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Accurate prediction of two-phase frictional pressure gradients is crucial for operating two-phase flow systems
within safe limits. However, existing correlations predict with high mean absolute errors (MAEs) especially for
new low-GWP refrigerants, for instance, 53% for R1234yf and 41% for R32. To overcome this challenge, the
present study developed a new correlation for frictional pressure gradient for mini/micro-channels applicable to
both conventional and low-GWP working fluids. The correlation incorporates the effects of channel geometry,
heat flux, inertial forces, and viscous forces through several dimensionless parameters including aspect ratio,
heated-to-wetted perimeter ratio, boiling number, liquid-only Weber number, liquid-only Reynolds number,
liquid-to-vapor density ratio, and two-phase Prandtl number. The amassed database consists of 3473 data points,
of which 2882 are for circular and 591 are for non-circular cross-sectional geometries. The database encompasses
flow boiling of 17 different fluids in single circular and non-circular mini/micro-channels of 0.529-8 mm hy-
draulic diameters with a mass velocity range of 33-2738 kg/(m2.s). This database is used to evaluate the pre-
dictive performance of 18 existing correlations. Following this assessment, a new universal correlation is
developed using nonlinear optimization on the consolidated database. The new correlation accurately predicts
both circular and non-circular channels with respective MAEs of 19.22% and 23.13%, and using the entire
combined database yields an MAE of 19.88%.

single-phase convection [7]. However, pressure losses are significantly
higher in mini/micro-channels due to their small geometries [8]. Fric-
tional pressure loss is usually the largest component due to the inter-
action between the two phases. Thus, accurate prediction of frictional
pressure drop is essential for successful implementation of two-phase
cooling in above applications.

1. Introduction

In recent years, high power devices have become ubiquitous and are
undergoing further rapid advancement and miniaturization. Thermal
management of these devices poses a significant challenge as conven-
tional single-phase cooling is no longer sufficient to handle such high

heat fluxes [1]. Similarly, HVAC industry is also unable to meet the
rising demand of compact and efficient heat exchangers using conven-
tional single-phase techniques. These limitations have made two-phase
cooling the prime candidate for such applications, due to its ability to
exploit the coolant's latent heat of vaporization. Two-phase cooling can
be achieved using various techniques such as flow boiling [2], pool
boiling [3], spray [4,5] and jet impingement cooling [6]. Among these,
flow boiling in mini/micro-channels offers a large heat dissipation po-
tential in a very small space with much less coolant as compared to
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1.1. Predicting frictional pressure gradients

To predict the frictional pressure gradient, various researchers have
developed empirical/semi-empirical correlations. In 1949, Lockhart and
Martinelli [9] proposed one of the first correlations for adiabatic flows.
Later in 1979, Friedel [10] proposed an improved correlation for air-
water flows in vertical and horizontal orientations. Using Lockhart
and Martinelli's parameters, in 1986, Muller and Heck [11] proposed a
new functional form to predict frictional pressure drops for air-water
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Nomenclature

A, cross-sectional area of channel [m?]

Bd Bond number, g(p; — p,) D} /0

Bo boiling number, q”,,/Ghg,

Cc empirical constant

o specific heat at constant pressure [J/(kg.K)]

D diameter [m]

Dy, hydraulic diameter, 4A. /Py, [m]

f Fanning friction factor

G mass velocity [kg/(mz.s)]

g gravitational acceleration [m/s?]

H height of the non-circular channel's cross section [m]

h enthalpy [J/kg]

hy, latent heat of vaporization [J/kg]

j superficial velocity [m/s]

L length [m]

MAE mean absolute error [%]

m mass flow rate [kg/s]

N number of data points

Neonf confinement number, {a/g(pf — pg)Dﬁ }1/ 2 _pBd?

Py frictional perimeter of channel [m]

Py heated perimeter of channel [m]

Pry, Two-phase Prandtl number, x.Pry + (1-x)Prs

P pressure [Pa]

Derit critical pressure of fluid [Pa]

Dr reduced pressure, p/pcric

Ap pressure drop [Pa]

q” heat flux [W/m?]

Re Reynolds number

Sulgo vapor-only Suratman number, p,oDp/u2

T temperature [°C]

v specific volume [m3/kg]

Vig specific volume difference between liquid and vapor [m?/
kgl

w width of the non-circular channel's cross section [m]

Wey, liquid-only Weber number, G?Dy, /ops

X Lockhart-Martinelli parameter

x thermodynamic equilibrium quality, (h — hy) /hg

Z streamwise coordinate [m]

Greek symbols

a void fraction

p channel aspect ratio, W/H

p) dimensionless group in Lee and Lee correlation

u dynamic viscosity [kg/m.s]

Uy two-phase mixture viscosity [kg/m.s]

&30 percentage of data predicted within +£30% of experimental
value

P density [kg/mg]

c surface tension [N/m]

@ two-phase pressure drop multiplier

W dimensionless group in Lee and Lee correlation

® parameter in Beattie and Whalley two-phase mixture
viscosity model

Subscripts

A accelerational component

e equivalent

exp experimental

F frictional component

f saturated liquid; single-phase liquid; bulk fluid

G gravitational component

g saturated vapor

go vapor only

h heated

in inlet to channel's heated section

k index for a phase: liquid (f) or vapor (g)

out outlet of channel's heated section

pred predicted

sat saturation

sb saturated boiling

sp single-phase

tot total

tp two-phase

tt turbulent-liquid, turbulent vapor

tv turbulent-liquid, laminar vapor

vt laminar-liquid, turbulent vapor

w laminar-liquid, laminar-vapor

w channel wall

Acronyms

ANN Artificial Neural Network

BNN Bayesian Neural Network

GWP Global Warming Potential

HVAC  Heating Ventilation and Airconditioning

HEM Homogeneous Equilibrium Model

MCHX  Microchannel heat exchanger

MCMC Markov Chain Monte Carlo

PAML  Physics-assisted Machine Learning

PU-BTPFL Purdue University Boiling and Two-Phase Flow
Laboratory

SFM Separated Flow Model

and halocarbon flows in tubes of 4-392 mm diameter. Various other
models and correlations were developed; those until 2013 are summa-
rized in Kim and Mudawar's review article [7].

Later in 2016, Keepaiboon et al. [12] investigated the flow boiling of
R134ain a single rectangular microchannel with a hydraulic diameter of
0.68 mm. Experiments were conducted over a mass flux range of
600-1400 kg/(m2.s) and a heat flux range of 7.6-49 kW/m?2. Following
the separated flow model (SFM) approach, they proposed a correlation
for the parameter C based on Reg,, Co, and X, which predicted the
experimental data with a mean absolute error (MAE) of 4.7%. In the
same year, Rollmann and Spindler [13] proposed a homogeneous
equilibrium model (HEM)-based correlation for flow boiling in a
microfin tube with a hydraulic diameter of 8.95 mm. Their experiments,
conducted using R407C and R410A, covered a mass flux range of
62.5-1400 kg/(mz.s) and resulted in a database of 952 data points. The

proposed correlation predicted the data with an MAE of 18.1%. In 2018,
Pan et al. [14] developed an HEM correlation based on an experimental
dataset of approximately 100 data points. They investigated the flow
boiling of deionized water in a microchannel with a hydraulic diameter
of 0.1875 mm. A correlation for the two-phase multiplier was proposed
by relating it to vapor quality, Weber number, liquid-to-vapor density
ratio, vapor-to-liquid dynamic viscosity ratio, and the ratio of single-
phase friction factors for vapor-only and liquid-only flows. The pro-
posed correlation predicted their experimental dataset with an MAE of
12.23%. In 2021, Zeng et al. [ 15] developed a correlation to predict both
boiling and adiabatic flow pressure drop of R32 in microchannels with
hydraulic diameters ranging from 0.643 to 6 mm. The correlation was
formulated using 496 data points compiled from eight independent
studies and achieved an MAE of 17.86%. More recently, in 2023, Nie
et al. [16] developed a correlation applicable to condensing, adiabatic,
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and boiling flows. Similarly, Moradkhani et al. [17] proposed a corre-
lation for condensing and boiling flows. Both studies employed genetic
programming techniques to derive their respective correlations.

While these correlations offer good predictions on the respective
reported dataset, they are incapable of predicting the present flow
boiling database. This potentially hinders their applicability to boiling-
specific analysis due to differences in flow regimes between boiling and
condensing/adiabatic flows [8]. As depicted in the flow schematics and
experimentally obtained high-speed flow images in Fig. 1 [18,19], flow
boiling features entrained liquid droplets in the central vapor core,
which is absent in both condensing and adiabatic flows. It is imperative
to seek a separate correlation to accurately predict the frictional pres-
sure gradient for saturated flow boiling in mini/micro-channels. Based
on this philosophy, in 2013, Kim and Mudawar [8] developed a uni-
versal correlation for frictional pressure drop for saturated flow boiling
in mini/micro-channels.

1.2. Machine learning-based predictive models

Recent advances in machine learning have led to its increasing ap-
plications in the area of thermal sciences [21]. Neural networks based
models have been extensively employed in the prediction of CHF [22],
Pressure drop [2], and heat transfer coefficient [23]. In the area of
pressure drop predictions, Qiu et al. [24] developed several machine
learning based models including artificial neural network (ANN), K-
nearest neighbors, XGBoost, and LightGBM using the consolidated
database of 2787 data points and obtained an MAE of 9.58% using ANN
on the test data set. Similarly, Mudawar et al. [25] developed an ANN-
based predictive framework to estimate pressure drop during flow
boiling under microgravity conditions aboard the International Space
Station. Their model showed excellent predictive capability, with an
MAE of 5.24% on the test dataset. ANN models have demonstrated
strong predictive capability when sufficient high-quality data are
available.

