and
Lillo Experimental . Lo
R290 stainless steel tube PD, dry-out incipience
(2018) [60] study .
di=6 mm, Lh=193.7 mm vapor quality
Horizontal square stainless steel
Liu Experimental minichannel .
(2016) [61] R290 study 4 = 0.952 mm Condensation HT and PD
Ra=3.2 pum
Liu R600a Experimental Vertical rectangular copper ~ Flow patterns and flow
(2018) [62]  R227ea R245fa study mini-channel, dn=2.76 boiling HT
Longo 1;620900;3 Experimental Brazed plate heat exchanger Vaporization HT and
(2012) [63] R1270 study (PHE), $=60°, do =10 mm frictional PD
Longo R290 Experimental =~ Horizontal smooth tube Forced convection
(2017) [64] R1270 study di=4 mm condensation HT,
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condensation frictional
PD

Longo R600a Experimental Horizontal smooth copper tube,  Flow boiling HT and
(2020) [65] study di=4 mm frictional PD
Longo R290 Experimental Brazed Plate Heat Exchanger -
(mnai%] R1270 Ilmdy (BPHE), {3 = 65° i Nucleate boiling HT
Lopez-Belchi Experimental Hor.lzontal .square aluminium TP condensation HT and
(2016) [67] R290 study multiport minichannel tube, di = frictional PD
1.16 mm
Macdonald R290 Experimental = Horizontal smooth copper Condensation HT and
(2016) [68] study tubes, di=7.75, 14.45 mm frictional PD
Flow visualization,
Macdonald Experimental —Horizontal smooth copper . ’
R290 condensation HT and
(2016) [69] study tubes, di=7.75, 14.45 mm frictional PD
Macdonald R290 Experimental Horizontal circular smooth ~ Flow visualization and
(2017) [70] study tube, di=7.75 mm condensation HT
R134a
R245fa
R125, R744 External
Maher st;zzRﬁiigalSza experimental =~ Horizontal circular tubes ~ Two Phase Flow frictional
(2020) [71] R1234z¢(E) database (see di =0.509-8.0 mm PD
R290 (711
R600a
R1234yf
. Vertical circular stainless steel
(g/([)alg?([);zl] R717 Expzflllr;l}e’ntal mini channel Flow boiling TP PD
di=1.70, 1.224 mm
. Vertical circular stainless steel
(2/(1)?3];([)70 ;] R717 Exps:;rg;ntal mini channel Flow boiling HT
di=1.70, 1.224 mm
Vertical circular stainless steel
Magbool R290 Experimental minichannel TP flow boiling HT and
(2013) [74] study di=1.70 mm, Ra=0.21 um, Ln= frictional PD
245 mm
External TP Evaporation HT and
Mohd-Yunos R290 experimental ~ Vertical /horizontal tubes genetic algorithm
(2020) [75] database (see di=1-6 mm . Lo
optimization
[75])
Ri34a Flow patterns and
Moreira R600a Experimental Horizontal smooth stainless convective condensation
(2021) [76] R290 study steel tube, di =9.43 mm HT
R1270
External Horizontal/vertical,
R717 .
Morrow R290 experimental round/square/rectangular/flat, Flow condensation LT
(2021) [77] R600a database (see smooth tubes
[77]) di =0.952-10.07 mm
Murph Experimental Vertical aluminium .
(201; [7};3] R290 pstudy minichannel, di=193  Condensation HT and PD
Nasr R600a Experimental Horizontal smooth copper tube, Flow patterns and flow

(2015) [79]

study di=8.7 mm boiling HT

do0i:10.20944/preprints202403.0466.v1
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Horizontal circular smooth

Oh R22, R134a R410A, Experimental stainless steel tubes Flow patterns and TP
(2011) [80] R290, R744 study di=05, 1.5, 3.0 mm flow boiling HT
Pamitran Experimental Horizontal smooth stainless

steel minichannels ow boilin
2009 [51] R290 Pstud | minichannel TP flow boiling HT
y di=15,3.0 mm
Pamitran R290 Experimental Horizontal circular stainless .
(2011) [82] R717 stud steel smooth tube Evaporation HT
y di=1.5,3 mm
External
Patel R12 ;ngfO,RIEé ize experimental Horizontal minichannel Condensation TP
(2018) [83] R 4}1, Ola R32 " database (see dn=0.952-1.150 mm frictional PD
' [83])
Pham R22, R32, R410a Experimental I;i;;;iiij;;igﬁg Condensation HT and TP
(2019) [84] R290 study minichannel, d» = 0.83 mm frictional PD
on fl T

Qiu R600a Experimental Horizontal smooth copper tube, Sat;???; agiv;,b]:;(;cmg

(2015) [85] study di=8 mm frictional PD
Sempértegui- R134a . . .
Tapia (2017) R1234ze(E)R1234nyXp::;rgental Honzontacll's_tallqli;“ed twbe, gy boiling HT

86] R600a y e

Sempértegui- R134a R1234ze(E) Experimental circularioﬂzfer/l’:jilan ular
Tapia p q & TP frictional PD

(2017) [87]

R1234yf R600a

stainless steel tube
drn=0.634-1.1 mm

study

Shafaee

R600a

Flow boiling HT, effect of

Experimental Horizontal copper smooth tube, . L
p PP coiled wire inserted tubes

(2016) [88] study di=8.1 mm on HT
R718 Extfernal Horizontal/vertical/downward-
Shah Halocarbon Rs  experimental . .
inclined tubes Condensation HT
(2009) [89] HCRs database (see
. dh =2-49 mm
Organics [89])
External Horizontal round/square/
Shah R718, R744 experimental rectangle/semi-
Halocarbon Rs, P circle/triangle/barrel shaped Condensation HT
(2016) [90] database (see ) .
HCRs [90]) single and multi channels
dn=0.1-2.8 mm
R718
R744 External Horizontal/vertical,
Shah R717 experimental round/rectangular/triangular  Saturated boiling HT
(2017)[91]  Halocarbon Rs database (see single and multi-port channels, prior to critical heat flux
Cryogens [91]) dn=0.38-27.1 mm
HC Rs
R718, R744 External
Shah cryogens, R12, experimental = Horizontal/vertical tubes Dispersed flow film
(2017)[92] R113 R22, R134a database (see dn =0.98-25 mm boiling HT
HC R (R50, R290) [92])
Shah R718, HCRs, R717, External Plate heat exchanger (PHE), 5 =

(2021) [93]

halocarbon Rs

Condensation HT

experimental 30-75°
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database (see

[93])
R718, R744 External Horizontal/vertical,
Shah Halocarbon R, experimental round/rectangular/triangular
HC, R717 . . Saturated boiling HT
(2022) [94] cryogens database (see single and multi-port channels,
L [94]) dh=0.38-41 mm
chemicals
HFCs External
Tao HCRs experimental exi;aazjge/f?;ﬁ;dﬁpia; };%o Condensation HT and
(2019) [95] HFOs database (see o3 23—8t 08 mm. ’ frictional PD
R744 [95])
Tao External Flow patterns,
(2020) [96] R717 experimental ~PHE, $=63°, dv=2.99 mm  condensation HT and TP
database [97] frictional PD
External Horizontal circular smooth
Turgut R717 experimental stainless steel tube Flow pz‘at‘t ern map, flow
(2016) [98] database [99] di=14 mm boiling TP PD
External . .
Turgut R290 experimental Zj::f;iﬁggﬁg?;gﬁﬁgg; Saturated TP flow boiling
(2021) [100] database (see HT
dn=0.3-7.7 mm
[100])
External Horizontal smooth stainless
R717 .
Turgut experimental  steel tube, dn = 3-14 mm Flow boiling HT
(2022) [101] R600a database (see Horizontal smooth stainless
[101]) steel tube, dn = 1.1-8.0 mm
Umar Experimental =~ Horizontal stainless steel o
(2022) [102] R290 study smooth tube, di =3 mm TP flow boiling PD
Wang, S. R290 Experimental Horizontal smooth copper tube, TP saturated flow boiling
(2014) [103] study di=6 mm HT and frictional PD
Wang, H. exlf;;ier:;ar}tal Horizontal/vertical stainless
’ R717 steel/aluminium/carbon steel Flow boiling HT
(2016) [104] database (see
tube, di=1.224-32 mm
[104])
Numerical
simulation
Wen R290 CFD Horizontal circular smooth Condensation HT and
(2018) [105] software mini-channel, dn =1 mm frictional PD
ANSYS
Fluent
Yang Experimental Horizontal smooth copper tube, Flow patterns, flow
(2017) [106] R600a study di = 6 mm boiling HT and TP
frictional PD
R134a, R22 R717,  External Horizontal smooth circular
Yuan R744 R236fa  experimental stainless .
(2017) [107] R245fa database (see steel/aluminium/copper tube Annular flow boiling HT
R1234ze [107]) di=0.5-14.0 mm
External . .
Zhang, Y. R290 experimental Honzontill smooth sl’;amless Boundary layer theory
(2019) [108] R600a database (see Ste;/f?zlgirtn“ ¢ and flow boiling HT

[108])

do0i:10.20944/preprints202403.0466.v1
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R134a
Zhang, J. R236fa R245fa Experimental Brazed plate heat exchanger Condensation HT and
(2021) [109] R1235zd () tud (PHE), frictional PD
R1234ze(E) Sy B =65° dn=3.4mm ©
R290 R600a
R134a
R236fa R245fa
Zhang, ]. R1233zd (E)  Experimental Brazed plaE;I}_lIE;t exchanger Flow boiling HT and
(2021) [110] R1234ze(E) study —65° dn = é 4 mm frictional PD
R290 p=657% dn=3.
R600a
Zhang, R. Experimental Horizontal smooth stainless Fl‘o w patterns, TI.) F.IOW
R717 boiling HT and frictional
(2021) [111] study steel tube, di=3 mm
PD, dryout phenomenon
Zhang, R. Experimental Horizontal smooth steel tube, di Flow'b(?lhng TP HT and
R717 TP frictional PD, dryout
(2022) [112] study =3 mm
phenomenon

R =refrigerant, TP = two phase, HT = heat transfer, PD = pressure drop, PHE = plate heat exchanger, 3 = chevron angle,
ST = smooth tube, MF = microfin, di, di, do= inner, hydraulic, outer diameter, Lr = heated length, Ra = roughness, HC
Rs = hydrocarbon refrigerants.
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Table 2. Summary of the operating conditions, HTC and PD correlations of the papers included in thi:

First Heat Flux Mass Flux Best reported HTC o
author/Year R STISPIVQ (kW/m?)  (kg/m?s) correlation/New HTC correlation AAD (%)
Tsat = 30— dT
Agra 43°C K Ty,5
R600 - G=47-116 h=——+ *+20%
(2012) [6] ! - (Toae = Tw)
_ T,, = tube wall temperature
- Straight tube: Cavallini and
Ppsat=510- Zecchin [113], Shah [114]
Ahmadpour
R600 630 kP - G = 140-280 *+20
(2019) [7] a x=0 0461 U shaped tube: Traviss et al. [115] *
0.80 Shah [89]
Tsat = 0—11
Akbar °C
R2 =5-2 =50-1 Ai i L[11 11.
(2021) [8] 90 B q=5-20 G=50-180 izuddin et al. [116] 6
x=0-1
Al R1234yf T;a; 27’ B
0 1)1 o] R152a ] ~  G=50-500 - -
R600a R134a _ :
Tt =0,5, ST: Liu & Winterton [118] 6.2
Allymehr 10 °C .
(2020) [10] R290 ~ q=15-33 G=250-500 MF1: Rollmann & Spindler [119] 14.8
= 0141 ME2: Rollmann & Spindler [119] 26.3
R600a Tsat =5, 10, ST: Shah [122] 6.4
Allymehr 20 °C —15.34 G =200-515 MEF: Rollmann & Spindler [119] -
(2021) [11] R1270 - 1 ST: Liu & Winterton [118] 8.5
x=0.11-1 ME: no reliable correlation -
S
Allymehr Tsat =35 °C ST: Dorao and Fernandino [123] 49
R2 - =200~
(2021) [12] 90 - G =200-500 MF1: Cavallini et al. [124] 7.9
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R600a x=0.12- ST: Dorao and Fernandino [123] 5.8
0.89 MF1: Cavallini et al. [124] 7.8
R1270 ST: Dorao and Fernandino [123] 11.0 S
MF1: Cavallini et al. [124] 13.6
For Bd <4
R134a R245fa T = 25— Nug,
Al R236faR717,R290 ; 9 oc = 982 - Br1101}y0315 g0320 5+=0.224 f
(2016) [13] R600a R1270 q=0.1-50.0 G=5.5-610 22.1 (all data) WC
R'1234yf « = 0-0.95 For Bd >=4
mixtures Nuy,
= 18495 . ‘8*0.2431'\)63.135[\)83;3513d0.23SBoU.198px—0.223
Tsat = 27,
Anwar 32°C .
(2015) [15] R600a ~ q=20-130 G=50-350 Li and Wu [126] 0.48 (AD)
x =0-0.8
Tsat= 139
’ 1.08
179, 21.6 th::164(_£J
2OAll;;mell R71L7 _C q= 125, 20, G= 71.5, 10, h;, X N *425%
( ) [ 6] Psat= 0.7, 5 5 Al G(l — x)dh : 04
0.8 0.9 h, =0.023 —|——| Pn
¢ dp H
x=0.1-04
Tsat = 27,
Asim 32°C . .
(2022) [17] R600a ~ q=5-245 G=50-500 Mahmoud and Karayiannis [127] 14.17
psat: (0.49—0.370 ORef ) ~
A R717 R134 w=(18+07" . ammonia) =02
(201;];1;018] R410A3 N - - S % #430% (all data)
1.445 MPa Bmax = 65
Basaran R600a Tar=40°C 0 _40 G =200-600 Nu =T 10.22
1

(2021) [19] -
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x=0.3-09 Nt = 0.2516 X Re2; %%, for Re.q < 2300 f
w= {0.3215 X Re%55%, for Re,, > 2300
Tsaf =
Basaran 0.82056 °C Sa
R600 G =200-600 Nu = 0.2963 x Rel;%64? **6.8 (Po
(2021) [20] a _ u €eq (Po)
Based on Gungor—Winterton [129]
h = hgyexp[—45.8(1 — Bo,,>019)]
B R134a, R507A 0.501 fow = ens B ¥ F? *R2=0.51 (all
utrymowicz a, pr=10.501- yl =0.51(a
=0.4-10 G=60-200 ooy = 0.023 — Re/ 80 pro40
(2022) [21] R600a 0985 4 DR data)
X = 01_1 hpb — 55p3'12(—logpr)_o'ssM_0'5°q°'67
E =1+ 24000B0o"'¢ + 1.37X 086
S =[1+1.15-10"5E*Re}""]!
E
Tsat,e = 8 OC
Butrymowicz ot =34
R2 °C G=50-16 - —
(2022) [22] 20 0-160
- €
1p,.1.42 A
- hyp = 0.012Ref®* Pr*2 T
Cao psat =530~ G=25- h
R600 ¢ 9.8
(2021) [23] a 620 kPa 41.25 ¢l =143 +57
tt tt
- C = 21(1 _ e—0.319dh)
Teat = 0, 5,
Choi 10 °C
2009 0[12 4] R290 B q=5-20 G=50-400 r =55p212(—0.4343Inp,) 0SS M~°54°67 9.93
(2009) 01 F = MAX(0.5¢;,1)
X = |—
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0.002

S =181.485(¢7) Bo’8®
) c 1
¢f =1+ } + F

C =1732.953 x Ret‘p0-323Wet—p0.24
htp =Fh, + Shpb

0.8

R744 Toat = 0-10 by = 0.023%[6(1 - D4 (@)™ 1228 (all data)
Choi R717 °C ) _ _ 115 4 01951 11.09 (R717)
(2014) [25] R290 - q=5-60  G=50-600 hpbi - ;‘: ;’f}gg_ﬂ;ﬁg’;pﬂI_S;j;f;fqm 10.02 (R290)
R1234yf x=0-1 S = Cref(¢%)0-3421300-0469
Creprrir = 0.5018 Croppzoo = 0.12
R, o -0.1— 1+af = A = 77.6 % 1073¢+090 ppy0-52
Cioncolini ‘20 Ré00a  p=0.1-7.2 G=123- ka 13.0
(2011) [26] R718, R12 MPa q=3-736 3905 10 < t* <800; 0.86< 1;2 <6.1 (all data)
R236fa x=0.19- t= (1-e)(1l—x)—
R245fa 0.94 o
Toat = 24 °C
. piat=340.3
(;az;ﬂ[‘;] R600a kPa  q=4.5-185 G=35-170 - -
x=0.09 -
0.98
Teat = —14—
Da Silva 14 °C \
Lima (2009) R717 - q=12-25 G=50-160 - -
28] x = 0.05
0.6
Toat = 30—
43
Dalkilic sat = 4—
(2010) [29] R600a §.73 bar - G=75-115 - -
x = 0.45-