However, several limitations arise when employing purely data-
driven machine learning approaches. First, conventional neural net-
works typically provide only point estimates and do not quantify the
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uncertainty associated with their predictions. This lack of uncertainty
information can be a significant limitation, particularly in the design of
critical thermal systems, where confidence in the prediction is as
important as the predicted value itself. To address this limitation, many
researchers have proposed incorporating a Bayesian framework into
neural networks, leading to the development of Bayesian Neural Net-
works (BNNs) [26].

In this approach, model parameters are treated as probability dis-
tributions rather than deterministic values, enabling direct quantifica-
tion of predictive uncertainty. However, exact Bayesian inference in
neural networks is generally intractable due to the high dimensionality
of the parameter space. Consequently, approximate inference tech-
niques are employed, most commonly Markov chain Monte Carlo
(MCMCQ) [26] and stochastic gradient MCMC [27] which allow practical
estimation of posterior distributions. These methods enable neural net-
works to address uncertainty-related limitations by providing both
predictive estimates and associated confidence intervals.

These methods enable the model to address the uncertainty concerns
associated with neural network predictions by providing both prediction
and confidence interval. In this context, Colak et al. [28] developed a
Bayesian-regularized artificial neural network model to predict pressure
drop during the condensation and evaporation of R134a in a vertically
oriented smooth copper tube. The proposed model demonstrated strong
predictive performance, achieving MAEs of 7.5% and 8.9% on the test
datasets for condensation and evaporation, respectively.

Beyond uncertainty quantification, another key limitation of purely
data-driven models is their lack of physical interpretability, as their
predictions are often governed primarily by statistical fitting rather than
underlying transport mechanisms. To address this challenge, so-called
physics-assisted machine learning (PAML) models have recently
emerged and are gaining increasing attention within the two-phase flow
community [29,30]. Given the highly complex and nonlinear nature of
two-phase flow, it remains difficult to directly embed the full governing
physics into a machine learning framework. Consequently, PAML ap-
proaches typically incorporate physics through established empirical or
semi-empirical correlations. In these frameworks, a selected correlation
provides an initial baseline prediction, while the machine learning

e [ ]
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Flow
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Square multi-channel with D, = 1.0 mm (Kim et al. [18])

Annular Condensation

Rectangular multi-channel with D, =0.349 mm (Lee and Mudawar [20])
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Fig. 1. (a) Fundamental flow structural difference in annular flow condensation [18] and annular flow boiling [20]. (b) Actual experimental photographs (left) and

schematics (right). Adapted from Kim and Mudawar [8].
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model is trained to learn the residuals between the correlation-based
estimates and experimental data, thereby improving the overall pre-
dictive accuracy.

For example, Golezani et al. [31] developed a PAML framework to
predict condensation pressure drop in mini/microchannels by training
an XGBoost model on the residuals of the separated flow model (SFM)-
based correlation proposed by Kim and Mudawar [32]. The proposed
model achieved a MAE in the range of 7.4-8.3%. Their results demon-
strated that physics-assisted frameworks can provide more accurate and
physically informed predictions compared to purely data-driven ma-
chine learning models.

These developments underscore that the formulation of robust
empirical and semi-empirical correlations remains fundamentally
important, not only for direct engineering applications, but also as a
physically grounded foundation for hybrid and machine learning-based
predictive frameworks.

1.3. Objectives of study

The present study builds on the classical Kim and Mudawar's [8]
framework in which flow boiling is treated separately from condensing/
adiabatic flows because of the fundamental differences in two-phase
flow structure. The objective of this study is to consolidate the global
database for flow boiling in single mini/micro-channels including new
low-GWP refrigerants and develop a more accurate universal predictive
correlation for frictional pressure gradient. The database consists of
2882 data points collected from 19 studies on 13 different fluids in single
circular mini/micro-channels, along with 591 data points from 5 studies
on 8 fluids in non-circular mini/micro-channels. Existing homogeneous
equilibrium model (HEM)-based and separated flow model (SFM)-based
correlations are assessed against the consolidated database, and a new
universal correlation capable of accurately predicting both geometries is
developed by employing the same methodology as prior PU-BTPFL
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improve predictability across broad geometries and refrigerant property
ranges. The coefficients and exponents of the proposed formulation are
optimized using the full consolidated database by minimizing the MAE
between the predicted and experimental frictional pressure gradient.
Consequently, the applicability of proposed correlation is extended to
modern low-GWP refrigerants and non-circular mini/micro-channels.

2. Existing predictive methods for two-phase pressure drop

The total two-phase pressure drop is the sum of frictional, gravita-
tional and accelerational components,

Apyp = Apypr + APpa + APy @
2.1. Frictional pressure gradient
Frictional pressure gradient is calculated using the Homogeneous

Equilibrium Model (HEM) or the Separated Flow Model (SFM).
HEM provides a relation:

_(dp 2y G Vig
<dz>F7—Dh l+xvf (@3]

where two-phase friction factor, fy, is calculated for circular channels as:

16Re,', Re,, < 2000
fp =14 0.079Re,**, 2000 < Re,, < 20000 ©)
0.046Re,,"?, Re,, > 20000

and for rectangular channels of width W, height H, and aspect ratio
B = W/H:

1 —1.35534 + 1.94674* — 1.70124°
24 P LA67) ~ 170120 N pe 1 Re, < 2000
+0.95644" — 0.2537p
.f p = ~0.25 . (4)
0.079Re," ™, 2000 < Reg, < 20000
0.046Re,’?, Re,, > 20000
studies on predicting pressure drop [7,33]. Two-phase Reynolds number, Rey, is defined as:
It should be emphasized that the present work does not aim to GD
develop a machine learning based predictive model. The discussion of Re, = ,u_h (5)
P

machine learning based models in the literature is included only to
provide context on most recent data driven approaches for two-phase
frictional pressure gradient prediction. The scope of this study is
limited to the assessment and development of a physically guided
seminal empirical universal correlation for prediction of saturated flow
boiling frictional pressure gradient.

1.4. Key contribution

The present study develops a generalized correlation for saturated
flow boiling frictional pressure gradient using a substantially extended
database of 3473 data points as compared to the 2033 data points of Kim
and Mudawar's [8] study on single mini/microchannels. The Chisholm
parameter C is reformulated through the inclusion of channel aspect
ratio and quality-weighted two-phase Prandtl number. The aspect ratio
accounts for geometric effects in non-circular channels, whereas Pry,
represents the combined influence of thermophysical properties of fluids
during boiling flows. These parameters are not explicitly included in the
original Kim and Mudawar's [8] correlation and are introduced here to

where two-phase mixture viscosity, p, is obtained via relations re-
ported in the literature [34-41].

Some widely used relations are listed in Table 1.

The SFM-based approach is also widely used to calculate frictional
pressure gradient. The main difference between HEM and SFM is that
SFM treats the two phases separately and thus individual phase equa-
tions are solved to estimate the pressure drop. Lockhart-Martinelli [9]
proposed one of the first SFM-based models, where frictional pressure
gradient is obtained by multiplying the single-phase pressure gradient
with a two-phase multiplier, ¢, as:

dP) Pl <dp> 2 (dp) 2
=) o —52) f>—-(5) @
<dz s dz) ps / dz)p, ¢

() _ f (6)
<d2> I <%) F.g(/,gv _ (%) Rg(/); > - (%) Ff(/lf

The individual phase frictional pressure gradients for liquid (f) and
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Table 1
Summary of HEM-based two-phase mixture viscosity models.
Author(s) (Year) Equation(s)
McAdams et al. (1942) [34] 1 _ i+ 1-x
Hp  Hg My
Davidson et al. (1943) [35] v,
Py = Hy [1 + x%}
f
Akers et al. (1959) [36] _ Hy
Hp = 05
(1-x) +X<Vg/vf)
Cicchitti et al. (1960) [37] Hyp = Xpg+ (1 —x)ug
Owens (1961) [38] Hep = Ky
Dukler et al. (1964) [39] Xvghy + (1 — X)vpps
o = xvg + (1 — x)vf
Beattie & Whalley (1982) [40] Hp = Opg+ (1 —w)(1 +2.50)u;
_ Y
N Vr+ XV
Lin et al. (1991) [41] _ HyHg
fo =l — )
g 34 (g — g )
Awad and Muzychka (2008) [42] - 2(pg — ) (1)
Hp = Hg
24y + py + (ug *llf)(l —X)
vapor (g) are calculated as:
2 2
_(@) :2ffG (1 —x)%v @
dz) ., Dy
2
7(@) ZngG )CZVg @)
dz Fg Dy,

where the friction factor for a phase k (= f for liquid and g for vapor) is
given by:
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available in the literature. A list of commonly used correlations
employing the SFM approach are listed in Table 2 and Table 3.

2.2. Accelerational and gravitational pressure gradients

Accelerational pressure gradient is calculated as:
dp\ _ nd[x  1-x?
_ = , 1
< ), G . + ; (15)

apg (1 —a)py
where void fraction, a, is calculated using Zivi's correlation [43] for SFM
as below:

_ 2/3771

0
X s

and is derived from HEM as:

()]

Gravitational pressure gradient is expressed as:

— <%p> = gsind [ap, + (1 —a)p; | (18)

a =

where 6 is the channel inclination angle.

For the assessment of separated flow model (SFM) correlations, the
parameter C is first evaluated using the correlations listed in Tables 2
and 3. Depending on the selected correlation, the predicted value of C is
then incorporated into Egs. (12) or (13) to determine the two-phase
multiplier. The single-phase frictional pressure gradient is calculated
using Egs. (7)-(11). Subsequently, the two-phase frictional pressure
gradient is obtained by multiplying the single-phase frictional pressure

)]

gradient with the predicted two-phase multiplier, as given in Eq. (6).
The accelerational pressure gradient component is evaluated using Eq.
(15). The void fraction required in this calculation is determined using
Zivi void fraction correlation [43], which has been shown to provide
reasonable agreement compared to other slip-based void fraction
models [8]. Finally, the accelerational component is subtracted from the
total pressure gradient to isolate the frictional pressure gradient.

It is necessary to subtract these losses before evaluating the frictional
pressure gradient correlations because contribution of these losses var-
ies. For instance, in Kharangate et al. (2012) [44] study on the one-sided
heated upflow boiling of FC-72 in a 2.5 x 5 mm rectangular channel, the
accelerational pressure gradient accounts for 17 to 36% of the total
pressure gradient. The gravitational pressure gradient contribution

1-1.35534 + 1.94674> — 1.70124°
24 Pt . p s / Re', Re; < 2000
5 +0.9564p* — 0.25374
=
0.079Re, *%, 2000 < Re; < 20000
0.046Re, *?, Re, > 20000
Reynolds numbers for each phase are calculated as:
1- D,
Res = % (10)
Hy
GD,
Re, = X2n an
He
The two-phase multiplier is obtained as
2flclfl"dd 12
;= +)_(+ﬁ or liquid an 12)
(pg =1+ CX + X? for vapor (13)

where Lockhart-Martinelli parameter, X, is given as

@@

C is an empirical constant which is tuned according to the available
experimental data. Numerous empirical correlations to estimate C are

ranges from 4.77% to 62.72% with an average of 16.96%. On the other
hand, in the Keepaiboon et al. (2016) [12] study on the boiling flow of
R134a in micro-channel under horizontal orientation, the accelerational
pressure gradient contribution varied between ~1 to 12% because of the
shorter heated length and different operating conditions.

2.3. Mechanistic models

In addition to HEM and SFM approaches, flow pattern-based models
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have also been developed for predicting two-phase pressure drop. Unlike
purely empirical correlations, these models are derived from phase-wise
momentum balances and require closure relations for interfacial shear
stress, wall shear stress, void fraction, liquid film thickness, as well as
droplet entrainment and deposition. One of the earlier models of this
type was developed by Moreno and Thome [58] for horizontal evapo-
rating flows. Their approach correlated pressure drop with the local
interfacial structure, which was identified using the flow-pattern map
proposed by Wojtan et al. [59]. The model was developed using a
database of 1745 data points for the evaporation of R134a, R22, and
R410A in tubes with diameters ranging from 8 to 13.8 mm. Their model
successfully predicted 82.3% of the database within an error band of
+30%.

Subsequently, Cheng et al. [60] extended the Moreno and Thome
framework to Carbon dioxide evaporating flow in tubes with diameters
ranging from 0.8 to 7 mm. Their database comprised 387 data points
collected from five independent studies, covering a mass flux range of
190-400 kg/(m?.s). The proposed model predicted annular, dryout, and
mist flow regimes with accuracies of 75.7%, 74.6%, and 75%, respec-
tively. Following Thome's framework, Shiferaw et al. [61] proposed a
semi-mechanistic model to estimate pressure drop during the boiling of
R134a in tubes with diameters ranging from 0.52 to 4.26 mm. The
model is applicable to the confined bubbly and slug flow regimes,
covering vapor qualities up to 0.6 and mass fluxes between 100 and 500
kg/(m?.s). The model predicted the experimental data with MAEs of
23%, 20%, 16.8%, 16.3%, and 22% for tube diameters of 4.26, 2.88,

Table 2
Summary of SFM-based empirical correlations developed for adiabatic flow.

Applied Thermal Engineering 302 (2026) 131744

2.01, 1.1, and 0.52 mm, respectively. The authors noted that the model
loses validity as the flow transitions towards annular or dryout regimes.

Lee and Mudawar [62] developed a control-volume-based annular
flow model for saturated flow boiling of R134a in a 609.6 mm long and
203.2 mm wide microchannel heat sink comprising 100 parallel chan-
nels of 1 x 1 mm? cross-section. Their model accounts for liquid film
behavior, droplet entrainment and deposition, as well as turbulence
effects in the vapor core through eddy momentum diffusivity. The
proposed model predicted the experimental data with an MAE of
16.22%, with 97.10% and 100% of the data falling within error bands of
+30% and + 50%, respectively.

Mauro et al. [63] proposed a mechanistic model for adiabatic sym-
metric annular flow with droplets entrainment. They amassed the
database of 2992 data points from 11 studies spanning 7 fluids, while the
final model assessment was performed using the annular flow subset
selected based on void fraction greater than 0.70 criterion. Adopting
approach similar to Wallis [64], they derived a relation for the friction
factor by introducing a correction factor as a multiplier with the Blasius
correlation [65], thereby accounting the effect of wavy interface. The
correction factor was fitted using liquid-film Reynolds number. The
proposed model predicted the pressure gradient with MAE of 19.4% and
independent database with MAE of 19.3%. Expanding on their previous
work, most recently, Mauro et al. [66] proposed an improved mecha-
nistic pressure drop gradient and void fraction model for adiabatic
annular flow. They amassed a consolidated annular flow database of
6377 data points from 37 studies spanning 23 fluids with x > 0.25. The

Author(s) (Year) Equation(s)

Database of Development

Lockhart & Martinelli 20, Rey > 2000,Re, > 2000(tt)

(1949) [9] 10, Res > 2000,Re; < 2000(tv)
12, Rey < 2000,Reg > 2000(vt)
5, Rey < 2000,Re, < 2000(vv)

c— 21(1 — exp(—0.319Dy) ), rectangular channel
| 21(1 — exp(—0.333D)), circular channel

Mishima & Hibiki (1996)
[45]

Note that in this correlation, units of Dy and D are in mm.

Lee & Lee (2001) [46
ee & Lee ( ) [46] 0.048Re( ™",

0.174
3.627Re; 74,

Re; > 2000, Re, > 2000(tt)
Re; > 2000, Rey < 2000(tv)
Re; < 2000, Reg > 2000(vt)

Adiabatic flow

Fluids: water, oil, kerosene, benzene
Shape: circular

Diameter: 1.49-25.83 mm
Adiabatic flow

Fluids: ammonia-vapor, air-water, ammonia-vapor, R113-N,
Shape: circular

Diameter: 0.7-25.37 mm

Adiabatic flow

Fluid: air-water

Shape: non-circular

Hydraulic diameter: 0.78-6.67 mm

Adiabatic flow

Fluid: R12

Shape: circular and non-circular
Hydraulic diameter: 1.56 and 2.64 mm

C —
6.185 x 10 Ref;’*,
6.833 x 1078471317y 0719Rel5%7, Rey < 2000, Reg < 2000(w)
Yang & Webb (1996) [47] dp G2, vy GegD)
@ _ _ 0.12 eq 7. _ TeqTh, _
(dz>F 0.87Red12f;, Dy ; Regg P Geq
. 0.5
Gl(1-x)+x ([—f)
Py

Wang et al. (1997) [48] For G > 200 kg/(m2.s),

dp\ _ (dp\ 5 5 _ 62 2.45
(dz , = (@) g vt =1+ 0ax0% 1 0564
For G < 200 kg/(m%.s),

dp _ dp 2. 2 _ c, 1.
(E)f(ﬂ)/“f’“’ iyt

V215 [ 51
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Adiabatic flow

Fluid: R22, R134a, R407C
Shape: circular

Diameter: 6.5 mm

Adiabatic flow

Fluids: R134a, R245fa, R236ea, R410a, R22, R404a, R12, R422d, R32,
ammonia, propane, Nj.

Shape: circular and non-circular

Hydraulic diameter: 0.148-3.25 mm

Adiabatic flow

Fluid: R134a, R245fa, R236ea, R410a, R22, R404a, R12, R422d, R32,
ammonia, propane, Ny

Shape: circular and non-circular

e Hydraulic diameter: 0.148-3.25 mm

Ps—Pg

0.81
Py >

For BdRe})’5 > 200, use HEM with Beattie & Whalley's [40] y, relation
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Table 3
Summary of SFM-based empirical correlations for boiling and condensing flows.
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Author(s) (Year) Equation(s)

Database of Development
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Flow boiling

Fluid: water

Shape: non-circular

Hydraulic diameter: 348.9 pm

Flow boiling

Fluid: R134a

Shape: non-circular (rectangular)

Hydraulic diameter: 713 pm height and 231 pm width
Flow boiling

Fluid: R134a, R12, R410A, R245fa, ammonia, FC72,
CO,, water

Shape: circular and non-circular

Hydraulic diameter: 0.349-5.35 mm

Flow boiling

Fluids: R12, R22, R114, R152, their mixtures
Shape: circular

Diameter: 9.1 mm

Flow boiling

Fluid: R134a

Shape: circular

Diameter: 2.0 mm

Flow boiling

Fluids: R134a, R12, R113
Shape: circular and non-circular
Diameter: 2.46 and 2.92 mm

Flow boiling

Fluid: water

Shape: circular

Diameter: 2.98 mm

Boiling and adiabatic flow

Fluids: R123, R134a, R22, R236ea, R245fa, R404a,
R407C, R410a, R507, CO,, water-air

Shape: circular and non-circular

Hydraulic diameter: 0.506-12 mm

Boiling and condensing flow

Fluids: Water, R134a, CO,, R236fa, R245fa, HFE
7100, R1234yf, R1233zd(E), R1234ze(E) acetone,
R600a

Shape: circular and non-circular

Hydraulic diameter: 0.1-2.6 mm

Boiling and condensing flow

Fluid: CO».