0.9
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Darzi - =154.8— Based on Shah [89]
201?2;0 R600a - a=17 © 2655 4 ’ ANEEI 90%+17 ]
(2015) [30] x=0.1-0.8 4 =13 (g) G5 Fsnan
. . Tsat = 25 OC
De Oliveira R600a - q=5-60 G=240-480 Kim and Mudawar (2013) [136] 44
(2016) [31] (AD)
x = 0-0.92
. R290 Taat =25 °C
?;Jf;;vgf - q=5-60 G =240-480 - - —
R600a -
Tsat = 25 OC
De Oliveira psat=952.2 _ . -8.5
2018) [33] R290 pa | 9=5-60 G=240-480 Li and Wu [126] (AD)
Tsat = 25OC
De Oliveira Peat™ 228
Rt R1270 11544 kPa q=5-60 G =240-480 Bertsch et al. [138] (AD)
x=0.01-
0.99
Tsat = 250C
De Oliveira Psat= 3 a
(2023) [35] R1270 11544 kpa 472760 ©=240-480 N N
T“‘ZBZE” B G,arp = 200~
T 800
Del Col 290 3;"‘?: qbir = 10— Gjarr = 100— cHT: Moser et al. [139] 7.22
(2014) [36] ] 315 1000 bHT: Thome et al. [140] 3.9 (AD)
= 0.05— G,sz 50100—
0.6
Del Col R1270 Tsatapp,chr = bt = 10— G app = 400, cHT: Moser et al. [139] 16.4
(2017) [37] 40°C 244 600 bHT: Sun and Mishima [142] 8.6
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TsatbHT = G, cur = 80—
30°C 1000
- G,but = 100-
- 600
Tsat = -35-
ElFaham R290 43 °35
R600 q=5-315 G=50-1100 Kew and Cornwell [144] 24.6 (all data)
(2023) [38] -
R600a
x=0-1
R717 Tsat =1.06— 4.7
Fang, Xiande R290 31°C 6.5
(2019) [39] psat=2.15- q=5-130 G=20-600 Fang et al. [145]
R600a 11.06 bar 102
x = 0-0.99
Tsat = 38.5
Fang, °C Nt
Xianshi R600a - - G=115-365 - -
(2023) [40] x = 0.05—
0.79
. Thome [147] (for low x) -
Fries R290 p=12-16 5 _300-400 Cavallini and Zecchin [113] (for -
(2019) [42] bar .
high x)
Fries R290 } G =300,
pr=0.25 - - -
(2020) [43] R1270 450, 600
Annular flow model :
Tsat = 30— Nug = };{—L: =0.023 - Rel#Pr0* (1 +027 (Z_':)D'ZIﬁ-ov‘as)
60 °C Uy _ x e 1-¢
o g ;g;‘[lz " R717 pr=0.10- -~ G=75-225 v (=) (72 (%) 12.8
0.23 §=-(D-D)=-(1-+e)

__ B
E=T———=—
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0.81
V,; = 0.336- X°%5 - Cag’-154< P 1) i

Pv
_ [@pyaz),
(dp/dz),
1-q)-G
Ca, = p ( q)
pr-o
16
f=1{%e for Re <2000
0.079Re™%2?5 for Re = 2000

Non-annular flow model:

1-x

03321\ 71
(1 +0.741 [ p ] ) Nugjpm + Nupoor

D k(o = po)ghiy\"*°
Nitsipm = (—) 0.725 (—
fim kl ﬂlD(Tsac - Tw,i)

Nuyoor = 0.023Rel8Pr*(1 — x°087)

Nu,

wavy =

Tsat =
Gao -15.8-5°C . A
(2018) [46] R717 B q=9-21 G=50-100 Gungor and Winterton [148] 19.6
I
Tsat =
Gao -15.8-4.6
R717 ° - =20- - - i,
(2019) [47] C G =20-200 F=
x=0-0.9 1f
Based on Mohd-Yunos et al. [75]
hep = Shyp + Fhy,
Tsat=5—25 h 55 le(p 0434;[ )iOSSM—OS 0.67
nb = r —Y. npyr ) ' '
Ghazali °C b P P 1

k
R2 =25-60 G=50-5 hio = 0.023Rel*PrP*— 17.02
(2022) [48] 90 _ q 0 50-500 N D 0
S =by(¢}) *Bo®

x=0.4-1 F = MAX [(by(#7)" ~ bs) 1]

forx <1 by to b = 0.176,0.096,—0.117,0.1,0.748,—0.076
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Tsat =
36.2-45.6
Ghorbani 13
(2017) [49] R600a X—_ - G =110-372 Shah [89] AD
0.06-0.78
R1234ze(E) Tsat = 35— Based on Koyama et al. [149]
o _ vl 0.17
Guo R290 B°C 12830 G=200-400 pi=1+156() 21.6 (R290)
(2018) [50] R161 - o W
R41 x=0-1 X<1—e N )Xtt+Xt2t
Tsat = 19—
_3 qd, 056 igdo 03 033
Huang R134a 13 Nugp = 1.87x10 (m) ( "";) o
(2012) [51] R507a - q=19-108G=5.6-523 4y = 00146 9[ = )] ' 7.3 (all data)
R12, R717 Xout = 0.2— TP
0.95 6 = 35° for hydrocarbon refrigerants
Tsat = _9—
(Zozlél)e[%] R717 (_21 ¢ q=4-73 G=18-26 Shah [114] 14.23
x=05
R32,R410a  Tet=35°C "£30% (all data)
Inoue . . Nu *+30% R290
R1234ze(E) - = G=100-400 = 0.17VF(0/Xeo) (ta/1)* /(1 = )}°1Re™"
(2018) [54] External data
R152a - fo = 0.26Re; *3®
[65]
Rep = Fhe + Shyy,
ki [(0\°5 [ ady \"7" (1= pi\ ™33
hay = 0.0546 x 3 (E) (lem)] (71)[ )
134 TS;:;}(':S_ (s (%)) 11 (all data)
Kanizawa RO456a '_ _5.185 G=49-2900 dy = 051420 /g (o1 — po)] No good
(2016) [55] _ d he = o_ozgﬁ Rel8pr!/3 agreement
R600a x =0.01- d t
093 Feq 2.50X 132 (R600a)
' S TR werm
1.06Bd 8107

0.86

S =
1+ 0.12(Re;pmoa/10000)



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 March 2024 doi:10.20944/preprints202403.0466.v1

Tsat = _25—
(=2)°C
Khan, T.S. -
an, 1.5 R717 — q=21-44 G=8527 Nuy,=825(RecyBoeg) “C ()02 *T5%x4%
(2012) [56] 05
out = U.,0—
0.9
Tsat = _25—
(=2)°C
Khan, M.5. R717 - q=21-44 G=55  Nuy = 169(RecBogg) " (pr)°%? 70%+4%  f;
(2012) [57] 05
out = U.0—
0.9
For 0 =1 mm:
h 1 0.90
- g 2 (x_) *85%30%
Koyama psa=0.7, q=10,15, B b = 0.023 ki \[6(1L = x)Dp]™* o
(2014) [58] R717 09MPa 20  ©7TO7S Gl #
_ For =2 and 5 mm:
P s ( 1 )0-79 *88%:30%
hliq - . va
Lee R290 Pomdore G =355 Haraguchi et al. [150] ek
(2010) [59] R600a = 0-0.9 178.8 & ' 6.57
Based on Wojtan et al. [151]
Tsat = 25— hwet = (hgb + h‘r31b)1/3 A
Lill ° = . Re%69 . py04. L
018 160 R290 35°C  225400G=150-500 hev =00133-Reg® - Pri% - 8.2
( ) [60] __0 1 hnp =0.8- hCooper
=0 hcb,new =0.5"hg
hnb,new = 1.7 hy,
Tsat = 4:0,
L 50 °C
201 6)‘1 (61] R290 psat=1.37- - G =200-500 Kim et al. [152] 13
1.71 MPa

x =0.1-0.9
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e
_ Toar =275~ hp = aBoPFr{,Bd?® (&> *
Liu R600a 455°C q=3.60- G=3220- py/ Dy 14.93 (all data)
(2018) [62]  R227ea R245fa - 10.50 1168  a=17022,b=0.939, c=0.347, 17.09 (R600a)
x=0-0.8 d=0.581,e=023
R600a To=0.8— Cooper [154] 17.2
R290 g Gorenflo [155] 16.2
(2310;“5[‘6’3] 2025 143196 G-66-239
R1270 ~ Gorentflo [155] 27.1
x=021-1 o
Taat = 30,
R290 35 40 °C 9.0
psat=
(2(%107?%[2 " 1.075- - G = 75-400 Akers et al. [156]
R1270 1.650 MPa 13.0
x=0.12—
0.95
Tat = 5-20
°C
Longo Peat™
(2020) [65] R600a 1195~ q=15-30 G =100-300 Fang et al. [145] 6.2
3.045 bar
x = 0.08—
0.75
Taat=9.9-
R290 aec 7.7
Longo
(2023) [66] psat=0.63— q=2.9-283 G=5.0-17.8 Longo et al. [158]
R1270 0.79 MPa 6.9
x =0.24-1
Teat = 30,
, , 40, 50 °C
L?%eg)ls[eg;]hl R290 psar=1.08— 1 _3;52‘;6_ G = 175-350 Koyama et al. [159] 18.44

1.71 MPa
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Tsat = 30—
1 4 °
nggﬁ;? R290 9_C - G=150-450 Cavallini et al. [161] 24
dp
dz
Tsat = 30— hadjusted = hcondensation : XLM dp
° Britm® + Mooy (2 — 6 a7
Macdonald R290 9C 150450 Py = e 11 i
(2016) [69] - 2 @
X = <kl,wall—subcool) —03 L dz
LM — .
- ki sar pt C
Tsat = 30— Based on Macdonald and
75 °C Garimella [69]
Macdonald
(2017) [70] R290 pr=0.25- - G =150-450 heorrectea = Reorretation * Xar 5.4
067 kl,wall—subcool 2 1
- Xar = kl,sat —03 ) W
R134a
R245fa
R125, R744 Tsat = 25—
Maher  R236ea R22,R152a 55 °C G=355-
(2020) [71] R32, R410a - 2094 ke,
R1234ze(E) - ="
R290 R600a [
R1234yf
Tsat = 23,
Magbool 33,43°C B
(2012) [72] R717 _ q=15-355 G =100-500 - - o,
Tsat = 23
1 7
Magboo R717 33,43°C q=15-355 G=100-500 Cooper [164] 20