Shape: circular and non-circular

Hydraulic diameter: 0.1 — 7.72 mm

Boiling, condensing, and adiabatic flow

Fluid: Ethanol, methane, nitrogen, R123, R1234yf,
R1234ze(E), R1270, R134a, R14, R152a, R22,
R245fa, R290, R32, R402A, R404A, R407C, R410A,
R452B, R455A, R502, R600a, R601, R717, R744
Shape: circular and non-circular

Hydraulic diameter: 0.24 — 14.45 mm

(continued on next page)
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Table 3 (continued)
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Author(s) (Year) Equation(s)

Database of Development

G
0.94Fr)20x 040957 035 n — 0,55, ], = d

——————%, Annular Flow
C = [gng(pf*pg)]

Co%Y7 + 0,291Fr%553d°‘13J;0‘72, n = 0.73,Non — Annular Flow

1 \08 (p >0,5 a2
Co=(— ) Fry = ——,
<x - 1> Py ? D

05
(&Dry(py 1) ]
Based on Cavallinietal.(2002)
Jy, =

< 2.50rG < Gy, Non — Annular Flow

>25
,» = Mass — flux threshold = p;(gD)*° (054 —0.96Bd 2 — 4A23d*1)

G > Gy, Annular Flow

Non-circular: rectangular, square, triangular.

database covers mass velocities from 99 to 2000 kg.m~2.s, tube diameter
from 0.5 to 14.0 mm, reduced pressure from 0.0363 to 0.6896 and
pressure gradient from 0.3 to 1332 kPa.m . In this improved model,
they introduced an interfacial friction enhancement factor by corre-
lating liquid-to vapor core inertia-force ratio and reduced pressure. The
proposed model predicted the database with MAE of 18.16%.

These models provide stronger physical insight compared to empir-
ical correlations. However, they are generally more complex than HEM
and SFM approaches, are often developed for specific flow regimes, and
require multiple closure relations. For these reasons, despite their strong
physical foundation, their direct application as universal predictive tools
remains limited.

3. Consolidated database
3.1. Database for single circular mini/micro-channels

2882 data points for saturated flow boiling in mini/micro-channels
are collected from 19 studies spanning 13 working fluids. Of these,
2528 data points are obtained from 16 studies for horizontal orientation
and 354 data points from 3 studies on vertical upflow orientation. The
collected database is for smooth channels only, and channels with sur-
face enhancements are excluded. The database was assembled with the
objective of incorporating as many relevant studies as possible on
smooth circular and non-circular channels under saturated flow boiling
conditions. Inclusion was based on the availability of complete infor-
mation required to evaluate the governing dimensionless groups and the
frictional pressure gradient. Studies, or specific data points, that
exhibited significant deviation from the overall trends of the consoli-
dated database were carefully examined and, where justified, excluded.
Only one study by Zhu et al. [67], which investigated the flow boiling of
R32, showed substantial deviation from the rest of the dataset. This
study was poorly predicted by all evaluated correlations, with MAE
values as high as 142%. The large discrepancy appears to stem from the
highly specialized nature of the study, which encompassed a wide range
of flow regimes, including stratified, slug, churn, annular, dryout, and
mist flows. In contrast, the present work focuses on the assessment and
development of a generalized correlation applicable across a broad
consolidated database. Therefore, only this study was completely
excluded from the correlation development process. As a result, the final
database represents a comprehensive yet carefully screened global
dataset, rather than a uniformly distributed dataset across the entire
operating space.

Table 4 summarizes the key characteristics of each dataset, including
fluid, hydraulic diameter, mass flux, and orientation. The amassed
database spans:

e Fluids: Ammonia, CO2, R12, R32, R134a, R410A, R1270, R245fa,
R1234yf, R1234ze (E), R152a, R600a, and water.

Hydraulic diameter: Dy = 0.529-8 mm.

Mass flux: G = 33-2738 kg/(mz.s).

Liquid-only Reynolds number: Rey, = 352-27,984.

Quality: 0 < x < 1.

Reduced pressure: p, = 0.038-0.47.

Bond number: Bd = 0.24-75.

These broad ranges enable thorough evaluation of predictive
methods across different fluids and operating conditions.

The distribution of the database is presented in Fig. 2. Fig. 2(a) il-
lustrates the distribution of data points across the working fluids
included in the dataset. The database is primarily dominated by COs,
R134a, and R1234ze(E), contributing 27.5%, 19.7%, and 16% of the
total dataset, respectively. Moderate contributions are observed from
R1234yf (9.5%) and Ammonia (8%). The least represented fluids
include R1270, R32, R410A, R600a, and R152a, each contributing less
than 2% of the dataset. Overall, the database encompasses a wide range
of fluids with diverse thermophysical properties, including both con-
ventional and low-GWP refrigerants.

Fig. 2(b) presents the distribution of the dataset with respect to mass
flux (G). The database spans a broad range of mass flux values from 33 to
2738 kg/(m2.s), covering both low and high flow regimes. Approxi-
mately 61.3% of the data points fall below 500 kg/ (mz.s), while 31% lie
within the range of 500-900 kg/(m?2.s). The remaining ~8% of the data
corresponds to mass flux values exceeding 900 kg/ (rnz.s).

Fig. 2(c) shows the distribution of the data points with respect to the
channel diameter. Majority (~83.79%) of the database is concentrated
between the channel diameter of 0 to 3 mm. About 14.54% of the data is
between 3 and 5 mm. The remaining small fraction ~1.67% of the data
is between 5 and 8 mm.

Fig. 2(d) shows the histogram of the experimental frictional pressure
gradient. Approximately 3.5% of the data points fall below 10% Pa-m ™},
while the majority (84.5%) lie within the range of 10°-10° Pa-m™'. The
remaining 12% of the dataset corresponds to frictional pressure gradi-
ents exceeding 10° Pa-m ™.

3.2. Database for single non-circular mini/micro-channels

591 data points for saturated flow boiling in single non-circular
(square and rectangular) mini/micro-channels are collected from 5
studies covering 8 fluids. Of these, 475 and 116 data points are for
horizontal and vertical orientations, respectively. The database spans
mass velocities of G = 100-1400 kg/(m?.s), mini/micro-channel hy-
draulic diameters of Dy = 0.68-5.35 mm and qualities of 0 < x < 1.
Table 5 shows the list of studies included in the database.
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The distribution of the database is presented in Fig. 3. Fig. 3(a) il-
lustrates the distribution of data points across the working fluids
included in the dataset. The largest contribution is from R410A, ac-
counting for 28% of the total database. The second and third largest
contributions are from R22 and FC-72, representing 23% and 20% of the
dataset, respectively. Newer low-GWP fluids, including R454C, R454B,
R1234yf, and R32, collectively contribute approximately 15% of the
database. Fig. 3(b) shows the distribution of the dataset with respect to
mass flux (G). Approximately 55% of the data lies below 500 kg/(m?.s),
which is representative of moderate mass flux applications. About 18%
of the data falls within the range of 500-600 kg/(m?.s), while approx-
imately 25% spans the range of 600-1500 kg/(m%s). Only 11 data
points (1.8%) are available for mass flux values exceeding 1500 kg /! (m?.
s), indicating limited high-mass-flux coverage.

Fig. 3(c) shows the distribution of database with respect to hydraulic
diameter. The majority of the data, ~72%, corresponds to the channel
hydraulic diameter below 4 mm. The channels of hydraulic diameter 3
to 4 mm represents about 43% of the database. The remaining data are
distributed over diameters up to 5.5 mm.

Fig. 3(d) presents the distribution of the frictional pressure gradient.
The histogram reveals a broad, non-normal distribution spanning
approximately 103 to 10° Pa-m ™. Most data points are concentrated in
the ranges of 103-105 Pa-m ™, with a secondary cluster observed be-
tween 10° and 10 Pa-m™!. This multimodal behavior indicates sub-
stantial variability within the dataset.

Note that surface-enhanced channels are excluded to maintain uni-
formity. For instance, Huh and Kim's [90] data for boiling flow in a
single coated channel are not included in this database. Some studies
were excluded due to key operating information not having been re-
ported. These are the studies of: (i) Azarhazin et al. [91] on single non-
circular channels being excluded due to missing heat flux and inlet
condition information, (ii) Soupremanien [92] on Forane 365 HX being
excluded due to subcooled conditions of the experiment, (iii) Qin et al.
[93], Candan et al. [94] and Markal et al. [95] on water in single rect-
angular channels being excluded due to missing inlet condition infor-
mation. Excluded studies are listed in Table 6.

4. Predictive performance of existing pressure drop correlations
for saturated flow boiling

The predictive performance of selected seminal correlations and
models is evaluated using the consolidated database. Although a wide
range of historical correlations exists in the literature, only a represen-
tative subset is considered in the present study. In particular, emphasis is
placed on the classical Lockhart-Martinelli method and C-type formu-
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lations, which form the basis for comparison with the proposed corre-
lation. The performance of each correlation is quantified using standard
statistical metrics, including mean absolute error (MAE), root mean
square error (RMSE), mean bias error (MBE), and the coefficient of
determination (R?), defined as follows:

dz dz
f.exp fpred
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& (@
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4.1. Assessment of HEM-based mixture viscosity models over dataset for
circular channels

Fig. 4 shows parity plots of the prediction assessment of HEM-based
mixture viscosity models over 2882 circular mini/micro-channel fric-
tional pressure gradient data points.