(2012) [73]




Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 March 2024 doi:10.20944/preprints202403.0466.v1

Tsat = 23,
Magbool 33,43°C B \
(2013) [74] R290 _ q=5-280 G =100-500 Cooper [165] 18
Based on Choi et al. [25]
htp = Shnb + Fhlo
Casel:for 0.0 <x < 1.0
5= 2(¢}%)_0'073300'128
Tsar =—35- F = MAX[(1.074(¢2)"""" - 038),1]
M;g;(;Y‘;gOS R290 25°C q=5-190 G 123'9_ Casell: for 0 < x < 0.6 ig;g
( ) [ ] - S = 0.8((1)%)0.124300'093 .
F = MAX [(1.226(¢2)""" - 0.28),1]
for0.6 <x<1.0
S =1.989(¢p2) """ Bo—0322
F = Max [(1.534(¢2) """ +0.754) 1]
A
Moreira Eigéz Toar=35°C o = 1 d
- =560 G=50-250 Nu = J,Pr*/? -
(2021) [76] R290 o E 0.0053 Regq Reeq = 25,000
R1270 h {0.79 Rey;"*' Re,q < 25,000
R717 Toat = 24— Shah [90] 41
Morrow R290 60 °C B G = 20-800 Kim [152] 14
(2021) [77] -
R600a Shah [166] 15
x=0-1
1.329
Tsat =47, Nu = 0.0841 %F““
74 °C NS, x 05
F=(2Z) (=) -285x°%)
Murphy R290 psat=1.6, - G=75-150 (5) =) 13.4
(2019) [78] - fi
2.8 MPa .707Pr;RelS Re; <50 ]
x=0.1-0.9 = {spr, +5In[1 + Pr;(0.09636Re** — 1)] 50 < Re; < 1125
5Pr, + 5In(1 + 5Pn) + 2.51n(0.00313Re/**?) Re, > 1125
Nasr .
R600a - q=10-27 G=130-380 Gungor-Winterton [129] 12.23

(2015) [79]
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Pavg= 5-6
bar
x=0-0.7
Rip = Shpe + Fhy
$ =0279(p2) " "*Bo00%
F = MAX[(0.023¢2* + 0.76),1]
Tox = 0-15 Bpe = 55p212(~0.43430np, )" M05 07
ko
Oh R22, R134a R410A,  °C —436p <2300
’ ’ =54 = 50— £\ (ku 15.28 (all
(2011)[80]  R290, R744 - Q=340 G=30-600 | ae-wom(B) o0 1528 (@l dat)
x=0-1 1+12.7(Pr?% - 1) (';—f '
h L i
= % if 10* < Re, <x 10°
1+127(Pr?? - 1) (%)
- 0.023%[¥]M (C’;c;l”’)u"ltee, <x 106
hep = Shype + Fhyo
S = 0.6226(2)"" " Bo®0777
Tsat = 0, 5, Rupe = 55p212(—0.43431np,) =055 M 054067
Pamitran 10 °C B _ F =0.023¢} +0.977
(2009) [81] R290 ~ q=5-20 G=50-400 o ooz (1 - 0)D]°® (Cp,uz)““ 8.27
x=0-1 PLom
¢f =1+ } + F
C(tt) = 20,C(vt) = 12,C(tv) = 10,C(vv) =5
Rip = Fhyy + Shy,
k [6(1 = x)D]*® /ey 0
Tsat = 0-10 =0. R S Epth
Pamit R290 © c huo = 0023 | = ] ( o ) 1081 (all data)
amitran R717 =570 G=50-600  F=Max[(0.009(p?)? +0.76),1] 17.94 (R290
2011) [82 d
( ) [82] R744 - hpy = 55pp*?(—0.4343Inp,)"***M~5q°¢” 22 52 (R717)
x=0-1 S = Cref((b]zc)—o.zoesBoo.moz
Cref,R717 = 045 Cref,R290 =0.38
Roo0, R22  1==30-
Patel 50 °C
(2018) [83] R1234yf, R1234ze, - G =150-800 - - c
—_ N
R410a, R32 < =01-0.9
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-0.386

1—x x\ 076
h = 2.76B0°3Re35?® ( ) ((1 —x)%8 4+ —)
Pry Dr

Pham  R22,R32, R410a =~ 48°C s &)
’ ¢ - q=3-15 G=50-500 2 =14 CX, + XA 18.14
(2019) [84] R290 031
x=0.1-0.9 C = Ax5(1 — x)% (ﬂ) Ref,°Weg®
Pc.
A= 24(1 — 1.3558 + 1.94752 — 1.70143 + 0.9568* — 0.25455)
Tsat = 20 OC
Qiu R600a N =5-10 G=200-400 Shah [122] 21.75
(2015) [85] x=005- 4 ‘
0.85
Based on Kanizawa et al. [168]
htp = [(F- hl)z +(S- hnb)z]o'5
Sempértegui- R134a Tsat =31, h; according to Dittus and Boelter,
i 41 °C A ding to Steph d Abdelsal 11.4 (all data)
Tapia (2017) R1234ze(E)R1234yf q=15-145 G =200-800 "n» according to Stephan ane aaesaam
[86] R600a - P 2.55X5 14.0 (R600a)
x =0-0.93 - (1 + We 0%

6 1.427Bd%032
" 1+ 0.1086(10~*Re,F125)0981
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E
(ﬂ
d
Tsat = 31,41 F
Sempértegui- R134a, R1234ze(E) °C G=100-
Tapia R1234yf - - 1600 - -
(2017) [87] R600a x =0.05- w
0.95
D
fko
pavg =4-6
Shafaee q=18.6- G=109.2-
R600a bar Shah [122] 15
201 26.1
(2016) [88] = 0.08 6 505
0.7
. n e 3.8x076(1 — x)00
o o
14.4 (all data)
~ n = 0.0058 + 0.557p, 112137
R718 b 1 agme-s |21 = P )gk] o
Shah Halocarbon Rs pr= e v ut (R600a)
0.0008-0.9 - G=4-820 Boundary between Regime Tand I: ~ 16.4,15.210.5,20.5
(2009) [89] HCRs
Oroanics x=0.01- Jg = 0.98(Z + 0.263) 7062 (R290)
& 0.99 hep = 1y inRegimel 17.2,32.6 (R1270)
hep = hep = hy + hyy in Regime I
{hm = hy, vertical tubes in Regime 111
_ by = hyr [1 + 1.128x0817 (%)“m (%)“m (1 _ %)z'm p,[m]
Shah R718, R744 pe= hyp = 0.023Re8Pr0% k,/D 15.5 (all data)
(2016) [90] Halocarbon Rs, 0.0055 - G =20-1400 21.3
HCRs ) hir = 0.023Re;:*# Pr,** k. /D (R290)

0.94
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x = 0.02-
0.9
R718 ]
R744 hey=Fh
pr= @ shan 18.6 (all data)
Shah R717 0.0046- — G=15-2437 "7 lo/tem m IR0 THOB) 21 5y 6 (R717)
(2017) [91] HalocarbonRs 0.787 For horizontal channels 9.2 (R290)
‘ ith Fr, < 0.01,F = 1 ‘
nggRe;S - W 11.4,40.1 (R600a)
R718, R744 pr= o hep = 4/ (T = Tsar) 19.4 (all data)
Shah cryogens, R12, 0.0046— B G=37 q = h,Fy (T, —T,) 8.3
(2017)[92] RII3R22,R134a ‘oo 5176 {For p, > 0.8, F, = 2.64p, —1.11 (R2'90)
HCRs (RS0, R290) "~ Forp, <08,  Fp=1
Based on Longo et al. [169] » 20.9 (all data)
- b = 1320Re- [P IR 16,6236 (R717)
Shah  R718, HC Rs, R717 = o ut 13.5,17.4 (R600a)
2 : ; Ppr= o =912 1/3 e
(2021)[93]  halocarbon Rs  0.0083-0.8 4= 227935 G=23-165 ", = 1875¢Rrel;**Pr// k. 6.5,11.0,25.8
_ for Re,q <1600, hy, = larger of hy,q,andhy,
x=0-1 { for Re,q = 1600, hyy = hy, ! (R290)
13.8 (R1270)
htp = Fg Uy
lIJ = htp/hl
R718, R744 - cA-0d\"* ., (4
Shah Halocarbon Rs, pr= hio = 0'023< 1L ) P (E) 18.8 (all data)
ooy oy HERSR7I7 00046~ ~  G=15-2437 = 2/J0%8 18.2
cryogens, 0.787 Upe = (1 4 0.16) (HC Rs)
chemicals - bs 0 Jo87
Wo = 1 + 560B0°65
Fy = (2.1 —0.008We, — 110B0) > 1
Tsat =
HECs Aa4
Tao HCRs 721°C  q=2.5-665 G=2-150 Longo et al. [169] 25.5 (all data)
(2019) [95] HFOs . o i goetak '
R744 sat = U