Fig. 4(a) reveals Owens' [38] model predicts the circular dataset with
a MAE of 25.41% and 62% of data points within +50% error. This model
treats the two-phase mixture as fully dominated by the liquid and
equates mixture viscosity to pure liquid viscosity meaning it completely
ignores vapor viscosity. The good accuracy indicates that the effects of
the vapor phase are negligible compared to liquid, validating Owens'
hypothesis for this database.

Fig. 4(b) shows the model by Cicchitti et al. [37] predicts the circular
dataset with a MAE of 33.33%. It underpredicts the majority of data
points for R12, COy, and R1234yf, which is because of two reasons.

Table 4
Frictional pressure drop data for single circular mini/micro-channels collected from the literature.

Study Fluid Dy, [mm] G [kg/(mz.s)] Data points Orientation
Lezzi (1994) [68] Water 1 776-2738 86 H
Tran (1998) [69] R12, R134a 2.46 33-832 413 H
Huo (2005) [70] R134a 2.01,4.26 400-500 74 VU
Owahib et al. (2008) [71] R134a 0.826,1.224,1.7 100-400 51 vu
Hu et al. (2009) [72] R410A 2,4.18 200-620 48 H
Ducoulombier (2010) [73] CO, 0.529 400-1200 268 H
Tibirica & Ribatski (2011) [74] R245fa 2.32 199-701 142 H
Tibirica et al. (2011) [75] R134a 2.32 100-600 49 H
Wu et al. (2011) [76] CO, 1.42 300-600 254 H
Magbool et al. (2012) [77] Ammonia 1.224,1.7 100-500 229 VU
Qiu et al. (2015) [78] R1234ze(E) 8 200-400 48 H
Longo et al. (2016) [79] R134a, R1234ze (E) 4 200-600 176 H
Pabon et al. (2019) [80] R1234yf 4.8 300 22 H
Zhang et al. (2020) [81] CO, 1.5 300-600 273 H
Xu et al. (2021) [82] R1234ze (E) 1.88 540-870 321 H
Xu et al. (2022) [83] R1234yf 1.88 540-870 252 H
Mudhafar and Pan (2022) [84] R32 4 200-600 37 H
Oliveria et al. (2023) [85] R1270 1 320 17 H
Longo et al. (2024) [86] R600a,R152a,R134a 4 150-400 122 H
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Circular database
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Fig. 2. Distribution of the database: (a) data points by fluid, (b) data points by
frictional pressure gradient.

Firstly, it is developed only for water over a narrow operating range, and
large errors are expected when used for other fluids and outside the
bounds of the original database for water. Secondly, the underprediction
also worsens at higher pressure gradient values which means that the
assumption of homogenous flow does not hold at higher x as during
boiling in mini/micro-channels where flow is predominantly separated.

Fig. 4(c) shows the model of Lin et al. [41] largely underpredicts
R12, R245fa, CO,, and ammonia data with a MAE of 45.92%. Although
this correlation was developed for small tubes of 0.66 and 1.17 mm
diameter, it is inaccurate for the following reasons: (i) it was developed
only using 238 data points for R-12 vaporization and lacks generaliza-
tion, (ii) it was developed for a quality range of 0-0.25 meaning that it
does not work for higher quality because at higher quality due to flow
separation this relation cannot capture the boiling flows in mini/micro-
channels, (iii) their experiments were conducted only for the horizontal
orientation, and (iv) the authors claiming the effect of mass flux was
negligible for their database, which is not true for the present database.

No of data points

mass

No. of datapoints
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Fig. 4(d) shows that the model proposed by Beattie and Whalley [40]
significantly underpredicts the majority of the data, yielding an MAE of
45.95%. The large scatter indicates that the implicit treatment of flow-
pattern effects through the viscosity formulation is insufficient to cap-
ture the influence of surface tension and interfacial structures in boiling
flows. Moreover, the model was originally developed for adiabatic
round-tube flows and does not include a momentum source term to
account for vapor generation. Consequently, it cannot be reliably
generalized to boiling or condensing flows and exhibits limited appli-
cability to saturated boiling in mini- and micro-channels.

Fig. 4(e) shows that the correlation proposed by McAdams et al. [34]
also underpredicts most of the data, with an MAE of 49.33%. This
behavior can be attributed to three primary factors. First, similar to
other HEM-based relations, it assumes a uniformly mixed flow, which
becomes invalid in boiling conditions due to phase separation at higher
vapor qualities. Second, the model does not include the influence of
surface tension or confinement. The present database has confinement

Table 5

Frictional pressure drop data on single non-circular mini/micro-channels collected from the literature.
Study Fluid Dy, [mm] G [kg/(m?%.s)] Data points Orientation
Quiben et al. (2009) [87] R22,R410A 3.71,4.88,5.35 150-500 261 H
Kharangate et al. (2012) [44] FC72 3.3 177-1652 116 vu
Kim et al. (2013) [88] R410A 3,4.4 200-400 44 H
Keepaiboon et al. (2016) [12] R134a 0.68 600-1400 80 H
Li et al. (2025) [89] R454C, R454B, R1234yf,R32 2.857 100-200 90 H

10



S. Mehdi et al.

Applied Thermal Engineering 302 (2026) 131744

200 T T T T

Non-circular database

No of data points

(a) o~
Nl q, Av 2 ¢} Q SN 9
& B G W T
Fluid
300 T T T T T
Non-circular database|
250 253 ]
© 200 4
=
o
Q
b
S 150 4
S
[e]
z

100

50

(c) o-

5.0-55

4.0-50

0.5-1.0 2.0-3.0 3.0-40

Dy, [mm]

No. of datapoints

(b) o

No of data points

150 T T T T T T T T T T T

Non-circular database

o
ts3
1

50

G [kg/m?s]

50

Non-circular database

40

30 A

10 10° 108 107

dj
(l) [Pa.m™]
dz
1 .Exp

108

Fig. 3. Distribution of the database: (a) data points by fluid, (b) data points by mass flux range, (c) data points by hydraulic diameter, (d) histogram of experimental

frictional pressure gradient.

number ranging from 0.11 to 2.03 indicating that surface tension and
gravity effects varies significantly across the database. Since this model
has no parameter to capture these variations in mini/micro-channels, it
cannot consistently predict well. Third, the correlation was originally
developed using a benzene-oil mixture database and is therefore not
directly applicable to a wide range of fluids with varying thermophysical
properties.

Fig. 4(f) reveals the relation by Akers et al. [36] predicts with a MAE
of 50.75%, mainly underpredicting for CO, R12, R245fa, ammonia, and
R1234yf. The reasons is that it was developed using data for (i) larger
diameter tubes having Neons ~ 0.048-0.477 while present database lies
in the confined flow regime (N¢onf ~ 0.11-2.03) where surface tension

Table 6
Studies on single non-circular mini/micro-channels excluded from the present
database.

Study Refrigerant Reason

Huh & Kim (2007) [90] Water Enhanced micro-channel

Soupremanien (2011) Forane 365 Subcooled flow boiling
[92] HX

Qin et al. (2012) [93] Water Insufficient inlet information such as

Xin

Candan et al. (2018) Water Insufficient inlet information such as
[94] Dinlet

Markal et al. (2018) Water Insufficient inlet information such as
[95] Dinlet

Azarhazin et al. (2020) R1234yf Missing heat flux and inlet condition
[91] information

11

has a strong influence on the phase distribution and (ii) condensing
flows (not boiling flows), reinforcing Kim and Mudawar's [8] hypothesis
that flow boiling data should be treated separately from adiabatic/
condensing flow data. Overall, condensation-driven viscosity models
does not work well for boiling flows.

Fig. 4(g) shows the relation of Dukler et al. [39] underpredicts ma-
jority of the data with an overall MAE of 52.19% due to the following
reasons. Firstly, this relation is based on volumetric average of liquid
and vapor viscosities. Since, vy > > vy, the predicted py can become
biased towards gas viscosities as the quality increases, leading to inac-
curate Reynolds number and friction factor estimates. Secondly, the
relation was derived using 2650 adiabatic flow data points for air-water,
natural gas, and oil in large tubes, and fails to predict boiling flows.

Fig. 4(h) reveals the relation by Davidson et al. [35] yields large
overpredictions and a 216.65% MAE. This trend is opposite to that of
previous relations which underpredicted the majority of the data. The
large overpredictions is because of the fact that this relation was derived
from steam-water data in tubes of 12.5-44.5 mm diameter, making it
suitable only for large diameter tubes.

Overall, Fig. 4 shows that HEM based mixture viscosity models are
less reliable for predicting frictional pressure gradient for mini/micro-
channels. This is because boiling flows in mini/micro-channels involve
slip between the liquid and vapor phases and significant interfacial shear
which are not adequately captured by HEM based formulations.
Therefore, a more robust model should include parameters that repre-
sent surface tension, inertia, density and viscosity differences.
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4.2. Assessment of SFM-based correlations over dataset for circular

channels

Parity plots showing the predictive performance of SFM-based semi-
empirical correlations over the single circular mini/micro-channel
dataset are included in Fig.5. Fig. 5(a) shows the recently reported
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universal correlation by Nie et al. [16] predicts the data with a MAE of
23.42%, the lowest among all correlations in this study. It underpredicts
15.8% of the R134a and 7% of the CO, data below —50% error bound.
The good performance of this correlation is attributed to its broad
database which also includes confined flows as correlation covers the
channels of hydraulic diameter varying between 0.24 and 14.45 mm.
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Fig. 4. Parity plots assessing the predictive performance of HEM-based mixture viscosity models for saturated flow boiling frictional pressure gradient of circular
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Fig. 5(b) shows Kim and Mudawar's [8] universal correlation pre-
dicts well for most of the data, with the MAE of 24.93%. This is expected
because their correlation was developed for mini/microchannels and
includes the influence of surface tension and density ratio which are
physically relevant to the current database. However, it overpredicts
R1234yf, R32 and R1234ze(E), data is partially overpredicted beyond
+50% error bound by 43%, 32.4%, 31.6% respectively. This is due to the
fact that these refrigerants were not used for developing their correla-
tion, and these fluids introduced different density ratio, viscosity ratio,
and reduce pressures which potentially alter interfacial shear and vapor-
liquid momentum exchange. Therefore, including newly reported data
for these fluids is a straight-forward way to improve its accuracy.