24.2
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x=0-1
Tao psaf= 630- 51025
R717 930 kPa - G=21-78 hy, = 036C0-028 |92 LIAMGA T o0 7.4
(2020) [96] wATd
1 h
x =0.05-
0.65
Tsat = _14—
Turgut 14 °C
R717 =12-25 G=50-160 - -
(2016) [98] x=01-06 1
Based on Wattelet et al. [171]
__ L=x\“ p\& ()&
Tu-3 o= (5" (&) &)
Turgut q=2.5- F=1+Cy Xy
R2 - = 50— s 19.1
(2021) [100] 90 001 270 OO0 b (—log)® - M - geu ?
X—()9'9 B hep =C11'Relclz'PTlC13'(kz/Dh)
. 1/Cq4
hep = (RS + (F - hep)0) "
C;to Cy4 reported in the article [x]
Tt = hep = (B30 + (F - hey)*#0") Vaaors
-34.4— 43 3 G=16.3—  hy=74756 p2 - (=in(p)) """ - Mo2722 . qooast
R600a oc AT g5y Fe 1449531 X2 17.3
1 — x\ %617t 3 03111 N 0.2527
x=0.01- w=(=) &) ()
Turgut 0.96 Iy = 0.0058 - ReDS7 - Prd? . (1. /Dy)
(2022) [101] Tea = 6-40
OC ht‘p = 06177 . M03111 . 800.2527 . Frl4.9531 . Bd70'991 . ﬂ )
G==49— O ke (””)
R717 - q=5-140 G G 12.4
—0.01 2200 (02722 if pr < 1.9161
X=UU1= r= { 0.6351 — p2:0058 otherwise
0.94
Tsat = 87—
U 10.8 °C
mar R290 q=5-20 G=50-180 - -

(2022) [102] -
x=0.1-0.9
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Tsat = _35—
Wang, S. (-1.9)°C q=117- , , N
R2 = 62-104 L 11 7.
(2014) [103] 90 i 871 G=62-10 iu and Winterton [118] 5
psat: 019— .
Wang, H. Kandlikar [173] 40.9
R717 1.6 q=2.0-240 G=10-600
(2016) [104] = 0,002 Stephan [174] 40.9
0.997
Tsat = 40 OC
Wen psat= 1.37
R2 - = 400~ Th L@ 147 7.27
(2018) [105] 90 MPa G = 400-800 ome et al. (2003) [147]
E
Yan Pat™ =10.6-
017) [5‘13 06 R600a 0215~ 1 5o G=67-194  Liuand Winterton [118] 115
0.415 MPa '
(
|
I
htp = [hcz‘v + h121b ]1/2
R134a, R22 R717, 6 o1 hey = 7.0 X 10—3t+1.00R83.14Prlo.80%
pr= Ul—
Yuan R744 R236fa 3 a Ry = 0.69 * Ry shokriladze 13.7 (all data)
(2017) [107] R245fa 077 q=3-240 G=50-1290 by oo 12.9 (R717)
X = 010_ b,Shekriladze
R1234ze 0.98 =0.0122

ML ([p(pu’1 - ﬂfl)]"'sﬂctprsat)o'” <T§pvh1gq>°'7
okiTsar

To Whi, p?
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1
t* = —Rey

V2
t* = 0.6246 Re}*** for 162 < Rej; < 2785

t* = 0.03221Rel®® for Re; > 2785

for Rey <162

htp = [(fcbhcb)z + (fnbhnb)z]()'5
hep = 0.02?)Ré’l(z,'gprlo'4 A/D
hp = 55p$'12_0‘210‘gRa(—logpr)_o'ssM‘°'5q2/3

Tsat = -35- _ a,Cn% 1 REd ProsWe®™
Zhang, Y. R290 40°C 135 G550 o = T ey (el 3.6
(2019) [108] R600a - 4= T (AD all data)
x = 0-0.99 =n{1+ bzX:f[l +b,(1— Pr[o"‘)"SPrlb"We,’,”BobB]}bq
a;to ag = 1.758,0.596,0.133,0.1, —0.137,
2.455 x 1073,-0.15,2.0,0.677
byto by = 0.5,1.0,—1.0,1.044 x 1072,6.0,5.5,1.2,—0.2,0.3
R134a o =30
R236fa, R245fa, Sgo oC Based on Yan et al. [14] . 89 (alldata)
Zhangl ] R1233zd (E) G=12-93 h= 0'4703Re£i15221Prl1/33d0'1674p*0'2126 (D_:l) 11.0 (R1270,
(2021) [109] R1234ze(E) sout = 0.01— D,=2b/e  y=nb/A external data
R290 0.05 o =(1+VT+y2+4/T+77/2)/6 [175])
R600a '
R134a h=hpy +heyp = Shpool + F
F hen [17
R236fa, R245fa,  Tsat = 55— A f’ by Cl enp[ 6]M w128 (all data)
Zhang ). RI232d(F)  41°C  q=123- ___ .. T CloguPr) M4 109 (R290)
(2021) [110]  R1234ze(E) - 375 hu = 0.023Re"Pri 5 24 (R6002)
R290 x =0.06-1 F = 2.35(X5! + 0.213)0736 '
R600a S =[1+253-1075(Re,F125)117]"1
Tt = 10— Based on Kew and Conwell [178]
Zhang, R. Pre-dryout:
R717 10°C  q=10-30 G=40-200 yout: 104
(2021) [111] 0350
- hep = 6.56Re;>3¢B0o%27* (1 — x) o
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=011 Post-dryout: (j
1 —0.557 /11 11-4
hep = 34.12Re BoO10 (1 - x) D ¢
Tsat=-10-
Zhang, R. 107c - - |
(2022) [112] R717 '~ q=10-30 G=40-200  Kew and Conwell [144] 20.84
x=0.1-1

R =refrigerant, ST, Tsat = saturation temperature, SP, psat = saturation pressure, p-=reduced pressure, pavg = average pressure, VQ = vapour
cHT = condensation heat transfer, bHT = boiling heat transfer, aPD = adiabatic pressure drop, AAD = Average Absolute Deviation, AD =
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Table 3. Summary of the type of data, geometries and research highlights of the articles included in this
review in case of not usual configurations.

autll:(;:j:(ear Data Geometry/Material/Orientation ~ Research highlights
. Flooded triangular pitch plain
@ O?;))b [alss 0] R717 Expz:lllr(l:‘llental tube bundle, Outside boiling HT
Y do=19.1 mm
Abbas Experimental Triangular pitch plain tube Effects Of. inlet vapor quality
(2017) [181] R717 stud bundle, do=19.1 mm and exit degree of super
Y e heat on HT, outside boiling
Condensation HT,
Ahmadpour R600a Experimental Horizontal copper MF tube, di = Effect of lubricating oil and
(2020) [182] study 14.18 mm nanoparticles on
condensation HT
Aprin R290 Experimental Staggered smooth tube bundle, Flow p'a tterns, IP ﬂOW,VOId
(2011) [183] R600a stud do=19.05 mm fraction and convective
R601a Y o boiling outside tube bundle
Ayub R717 Experimental Triangular pitch plain tube Effect of exit degree of super
(2017) [184] study bundle, do=19.1 mm heat on HT, outside boiling
Ding Experimental Shell side of LNG SWHE Flow patterns,fl'"P
(2017) [185] R290 stud di= 6 mm. 0 = 4° downward flow boiling HT
Y ' ’ and PD
Ding Experimental Shell side of LNG SWHE .
(2018) [186] R290 study do=12 mm, 6 = 4° TP flow boiling HT and PD
Fernandez- Experimental A plain and an integral-fin (1260
Seara R717 pztu de a f.p.m.) titanium tube, do=19.05 Pool boiling HT
(2016) [187] y mm
, RE170 : .
Gil R600a Experimental ~Horizontal flat plate of a vessel, Nucleate boiling HT
(2019) [188] study d=72mm
R601
Gong R600a Experimental  Vertical stainless-steel cylinder Visualization study,
(2013) [189] study boiling vessel, di=75 mm nucleate pool boiling HT
Huang Experimental Microchannel .
R717 fl ling HT
(2020) [190] study heat sink dn = 280 um Saturated flow boiling
R134a, Experimental
Jin R290, Horizontal smooth copper tube, N _
(2019) [191] R600a, R32 sfzu‘gﬁrg‘g f;;‘ do=19.05 mm Falling film evaporation HT
R1234ze(E) = '
Koyama Experimental — Titanium MF plate evaporator, -
o1y poa NV study Channel height =1, 2, 5 mm Flow boiling HT
ical
Li SI\II;TE l;llf)arl SWHE Numerical study on forced
018)[195] 2?0 (ANSYSCEX  di=14mm, tilt angle 10°  COmVective condensation HT
12.1) and frictional PD
R134a, R32 External
Lin R245fa, experimental Horizontal smooth tube Falline film evaporation HT
(2023) [196] R1234ze(E) database (see do=16-25.35 mm & P

R410a [196])
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R123, R290
R600a
Ma R600a Experimental Smooth copper TPCT Evaporation and
(2017) [197] study di =40 mm condensation HT
Moon R600a Experimental Horizontal MF tube Evaporation HT and
(2022) [198] study di=6.36 mm frictional PD
Pham R290 Experimental = Horizontal MF copper tube, di= Flow patterns and flow
(2022) [199] study 6.3 mm condensation HT
Qiu 000 ls\llrlllilli l;llf)i Ul?rrilght slfiralltoube Fo;ced convIe_IC:;ive |
ilt angle = 10° condensation an
(2015) [200] ,Si][s);;f;ﬁaeft di =14 mm frictional PD
Salman Experimental . Saturation flow boiling HT
o2z po1] PP study Brazed PHE with OFS and frictional PD
Horizontal platinum wire
External d=0.3mm
Sathyabhama experimental Horizontal flat circular sur face .
(mga[mu] R717 daghmepﬂ}- of silver, d = 10 mm Nucleate pool boiling HT
205] Horizontal, plain stainless- steel
tube, d =19.05 mm
2211(?(;31;2; External Copper/ brass/steel, stainless
Shah Rs experimental steel single tubes and plain/ Flow patterns, TP void
(2017) [206] HC Rs database (see enhanced tube bundles fraction and flow boiling HT
[206]) di=3 mm
R718. R717 Horizontal
! ! External copper/brass/aluminium- . . .
halocarbon . . Falling film evaporation HT
Shah Rs. HC Rs experimental brass/stainless steel/copper- in full wetting and partial
(2021) [207] (,RZ 9 database (see  nickel single tube, top tube of a dry-out regimes
REO Oal) [207]) column of tubes, do=12.7-50.8
mm
Shete R134a, R32  Experimental A plain an(.i five different .
(2023)[208]  R600a study reentrant cavity (REC) copper Nucleated pool boiling HT
tubes, di=16.5 mm
Tian Experimental A smooth, a fin-enhanced
(2022) [209] R290 study horizontal U-shaped titanium  Enhanced pool boiling
tube, di12=16.65 mm
R718, R717 External
Touhami Halocarbon experimental Horizontal copper/carbon
(2014) [210] Rs database (see steel/stainless-steel tubes Pool boiling HT
HCRs [210]) do=4-51 mm
HFC
Wen Experimental Circular copper tube with Flow boﬂmg. HT anfi kD,
(2014) [211] R600a study porous inserts, di=7.5 mm effect of the sizes of inserts
! ’ on HT and PD
Wu Experimental Horizontal copper MF tube, di = .
(2021) [212] R290 study 6.3 mm Condensation HT
Yan Experimental Flow patterns and
(2021) [213] R1270 study LHP, 2.5 mm x 2.5 mm channel Condensation HT
Yang R290 Experimental Shell side of horizontal stainless ~ Flow patterns and TP

(2018) [214]

study

steel HBHX condensation HT
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do = 14 mm, baffle angle 40°

Shell side of vertical stainless

Yan: Experimental Flow patterns and TP

(2019) [%15] R290 pstudy steel HBHX conzensation HT
do = 14 mm, baffle angle 40°

Yoo Experimental Semicircular channel PCHE .

(2022) [216] R290 pstu dy di=1.22 mm Condensation HT and PD
Yu Experimental Helical tube Forced c9nvective
(2018) [217] R290 study helix angle = 10° condeflsz.;ltlon HT and
dh =10 mm frictional PD
Zhao R290 Experimental Horizontal copper MF tube, do = Flow patterns, boiling HT

(2023) [218]

study

7 mm and frictional PD

R =refrigerant, TP = two phase, HT = heat transfer, PD = pressure drop, PHE = plate heat exchanger, MF = microfin,

di, dn, do= inner, hydraulic, outer diameter, HC Rs = hydrocarbon refrigerants, LNG = liquefied natural gas, SWHE =

spiral wound heat exchanger, HBHX = helically baffled shell-and-tube heat exchanger, TPCT = two-phase closed

thermosyphon, PCHE = printed circuit heat exchanger, LHP = loop heat pipe, ODF = offset strip fin, 0 = winding angle,

f.p.m. = fins per meter.
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Table 4. Summary of the operating conditions, HTC and PD correlations of the papers included in this review, in case o

First Heat Flux  Mass Flux Best reported HTC correlation/New
AAD (9
author/Year R STISPIVQ (kW/m?) (kg/m?s) HTC correlation (%)
Tsat = _20—
-1.7)° o
(20?]73)]9511880] R717 ( _) ¢ q=5-45 - hep = 70q°9~ 049" p0S5 (o gp,) =06 *115%
Tsat = 20—
Abbas (-1.7) °C
R717 =54 - = 0.9-04pP 0.55(_ 1, 0.6 6 =0.075Tsyp o =05%in *939,+2(09
(2017) [181] - q=5-45 hep = 709090492055 (—logp,) 93%220%
xin = 0-0.30
Tsat = 41.4—
Yu and Koyama [219]
Ahmad 2.3°
(25;;l§g;f R600a ?—;zof;oo - G =54-90 Cavallini et al. [220] *+20
Ij(sa_t 0.03-0.76 Kedzierski and Goncalves [221]
R290 - -1 _ 0.12-0.2l0g(Ra/0.4) —0.55 p/—05 - 0.67
ApI‘il‘l I]C <0.15ms™% hy = 55p, i [~log(p.)] M~0%¢ *92%i20%
R600a =0.2-12 bar =3-53 G=8-15 Jo > 035 ms™ ; Nu = ~2 = 387pQ Rel P
eoiyss] oo PO a A (all data)
Tsat = 20—
Ayub -1.7) °C
(2017};1}184] R7].7 ( _) q — 5_45 —_ htp - 70q0.970.4p1‘2-1p1(’l_55(_logpr)*o.ée—0.075Tsup *i15%
hep =E-hey+ S hyy,
- 2\ ~1/3
Di 0.25 hey = 0.039, - (?) . Re0-09 . py0.99
mng Psat = U. 4 — AN *OQ0 o
(2017) [185] R290 MPa q=4-10 G =40-80 by = 55pOAZ-043URE(_( 43431mp, )05 0507 98%+20%
= _ E =1+ (9.42 x 1076) - (p2)*92Re 081
x=0.2-1
S = (476 X 10_5)We_0'0047BOO'OGIP,Q'O%
Ding hip =E hey, +S - hyy
R290 Tea=-194°C q=4-10 G =40-80 2 *95%z+ 20%

(2018) [186]

-1/3
he, = 0.0391, - <?> “Refijm - Proes
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psat =0.25 Ry

MPa — 55p$.12—0.4343lnRa(_0.4343lnpr)—0.55M—0.5q0.67 [
x=0.2-09 B = 14325 %107 (97) " g e -
S =—03 + 1.19 - We®25 B0-068Ptiong+0.70Pt;qai=0.69
Pion +D Praai +D
Ptlong L gD ; Ptraai = dT
Fernandez Tsat =4-10 °C ho = C(q/A)*" 3t
Seara (2016)  R717 - - NA q = heat flow [W]; A, = md,L *+5.5
C =87.35 for plain tube
[187] - {C = 110.46 for integral — fin tube
AT qdo 1%
= 422+ (—togiap)
RE17 Tsat =10 ° —0.59
Gil R6002 1=107C - A €, = 0.4p27® (p") 3.5 (all
QI [188] o q Pu data)
x=- d0_002083[ ]
( Py pv)
B = contact angle = 35°
Gong psat =0.1-0.5
R =20-1 A t al. [222 .
(2013) [189] 600a MPa q=20-150 N Jung et al. [222] 6.9
Tow= 25 35 °C h = 0.00061(S + F)Re,Pro*Fad 1t l/l (1:1””)
Huang e q=60.2-134.3 % 1106
R717 - =165- _ . . 2
(2020) [190] W/em?2 G=165-883 p_ 1250B0%95Re 222 (1 - x) 5
S =2000B0o*°?Rel??; b =1.02
Full wetting regime:
Nu = 23.3Re[Q.81743200.6331P,r—0.08364 *96.7%
Re; = 3.92 x 102 — 3.5 X 10 jposy
R134a, . Bo=5.16 X 1073 —3.30 x 107! P
Jin Rogp, L =6-10°C Pr =177 — 4.46
’ - q=10-60 - L= '

(2019) [191] R600a, R32 Partial dryout regime:
R1234ze(E) - Nu = 11.7Re08931 Bo0.5278 p-~0.0287
Rer = 1.95 % 102 — 833 x 102 *97.5%*30%
Bo=22x10"2-356x10""
Pr =177 — 4.46
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For6 =1mm

h 1 0.95
B, = 480 (E) *92%=30%
_ 2 1— d 0.8
Koyama prat =0.7, 0.9 = 0023 (1) [G( ux) h] prit
R717 Y 4=10,15,20 G=5-75 . ’
(2014) [194] MPa d For § =2 and 5 mm
_ h 0.96
= - >
B 418 (Xw) R
h 1 0.51
=471 (X—) (1/X,, < 1)
v
_ ﬁ . . ﬂ dp
i Ry = 0.021 a 1:eg,8pr,° 43 (1 +35 ) Yo (E
A P\ L
Li st =1.2-2. Wio = |1 +< % 'X”‘>' o) e |
- ! o5 K290 P ur 0 q=520 G=150-350 Z () o 400 (&
(2018) [195] ) a [Bo(1— x) + 1] dl
x=0.15-0.95 a, = 0.0830,a, = —0.076,b, = 0.8161,b, = 16.29 o
W

c=-1364,d =0.047,e = —543.1

Cy
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As said, table 3 and 4 refer to unusual configurations. In fact, among N = 135 articles included,
N = 34 articles treat different geometries, or different motion or heat transfer regimes. More
specifically, N = 12 articles refer to various geometrical configurations (e.g. helicoidal tubes or heat
pipes etc); N = 6 articles are related to the heat transfer in case of microfin tubes; N = 6 analyse the
pool boiling heat transfer; N = 6 deal with external HTC; N= 3 study falling film evaporation. One
article refers to a thermosyphon configuration.