Fig. 5(c) shows Mishima and Hibiki's [45] correlation predicted the
third best with a MAE of 27.6%. This correlation expresses the Chisholm
parameter C as a function of Dy,. Its reasonable performance reflects the
importance of the channel size and confinement in the mini/micro-
channel flows. However, it also overpredicts 35% of the R1234ze(E)
data beyond +50% error bound. This is not surprising since the corre-
lation does not explicitly include boiling flow specific effects such as
quality variation or heat flux effect. Therefore, while Dy, is an important
parameter, it alone is not sufficient to represent the combined influence
of inertia, surface tension and other phase-change effects in boiling
flows in mini/micro-channels.

Fig. 5(d) shows the correlation by Moradkhani et al. [17] predicts the
circular database with MAE of 44.12%. This correlation failed to capture
the physical trends in the data because it was developed only for CO,
and cannot be generalized for refrigerants. Since the present database
contains fluids with a broad range of thermophysical properties which
strongly influence slip ratio and interfacial shear, a correlation devel-
oped for a single fluid cannot be expected to generalize well.

Fig. 5(e) shows that the correlation proposed by Qu and Mudawar
[51] predicts the dataset with an MAE of 53.63%, significantly over-
predicting most of the data, including that for water. This discrepancy
can be attributed to several factors. First, the correlation was specifically
developed for the flow boiling of water, limiting its general applicability
to other working fluids. Second, the underlying database corresponds
primarily to laminar-laminar flow conditions, restricting its validity
across different flow regimes. Third, the formulation incorporates only
diameter and mass flux as governing parameters, neglecting other crit-
ical factors such as fluid properties, interfacial effects, and phase
distribution.

Fig. 5(f) shows Lockhart and Martinelli's [9] correlation predicts
with a MAE of 53.65%. Although this correlation remains one of the
most widely used SFM-based approaches, it was originally developed for
adiabatic flows in relatively large circular tubes using water, oil, Kero-
sene, and benzene. It predicts 91% and 80% of R245fa and R134a data,
respectively, within error margin of +50% and overpredicts 81%, 52%,
51%, and 39% of the data beyond the +50% margin for R32, R1234yf,
R1234ze(E) and COg, respectively. This shows that macroscale adiabatic
flow correlations cannot fully capture the interfacial and confinement
controlled physics of boiling flows in mini/micro-channels.

Fig. 5(g) shows Lee and Lee's [46] correlation exhibits a MAE of
71.62% with 100%, 82%, and 79% of R32, R1234yf, and R1234ze(E),
respectively, the data being over predicted above error margin of +50%.
This overprediction is largely because of two reasons. Firstly, this cor-
relation was developed using a database for air-water adiabatic flow in
which phase distribution and interfacial structure are governed pri-
marily by gas and liquid flow rates. In boiling flows, however, vapor is
continuously generated along the heated length causing axial accelera-
tion and quality changes. These effects are not represented in this cor-
relation formulation; therefore, it fails to capture interfacial behavior
during boiling flows in mini/micro-channels. Secondly, due to the sig-
nificant difference in phase densities and thermophysical properties, this
correlation does not apply to other fluids.

Finally, Fig. 5(h) shows Lee and Mudawar's [19] correlation pre-
dicted with a MAE of 72.93%. Even though it was proposed for flow
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boiling, it suffers from a lack of universality, being derived only using a
dataset of R134a flow boiling in a rectangular channel.

Overall, the results in Fig. 5 demonstrate that correlations capturing
mini/micro-channel effects such as confinement and surface tension
perform better than classical adiabatic flow correlations. This observa-
tion confirms that there is a need for a new correlation that accounts for
both fluid-property effects and channel-scale effects when predicting
boiling flows frictional pressure gradient in mini/micro-channels.

4.3. Assessment of HEM-based mixture viscosity models over dataset for
non-circular channels

Fig. 6 shows the prediction performance of HEM-based mixture
viscosity models for the single non-circular mini/micro-channel dataset.

Fig. 6(a) shows that the correlation proposed by Cicchitti et al. [37]
predicts the dataset with an overall MAE of 32.66%. The model fails to
accurately predict data from one side heated studies involving FC-72
and R134a, and also underpredicts portions of the R410A dataset. This
behavior can be attributed to two primary reasons. First, HEM-based
correlations are generally valid only when the flow is well mixed,
whereas flow in mini- and micro-channels is predominantly separated.
Second, when only one side or three sides are heated, vapor generation
becomes non-uniform and the liquid film gets redistributed asymmet-
rically along the heated and unheated walls, making the assumption of a
uniformly mixed flow invalid, thereby limiting the applicability of HEM
formulations.

Fig. 6(b) shows that the correlation proposed by Akers et al. [36]
yields an MAE of 35.22%, while also failing to predict data for FC-72,
R134a, and R410A. Like other HEM models, this model is also based
on an effective mixture viscosity and assumes two-phase behaves as a
pseudo-single phase. This assumption becomes questionable in non-
circular mini/micro-channels, where large vapor-liquid density differ-
ence and confinement promote phase separation. For the present data-
base, liquid to vapor density ratio varies between 23 and 84 with
average of 46.18 and viscosity ratio varies between 10 and 31, with
average of 17.43, indicating strong differences in liquid and vapor mo-
mentum transport. These huge differences promote slip and interfacial
shear which are not directly captured by this formulation leading to-
wards discrepancies in predictions.

Fig. 6(c) shows that Owens [38] predicts the dataset with an overall
MAE of 36.11%. Notably, the model underpredicts approximately 25%
of the data for FC-72 flow boiling in a single-side-heated rectangular
channel beyond the +50% error bounds. This underprediction is due to
the fact that this model is unable to account for asymmetric vapor
generation in partially heated channels. Since HEM models use a cross
sectionally averaged mixture viscosity, they cannot identify these dif-
ferences, therefore predicts poorly.

Fig. 6(d) shows that the correlation proposed by Lin et al. [41]
predicts with an MAE of 39.99%, underpredicting approximately 24%,
29%, and 47% of the data for R410A, R134a, and FC-72, respectively,
outside the +50% error bounds. This discrepancy is attributed to the fact
that in non-circular channels local shear substantially differ from those
assumed in HEM models. Therefore, HEM based models cannot capture.
Fig. 6(e) shows that the correlation proposed by McAdams et al. [34]
predicts 37.23% of the data within a + 30% error band, with an overall
MAE of 40.01%. This model treats two-phase viscosity using quality
weighted form, but it does not include the influence of surface tension,
confinement or non-circular geometry. The present database has
confinement number ranging from 0.16 to 1.24 indicating that surface
tension and gravity effects varies significantly across the database. Since
this model has no parameter to capture these variations, it cannot
consistently predict well.

Fig. 6(f) shows that the relation by Beattie and Whalley [40] predicts
the dataset with an MAE of 40.55%, while underpredicting approxi-
mately 23%, 49%, and 29% of the R410A, FC-72, and R134a data points,
respectively, outside the +£50% error bounds. This model does not
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Fig. 5. Parity plots assessing the predictive performance of SFM-based semi-empirical correlations for saturated flow boiling frictional pressure gradient of circular
mini/microchannels: (a) Nie et al. (2023) [16], (b) Kim and Mudawar (2013) [8], (¢) Mishima and Hibiki (1996) [45], (d) Moradkhani et al. (2023) [17], (e) Qu and
Mudawar (2003) [51], (f) Lockhart & Martinelli (1949) [9], (g) Lee and Lee (2001) [46], and (h) Lee and Mudawar (2005) [19].

capture the influence of surface tension and phase separated interfacial
structures in boiling flows in mini/micro-channels. Consequently, it
cannot be generalized to boiling flows.

Fig. 6(g) shows that the correlation proposed by Dukler et al. [39]
predicts only 24.37% of the data within +£30% error bounds, with an
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overall MAE of 46.84%, indicating poor predictive capability for flow
boiling in non-circular channels. Its poor prediction can be attributed to
its formulation which can produce unrealistic values due to the high
specific volume ratio between liquid and vapor. This issue become more
severe for fluids with large density differences where small changes in
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quality can cause large changes in vapor volumetric fraction. Since the
model does not include confinement or geometry effects, it is not suit-
able for generalized prediction for boiling flows in mini/micro-channels.
Additionally, this correlation was originally developed for adiabatic
air-water, natural gas, and oil flows in large-diameter tubes, and
therefore does not adequately capture the physics of boiling flows in
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mini- and micro-channels.