The most investigated refrigerants are propane and isobutane. The most part of the articles has
been published after 2017.

The following paragraphs provide some details of the articles summarised in Tables 1 and 2.

3.1. Distribution of Articles over Time

As mentioned above, this research focused on the last fifteen years. Figure 2 shows a sharp
increase in the number of studies between 2015 and 2016. This may be due to a growing interest in
natural refrigerants, perhaps as a result of technological developments, regulatory changes or
increased environmental awareness. Of particular note is Regulation (EU) No 517/2014 [234], which
came into force on 1 January 2015 and aims to reduce F-gas emissions in the EU by limiting gases
with a high Global Warming Potential (GWP).
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Figure 2. Number of studies published in the last 15 years.
3.2. Research Approach

3.2.1. Data

When analysing the authors' approach to the experimental data on heat transfer coefficient and
pressure drop, it can be seen that N =71 were carried out by the authors using their own experimental
data, while N = 28 used external experimental databases from other studies. As shown in Figure 3,
only 2 articles used numerical simulations.

Focusing on each refrigerant (Figure 4), the use of own experimental data is predominant for
R290, R600a, and R1270. For R717, both approaches are used equally.
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Figure 3. Number of articles by type of data used.
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Figure 4. Number of evaluations by type of data used for each refrigerant.

3.2.2. HTC and PD Correlations
Figure 5 shows the authors' different approaches to the correlations. In particular, a new
correlation was developed in N =47 of the HTC evaluations, while in N = 38 the authors reported the

correlation from the literature that best predicted the data.
For pressure drop, the number of best correlations already published (N = 30) outweighed the

development of a new model (N =21).
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Figure 5. Number of evaluations related to new correlations and best correlations already published
for HTC and PD.

3.2.3. Test Conditions

Of the 101 selected papers, N =50 deal only with HTC, N = 16 deal only with pressure drop and
the rest (N = 35) analyse both HTC and pressure drop.

A closer analysis of the 85 HTC papers shows in Figure 6 that most of them (N = 53) deal with
the evaporating condition, N = 30 with condensation and only N =2 with the heat transfer correlations
under both conditions (Figure 6).

2%

35%
m Condensation HTC

m Evaporation HTC
m HTC (cond.+evap.)

Figure 6. Percentage distribution of HTC articles.
3.3. Operating Conditions

3.3.1. Hydraulic Diameters

An analysis of the geometries used, reported in Figure 7, shows that the most commonly studied
diameters range from 0.5 to 9 mm, with the largest number of evaluations in the (1,2] mm range. The
(0,0.5] and (9,50] mm ranges are of less interest to the authors.
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Figure 7. Number of evaluations related to each hydraulic diameter range.

3.3.2. Saturation Temperatures

From the analysis of saturation temperatures in the evaporating condition shown in Figure 8,
most of the authors' evaluations cover the range from —40 to 40 °C. Less studied are the conditions
from 50 to 150 °C. On the other hand, for the condensing condition, the low temperatures (from —40
to 20 °C) are the least studied, followed by the range (50, 100] °C. The most evaluated range is 30 + 40
°C, followed by 40 + 50 °C and 20 + 30 °C.

35
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20 >
| | | ‘ | ® Evaporation
0 - ] ™ I I | I I- I - . - =

(-40-0]  (0-10] (10-20] (20-30] (30-40] (40-50] (50-60] (60-80] (80-100] (100-150]

—
w

Number of evaluations
-
o

(&)

Saturation temperature (°C)

Figure 8. Number of evaluations related to each saturation temperature range for evaporating and
condensing conditions.

3.3.3. Vapour Quality

From the vapour quality data summarised in Table 2 and shown in Figure 9, it can be seen that
all ranges were investigated.
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Figure 9. Number of evaluations related to each vapour quality range.

3.3.4. Specific Heat Flux

The analysis of the specific heat flux data shows a higher interest in the heat flux values from 0
to 30 kW/m?, with a peak in the range from 10 to 20 kW/m?, as shown in Figure 10. For the range from
30 to 740 kW/m?, a decreasing trend in the number of evaluations is observed as the heat flux

increases.
Focusing on the specific heat fluxes studied for each refrigerant, a similar trend is found for all
of them.
70
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. 11,
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Number of evaluations

Specific Heat flux (kW/m?)

Figure 10. Number of evaluations related to each specific heat flux range.

3.3.4. Specific Mass Flux

As shown in Figure 11, the most studied specific mass fluxes range from 0 to 600 kg/m?s; the
intervals from 600 to 5600 kg/m?s are less adopted.

Focusing on the specific mass fluxes adopted for each refrigerant, a similar trend is found for all
of them.
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Figure 11. Number of evaluations related to each specific mass flux range.

3.4. Refrigerants

Among the selected articles, most concern propane and isobutane, as shown in Figure 12.

60

54
45
40
30 28
20 16
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0

R717 R290 R600a R1270
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Figure 12. Number of evaluations related to each refrigerant.

3.4.1. Hydraulic Diameters and Saturation Temperatures

An analysis of the diameters used in ammonia studies shows that diameters from 0.5 to 15 mm
are all widely studied, with a greater focus on those from 1 to 3 mm. Less used are the (0,0.5] mm
range and diameters from 15 to 50 mm.

From the R600a geometry data, the most studied diameter range is that from 0.5 to 12 mm, with
the highest number of evaluations relating to the (7,9] and (1,2] mm ranges. Of less interest to the
authors are the (0,0.5] mm range and diameters from 12 to 50 mm.

For propane, most of the authors' evaluations cover the range from 0.5 to 15 mm, with a focus
on the (0.5,3] mm range. As with ammonia, the (0,0.5] mm range and diameters from 15 to 50 mm are
less commonly used. The few evaluations on the R1270, take into account all the diameter ranges.

Looking more closely at the saturation temperature ranges for each refrigerant, the evaluations
for ammonia cover the range from 20°C to 60°C in the condensing conditions.

For R1270, R600a and R290, the range of condensing saturation temperatures considered is
wider, from —40°C to 80 °C and the most evaluated range is from 30 to 40°C.

When analysing the evaporation temperatures, it can be seen that for ammonia most of the
authors' evaluations cover the range —40°C to 50°C, whereas for R1270 the studies focus on saturated
temperatures from 0°C to 30°C.
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For R600a and R290, the most commonly used temperatures are 0°C to 40°C and from —40°C to
40°C respectively.

For evaporating temperatures above 50°C, there are no evaluations for R717 and R1270, while
there are a few for R600a and R290.

4. Correlations

Correlations for HTC and for pressure drop for each refrigerant were considered below, focusing
on error ranges and best correlations. Only those articles where the error was evaluated in terms of
absolute average deviation are considered, and an AAD threshold of 12% was used to identify the
best models.

4.1. R717

Out of a total of 28 studies on ammonia, only 20 that expressed the error in terms of AAD were
included in this analysis. In particular, for the condensation HTC, the Tao [96] correlation predicts
the experimental data well, with an AAD of 7.4%. The maximum error in terms of AAD is 41% for
the Shah correlation, as reported in [77]. For the evaporation HTC the proposed correlations show
errors ranging from 4.7% to 40.9%, the best being those of Fang [145], Choi [25] and Zhang [111] with
AAD of 4.7%, 11.09 % and 11.4% respectively. For PD, the AAD ranges from 9.5% to 23.7%; the
correlation of Moreno Quiben and Thome [132] shows a good prediction of the data with an AAD of
9.5%.

4.2. R1270

Of the 16 studies on R1270, the 9 that reported the error in terms of AAD were considered. For
the condensation HTC, the errors range from 11.0% to 32.6% and the most reliable correlations are
those of Dorao and Fernandino [123] and Zhang [109] with an AAD of 11.0%. For the evaporating
condition the best predictions of the data are the Longo [158], Liu and Winterton [118] and Sun and
Mishima [142] models, with an AAD of 6.9%, 8.5% and 8.6% respectively. The maximum error is
27.1% for the Gorenflo correlation, as reported in [155].

For PD, the average absolute deviation ranges from 4.4% to 19.8%; the correlation of Xu and
Fang [120], Macdonald and Garimella [69] and Friedel [143] shows the best prediction of the data
with an AAD of 4.4%, 6.4% and 7.3% respectively.

4.3. R600a

Of the 45 studies on R600a, only 23 report the AAD error. In particular, for the condensation
HTC, the correlations of Dorao and Fernandino [123], Haraguchi et al. [150], Cao [23] and Shah [89]
predict the experimental data well, with an AAD of 5.8%, 6.57%, 9.8% and 11.2% respectively. The
maximum error in terms of AAD is 17.4%, as reported in [93].

Regarding the evaporation HTC, the proposed correlations show errors ranging from 6.2% to
40.1% and the best ones are those of Fang et al. [145], Shah [122], Shah [91] and Liu and Winterton
[118] with AAD of 6.2% and 10.2% (for [65] and [39] respectively), 6.4%, 11.4 % and 11.5%
respectively.

For PD, the AAD ranges from 6.6% to 32.52%; the correlations of Xu and Fang [120], Xu and
Fang [125], Cao [23], Sempértegui-Tapia [87], Zhang [177] and Nualboonrueng [146] show a good
prediction of the data with an AAD of 6.6%, 11.0%, 7.3%, 9.3%, 9.9% and 10.18%.

4.4. R290

Out of a total of 54 studies on propane, only 38 that reported the error in terms of AAD were
included in this analysis. For the condensation HTC, the errors range from 4.9% to 25.8% and the
most reliable correlations are those of Dorao and Fernandino [123], Macdonald [70], Shah [93], Moser
[139], Thome [147], Akers [156], Shah [89], Macdonald [69] with an AAD of 4.9%, 5.4%, 6.5% and 11%,
7.22%,7.27%, 9.0%, 10.5%, 11% respectively. For the evaporating condition the best predictions of the

do0i:10.20944/preprints202403.0466.v1
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data are the models of Liu and Winterton [118], Fang et al. [145], Longo et al. [158], Lillo [60], Pamitran
[81], Shah [91], Choi [25], Zhang [110] and Aizuddin et al. [116] with an AAD of 6.2% and 7.5% (for
[10] and [103] respectively), 6.5%, 7.7%, 8.2%, 8.27%, 9.2%, 10.02%, 10.9% and 11.6% respectively. The
maximum error is 33.16%, as reported in [75].

For PD, the Average Absolute Deviation ranges from 6.88% to 20.8%; the correlation of Sun and
Mishima [160], Sempértegui-Tapia [87], Friedel [143], Macdonald and Garimella [69], Del Col et al.
[141], Patel [83], Choi [24], Xu and Fang [120] show the best prediction of the data with an AAD of
6.88%, 7.2%, 7.59%, 7.9%, 9.1%, 10.08%, 10.84% and 11.7% respectively.

4. Discussion

Of the four refrigerants considered in this review, R600a has the most reliable correlation for
condensing HTC, with a maximum AAD error of 17.4%. For evaporating HTC, the smallest
maximum error is found for R1270 and is equal to 27.1%.

For pressure drop, for both R1270 and R290, the correlations proposed by the authors show good
reliability in predicting the data, with maximum AADs of 19.8% and 20.8% respectively.

Considering the intervals studied by the authors, the widest diameter range of validity of the
correlations is 2-49 mm in [89]; the widest saturation temperature range of validity is from -34.4°C
to 72.1°C for condensation in [95] and from 55°C to 141°C for evaporation in [110]. For specific mass
flux and specific heat flux the widest ranges of validity are 3.7-5176 kg/m?s in [92] and 3-736 kW/m?
in [26] respectively.

Among the articles reported in Tables 1 and 2, propane and isobutane are the most studied
refrigerants.

The use of the authors' own experimental data predominates over the use of external
experimental databases. For HTC, most of the studies deal with the development of a new correlation,
whereas for pressure drop, the number of already published best correlations prevails.

Of the 101 papers selected, 50 deal only with HTC, 16 deal only with pressure drop and the
remaining 35 analyse both HTC and pressure drop; most of the HTC papers deal with the evaporating
condition.

With regard to the geometries, the most commonly studied diameters range from 0.5 to 9 mm,
with the largest number of evaluations concerning the (1,2] mm range.

Regarding the analysis of saturation temperatures in the evaporating conditions, most of the
authors' evaluations cover the range from —40 to 40°C; for the condensing condition, most of the
authors studied the temperature range from 20 to 50°C.

It should be noted that a small number of evaluations (and therefore of correlations) focus on
the high temperature condensation (50-80°C). These temperature ranges could be studied in view of
the high temperature applications of the heat pumps. In fact, in the near future, high temperature
heat pumps could be installed in buildings that have not yet been subject to energy saving measures.
Many studies are dedicated to propane, as efforts are also focused on it for domestic applications
(small machines). For centralised applications in residential or public buildings, the use of high
capacity and high temperature machines could be considered; in this case, propane or ammonia could
be interesting and should be reconsidered and further investigated.

5. Conclusions

In this work, available data on the existing correlations of heat transfer coefficient and pressure
drop for natural refrigerants have been collected through a systematic search.

Whenever possible, validity intervals are given for each correlation and the error is quantified.
It is the intention of the authors that this could be a valuable support for researchers and an aid to
design, with particular reference to heat pumps.

For the articles considered in this review, the operating conditions are reported in terms of
diameter, saturation temperatures, vapour quality, specific heat flux, specific mass flux. More
attention is paid to the evaporation behaviour with respect to condensation and two refrigerants
(propane and isobutane) are diffusely studied.
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In the studies reported in this review, the correlation in case of high condensation temperature
is reported in a few cases. The lack of information requires further investigation in view of the
applications of heat pumps in heating systems, without modification of the distribution systems in
buildings that have not yet been subject to energy saving measures.
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Nomenclature
Roman
cp Specific heat capacity [J/kgK]
d Diameter [m]
g Acceleration of gravity [m/s?]
G Specific Mass flux [kg/m?s]
h Heat transfer coefficient [W/m?K]
hiv Latent heat of vaporization [J/kg]
i Specific enthalpy [J/kg]
Jv Vapour superficial velocity [m/s]
Ln Heated length [m]
M Molecular mass [kg/kmol]
o) Pressure [Pa]
pr Reduced pressure, p, = Psqt/De
q Specific Heat flux [W/m?]
Ra Mean roughness height [um]
s M=V Vo—Vy
SV Specific volume, SV = = ey
v l
T Temperature [°C]
X Vapour quality [-]
Greek letters
B Chevron angle [°]
o} Channel height [m]
Ap Pressure drop [Pa]
0 Winding angle [°]
A Thermal conductivity [W/mK]
u Dynamic viscosity [Pa-s]
v Kinematic viscosity [m?/s]
p Density [kg/m?]
p* Density ratio, p* = p;/p,
x 1-x\"1
pp Two phase density, py, = (E + 7)
o Surface tension [N/m]
Subscripts
avg Average
d Critical
cb Convective boiling
eq Equivalent
exp Experimental
flat Flattened tubes

frict Frictional
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h Hydraulic
i Inner
1 Liquid
lo Liquid only
loc Local
nb Nucleate Boiling
o Outer
pb Pool boiling
pred Predicted
sat Saturation
\% Vapour
VO Vapour only
w Wall
Abbreviations
AD Average Deviation
aPD Adiabatic flow pressure drop
AAD Absolute average deviation
CFCs Chlorofluorocarbons
f.p.m. Fins per meter

GWP Global Warming Potential

HBHX Helically baffled shell-and-tube heat exchanger
HCFCs  Hydrochlorofluorocarbons

HCRs Hydrocarbon refrigerants

HFCs Hydrofluorocarbons

HFO Hydrofluoroolefin

HT Heat transfer

bHT Boiling heat transfer

cHT Condensation heat transfer
HTC Heat Transfer Coefficient
LHP Loop heat pipe

LNG Liquefied natural gas

MF Microfin

ODF Offset strip fin

obDr Ozone Depletion Potential
PCHE Printed circuit heat exchanger
PD Pressure drop

PHE Plate heat exchanger

R Refrigerant

ST Smooth tube

SWHE Spiral wound heat exchanger
TP Two Phase

TPCT Two-phase closed thermosyphon
vVQ Vapour quality

Dimensionless numbers
q

Bo Boiling number, Bo = —
Ghyy
—_ 2
Bd Bond number, Bd = 9(pi=pr)d”
° - 0.5
Cn Confinement number, Cn = /8L
—x\08 05
Co Convection number, Co = (1x—x) (%)
l
(p1—pv)o
Fa Fang number, Fa =-"—==
¢j2r Two-phase frictional multiplier (Chisholm) (j)f =1+ XL + xiz
tt tt
— 2
Fri Liquid Froude number, Fry = %
l
f Friction Factor = Darcy factor, f = ZA_IZ’Z
pv2 L
. c . Ap d
fFann Fanning friction factor, frgnn, = oL
, _ hy
Ja Jacob’s number, ja = ol Th

Ka Kapitza number, Ka = u* g/pa?
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Nu Nusselt number Nu = hl—L
Pr Prandtl number, Pr = %
R ) Gy o\05
€eq Equivalent Raynolds number Re,, = e 1+x)+x (p—)
Rer Liquid Reynolds number Re; = (1_:)Gd
1
Rev Vapour Reynolds number Re, = x6d
Reko Liquid only (k=) or vapor only (k=v) Re, Rey, = Z—d
k
We Weber number, We = %
Xit Lockhart-Martinelli parameter X, = (&)0.5 (ﬂ)o.l (1_—’()0-9
p = \p o x
(Turbulent-Turbulent flow)
Xvv Lockhart-Martinelli parameter X,,, = (&)0'5 (ﬂ)o.s (ﬂ)a5
P v o o x

(Laminar-Laminar flow)
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