Fig. 6(h) shows that the relation proposed by Davidson et al. [35]
performs the worst among all evaluated models, predicting only 11.84%
of the data within +30% error bounds and yielding the highest MAE of
239.95%. Although this model is also based on HEM, it consistently
overpredicts the present dataset. This behavior is primarily attributed to
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Fig. 7. Parity plots assessing the predictive performance of SFM-based semi-empirical correlations for saturated flow boiling frictional pressure gradient of non-
circular mini/microchannels: (a) Kim and Mudawar (2013) [8], (b) Mishima and Hibiki (1996) [45], (c) Nie et al. (2023) [16], (d) Moradkhani et al. (2023)
[171, (e) Lockhart and Martinelli (1949) [9], (f) Qu and Mudawar (2003) [51], (g) Lee and Mudawar (2005) [19], and (h) Lee and Lee (2001) [46].

its two-phase viscosity formulation, which can produce unrealistically
large values even at moderate vapor qualities due to the high specific-
volume ratio between vapor and liquid phases. Furthermore, the
model was originally developed for steam-water flow in large tubes
(12.5-44.5 mm diameter), making it unsuitable for application to mini-
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and micro-channel boiling flows.

Overall, Fig. 6 shows that HEM based mixture viscosity models are
less reliable for mini/microchannels. The reason is that mini/micro-
channels involves slip between two-phases, asymmetric heating effects,
and interfacial shear, all of which are not adequately represented in
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Error Matrix of seminal models/correlations for pressure drop of saturated flow boiling.

Model/ Correlation Circular (2882 data points)

Non-circular (rectangular and square) (591 data points) Overall, MAE (%)

HEM Based
MAE RMS MBE R? MAE RMS MBE R?
McAdams et al. (1942) 49.33 53.45 49.20 0.72 40.01 47.32 34.89 0.69 47.74
Davidson et al. (1943) 216.65 648.29 —205.39 0.49 239.95 562.86 —229 —9.06 220.62
Akers et al. (1959) 50.75 152.41 24.97 0.72 35.22 43.46 25.36 0.62 48.10
Cicchitti et al. (1960) 33.33 38.9 28.74 0.76 32.65 44.04 14.87 0.38 33.21
Owens (1961) 25.41 31.85 11.42 0.81 36.11 48.54 -2 0.11 27.23
Dukler et al. (1964) 52.19 55.69 51.76 0.70 46.84 53.53 44.42 0.66 51.27
Beattie & Whalley (1982) 45.95 50.53 45.13 0.72 40.55 47.11 34.22 0.66 45.03
Lin et al. (1991) 45.92 50.45 45.36 0.73 39.99 47 33.10 0.66 44.91
Awad & Muzychka (2008) 38.32 42.08 37.71 0.75 43.23 46.71 37.36 0.66 39.15
SFM Based
Lockhart & Martinelli (1949) 53.65 74.91 —40.98 0.22 58.58 80.20 —41.76 —0.99 54.89
Mishima & Hibiki (1996) 33.08 46.19 -1.15 0.89 30.56 40.38 6.27 0.64 32.65
Lee & Lee (2001) 71.62 97.89 —67.28 -2.9 79.33 105 —-68.8 -0.57 72.93
Qu & Mudawar (2003) 53.63 74.90 —40.94 0.23 58.67 80.30 —42.15 —0.99 54.48
Lee & Mudawar (2005) 72.93 100.5 —68.47 -3.01 76.20 102.18 —65.50 —0.54 73.49
Kim & Mudawar (2013) 24.93 33.41 -8.6 0.89 24.52 30.70 5.26 0.75 24.86
Zeng et al. (2021) 62.74 72.27 50.29 0.46 66.32 69.77 62 0.66 63.35
Moradkhani et al. (2023) 44.12 65.06 —11.24 0.05 42.20 50.50 32.28 0.62 43.79
Nie et al. (2023) 23.42 29.67 16.37 0.9 37.63 42.50 33.13 0.73 25.83
New Correlation 19.22 24.33 3.49 0.98 23.13 28.87 4.30 0.81 19.88

HEM based models. Therefore, it is necessary to have a framework that
includes parameters representing surface tension, inertia, density ratio,
viscosity ratio, and geometry.

4.4. Assessment of SFM-based correlations over dataset for non-circular
channels

Parity plots showing the predictive performance of SFM-based semi-
empirical correlations over the non-circular single mini/micro-channel
dataset (both uniformly and non-uniformly heated) are included in
Fig. 7.

Fig. 7(a) shows the Kim and Mudawar's correlation [8] predicts the
entire dataset with a MAE of 24.52%, the lowest among all evaluated
correlations. This indicates that the correlation has relatively good
universality for non-circular mini/micro-channel boiling flows. Its bet-
ter performance is due to the inclusion of surface tension, inertia, heat
flux, and density ratio effects through dimensionless groups such as
Suratman number, Weber number, Boiling number, and liquid to vapor
density ratio. These parameters are crucial in confined boiling flows
where the frictional pressure gradient is governed not only by wall
friction but also by liquid-vapor momentum exchange and interfacial
shear. However, there are some deviations since this correlation does
not explicitly include non-circular geometry effects such as aspect ratio.

Fig. 7(b) shows Mishima and Hibiki's correlation [45] predicts
57.87% of the data within +30% error with an overall MAE of 30.56%.

Table 8
Comparison between Kim and Mudawar [8] and new correlation.

Component Kim and Mudawar New Correlation
(2013)
Flow regime- Reynolds-number states Same classification retained
classification of the liquid and vapor
phases
Chon-boiling Piecewise Cnon-boiling Coefficient refitted using expanded
correlation for tt,tv,vt,and ~ database
Vv regime
Choiling P\ P\
1+ dwef, (Bo E) 1+ dwe, (Bo P—f) PP,

To incorporate geometric and
thermo-physical influence p and
Pry, were added.
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Although originally developed for adiabatic two-phase flows, this cor-
relation exhibit reasonable performance because it includes Dy, depen-
dent Chisholm relation and distinguishes between circular and non-
circular channels. However, it fails to predict the FC-72 and R134a
data points. One possible reason is these two sets of data points are for
one-sided and three sided heated mini/micro-channels, where asym-
metric vapor generation changes the liquid-film distribution and inter-
facial shear which the correlation does not account for.

Fig. 7(c) shows the recently reported universal correlation of Nie
et al. [16] predicts with an overall MAE of 37.63%, with severe under-
predictions of 52% of FC-72 and 29% of R134a data points in a one side
heated and three side heated micro-channels. This suggest that asym-
metric heating caused complexity which is not captured by this
correlation.

Fig. 7(d) shows the correlation of Moradkhani et al. [17] only pre-
dicts 42.20% of the data within an error margin of +30%. The overall
performance seems reasonable because it was particularly derived using
a CO, database. It underpredict all the FC-72 and 29% of the R134a data
in one side and three side heated mini/micro-channels and this asym-
metric heating is not accounted in the correlation. Additionally, since
CO; has thermophysical properties substantially different from re-
frigerants, the correlation cannot be generalized to all fluids.

Fig. 7(e) shows Lockhart and Martinelli's correlation [9] predicts
only 34% of the data within a + 30% error bound and an overall MAE of
58.58%. It overpredicts the majority of the dataset, excepting 8% of data
points near dp/dz|s,,, = 10kPa/m, while underpredicting 18% of
R134a data points near dp/dz|,,, = 150 — 250 kPa/m. This poor per-
formance is expected since the correlation was developed for adiabatic
two-phase flow in relatively large channels and does not include
confinement and boiling induced vapor generation or non-circular
asymmetric heating effects. Therefore, it cannot adequately represent
vapor-core/liquid-film structures and geometry dependent interfacial
shear present in non-circular mini/micro-channels.

Fig. 7(f) shows Qu and Mudawar's correlation [51] predicts the data
with a MAE of 58.67%. The overpredictions are because this correlation
was derived from a single study on flow boiling of R134a in a rectan-
gular micro-channel which only covered two flow regimes (laminar
liquid and laminar vapor). This confirms that even correlation devel-
oped for microchannels may not be universal if they do not cover a broad
range of Dy, N¢ons, phase densities and heating configurations. Fig. 7(g)
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New universal correlation developed using the amassed global database.

(28)

Re; > 2000, Rey > 2000(tt)

Rey > 2000, Rey < 2000(tv

P, 1.6685 5 N
Cron-boiling | 1 + 60.388 Wey;*51? (Bop—’;) BTSSP 0294 | Reyr > 2000
C =
Ph 1.2682
Con-boiting | 1 + 530Wep, !> (BOIT) B° 2338Pr}p"933]. Rey < 2000
i
0.2159
0.5073Ref00'18085u302429 (ﬂf/ﬂg) .
1.6858 x 10~ Ref.0 77 Su513 (5, /) * 7
Chon—boiling =

0.003889Ref,*%25ul % (o /p, )
9.3 x 1076R8%6796Sug£)5199 (ﬂf//)g

0.3896

)0.3975

() 29)
Re; < 2000, Re, > 2000(vt)
., Rej < 2000,Re, < 2000(w)

shows Lee and Mudawar's correlation [96] yielded the second highest
MAE of 76.20%. This correlation is developed using a single study of
flow boiling of R134a in a rectangular channel. Therefore, although the
correlation is relevant to boiling flows in micro-channels, it lacks uni-
versality since it does not cover the wide range of hydraulic diameters,
aspect ratios, and heating configurations. Its large error indicates that
correlations developed from a single fluid and single geometry database
do not generalize well to the universal database.

Fig. 7(h) shows Lee and Lee's [46] correlation yields the highest MAE
of 79.33% among all evaluated correlations by predicting only 28.76%
of the dataset within +30% error margin, meaning it overpredicted
~71.24% of the data. The larger error is because it was derived only
using air-water adiabatic flow data. In adiabatic flow, the phase distri-
bution is determined by applied gas and liquid flow rates, whereas in
boiling flows, vapor is continuously generated along the heated length.
This causes axial quality variations, vapor acceleration, liquid-film
thinning, and changes in interfacial shear. These boiling flow specific
effects are absent in this correlation, leading to poor prediction of the
present database of boiling flows.

Overall, Fig. 7 reveals that SFM-based correlations perform better
than HEM-based mixture viscosity models, but their accuracy still de-
pends on whether they account for boiling-specific and geometry spe-
cific effects. The wide range of Dy, Nconr, Wey, phase density ratios and
heating configurations indicate that the database include different

Table 10

boiling regimes. Therefore, correlations derived using adiabatic flow,
single fluids or limited geometries cannot provide universal predictions.
Thus, there is a need to develop a universal framework which effectively
captures the boiling flows physics in mini/micro-channels.

5. New universal correlation for two-phase frictional pressure
drop

Among the 18 correlations evaluated, the correlation proposed by
Kim and Mudawar [8] provided the best overall predictive performance
across the consolidated database, as summarized in Table 7. Therefore,
the present study adopts the classical Lockhart-Martinelli [9] frame-
work as the basis for developing the proposed correlation, wherein the
parameter C is reformulated in terms of relevant dimensionless groups.
The dimensionless parameters commonly employed in two-phase flow
correlations include Reynolds number, Weber number, Froude number,
Bond number, confinement number, Suratman number, and density
ratio. However, for mini- and micro-channel flows, the influence of body
forces is negligible; therefore, the Froude number and Bond number are
not considered [97]. Based on the literature survey and amassed data-
base, following parameters are included in the correlation.

The first parameter is the liquid only Reynolds number which is
incorporated to capture the interaction between inertial and viscous
forces which influence wall shear and therefore frictional pressure

Predictive performance of the two best existing and new correlations on individual datasets.

Dataset Fluid Dy, [mm)] Mean Absolute Error (%)
Kim & Mudawar (2013) Nie et al. (2023) New correlation
Single circular channels

Lezzi (1994) [68] Water 1 15.60 35.48 8.44
Tran (1998) [69] R12, R134a 2.46 20.00 42.91 22.48
Huo (2005) [70] R134a 2.01,4.26 20.20 63.13 35.66
Owabhib et al. (2008) [71] R134a 0.826,1.224,1.7 19.85 33.87 19.75
Hu et al. (2009) [72] R410A 2,4.18 15.20 22.03 17.27
Ducoulombier (2010) [73] CO, 0.529 13.40 12.24 11.74
Tibirica & Ribatski (2011) [74] R245fa 2.32 7.90 11.08 9.33
Tibirica et al. (2011) [75] R134a 2.32 12.30 37.30 21.55
Wu et al. (2011) [76] CO, 1.42 19.00 34.07 22.85
Magbool et al. (2012) [77] Ammonia 1.224,1.7 17.10 28.40 19.92
Qiu et al. (2015) [78] R1234ze(E) 8 26.22 25.16 20.74
Longo et al. (2016) [79] R134a, R1234ze (E) 4 18.34 34.13 22.34
Pabon et al. (2019) [80] R1234yf 4.8 22.93 42.48 30.39

Zhang et al. (2020) [81] CO, 1.5 21.11 41.65 25.4
Xu et al. (2021) [82] R1234ze(E) 1.88 40.54 8.94 14.61
Xu et al. (2022) [83] R1234yf 1.88 52.99 10.08 16.31
Mudhafar & Pan (2022) [84] R32 4 41.21 13.48 29.16
Oliveria et al. (2023) [85] R1270 1 29.82 13.32 20.57
Longo et al. (2024) [86] R600a, R152a, R134a 4 19.35 18.61 16.97

Single non-circular (rectangular and square) channels

Quiben et al. (2009) [87] R22, R410A 3.71,4.88,5.35 15.50 28.22 20.84
Kharangate et al. (2012) [44] FC72 3.3 20.20 51.16 14.53
Kim et al. (2013) [88] R410A 3,4.4 32.19 48.34 32.51
Keepaiboon et al. (2016) [12] R134a 0.68 41.00 40.00 22.41
Li et al. (2025) [89] R454C, R454B, R1234yf, R32 2.857 27.31 40.94 27.12
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gradient. This is defined as:
e,
Hy

Res, = (23)

The second parameter is vapor-only Suratman number, which is
included to account for relative influence of surface tension and viscous
effects. It combines surface tension, hydraulic diameter of the channel,
vapor density, and therefore it helps in capturing the interfacial effects
in small channels. It can be computed as:

6pgDn
A

Sug, = 24)

The third parameter is liquid to vapor density ratio which is included
to account for the large density difference between the two-phases. Since
density ratio influences vapor velocity, slip between two-phases, and
therefore the interfacial shear, it directly affects the frictional pressure
gradient. Moreover, in the present database, the density ratio varies
widely from 9.49 to 167, making its incorporation necessary for a
generalized correlation across different fluids.

The forth parameter is liquid-only Weber number which is included
to account for the balance between inertial and surface tension forces. Its
inclusion is necessary for mini/micro-channels flow boiling since role of
surface tension becomes more prominent in small diameter channels. It
is defined as:

G*D,
opy

Wey, = (25)

The fifth parameter is Boiling number (Bo). This parameter is
included to account for the influence of wall heat flux on the two-phase
flow such as rate of vapor production, quality variation, and liquid-film
during the flow boiling. It is defined as:

.

Bo=-1_
= Ghy

(26)

In addition, the ratio of heated perimeter to wetted perimeter (Py,/Py)
is added as a multiplier to account for the effect of non-uniformly heated
channels.

The sixth parameter is aspect ratio (3) of the channels. This is
introduced to account for the geometric effects. It is defined as = 1 for
circular channels and ratio of the shorter to the longer side for non-
circular channels. Since channel shape affects liquid-film distribution

Y4
10 Ammonia *R152a 7
* Cco2 * R245fa 7
. b ° R-1270 *R32 @
= 10F e R12 *R410A 4
= R1234Z¢(E) * R600a g
- R1234yf * Water o
£ 10°f* R134a e
S
S0t
Q| N
SIS, 183t Circular data
New Correlation
Data Points: 2882
1R2F oS5 MAE: 19.22%
’;// g\o 30: 7970%
7258 0. 95.94%
101 ) ) ) ) )
101 102 103 104 100 106 107

dp -
<d_z> [Pa.m™!]
f.Exp

Fig. 8. Predictions by the new correlation on the circular mini/micro-
channel database.
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and wall/interfacial shear, $ helps extend the correlation to both circular
and non-circular geometries.

The seventh parameter included in this correlation is two-phase
Prandtl number. It is introduced to incorporate the Viscous-thermal
transport effects and can be computed as:

Pry, = xPry+ (1 —x)Pry @7

Using these dimensionless groups, a new correlation is developed
that predicts the entire database with the lowest MAE among the eval-
uated models. The coefficients of the proposed correlation are deter-
mined via nonlinear regression by directly minimizing the MAE between
predicted and experimental frictional pressure gradients. The optimi-
zation is performed using the BFGS algorithm (Broyden—
Fletcher-Goldfarb-Shanno) method, with the original Kim and
Mudawar's coefficient [8] used as initial estimates for the non-boiling
term, and physically reasonable initial guesses employed for the
remaining parameters. The optimization is carried out simultaneously
over the full database until convergence of the objective function is
achieved. By incorporating these additional dimensionless parameters,
the proposed correlation improves predictive accuracy for newer re-
frigerants while maintaining robust performance across conventional
fluids. A comparison between the Kim and Mudawar correlation and the
proposed formulation is provided in Table 8. The new correlations for C
are provided in Table 9 which needs to be used in Eq. (12) given above in
Section 2.1. Table 10 contains the predictions of the new correlation on
each individual dataset. The new correlation performed well on all
datasets including new refrigerants. It predicts the R1234yf dataset re-
ported by Xu et al. [83] with a MAE of 16.31%, a major improvement
over Kim and Mudawar's [8] universal correlation, which inadequately
predicted the same dataset with a 52.99% MAE. Similarly, the new
correlation also predicts Xu et al.'s (2021) R1234ze(E) data with MAE of
14.61% which is also a significant improvement as compared to the Kim
and Mudawar's [8] which predicted it with MAE of 40.54%. The new
correlation has also improved the prediction accuracy on the R32 study
reported by Mudhafar and Pan (2022) [84] as it predicts all the data
with MAE of 29.61% as compared to 41.21% prediction MAE of Kim and
Mudawar's [8]. Of all individual studies, the new correlation exhibits the
highest MAE of 35.4% on Huo's data [70], which is 15% higher than the
original Kim and Mudawar correlation [8]. This small tradeoff is made
to accurately predict the new refrigerants which were very poorly pre-
dicted by Kim and Mudawar's correlation [8].

107 = = 7
e
:r 108 : R22 a ///
e . R32
. | + R410A 2
£ 105 - R454B 74!
< * R454C
S104¢
SR . Non-circular data
103¢ AL New Correlation
P Data Points: 591
12k oo 7 MAE: 23.13%
24 &0 69.54%
pas &0 91.03%
101 ' ‘ ' ' ‘
101 102 108 104 109 106 107

dp =5
<d_z> [Pa.m™!]
fExp

Fig. 9. Prediction by new correlation on the non-circular mini/micro-
channel database.
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Fig. 10. Prediction by the new correlation on all the consolidated database.
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5.2. Predictions of new correlation for single non-circular mini/micro-
channels

The new correlation predicts all the non-circular single channel data
points with a MAE of 23.13%, as shown in Fig. 9. This is higher than the
circular channel predictions probably due to the lack of large dataset for
single non-circular channels and skewing of the entire database towards
circular channels. However, it improved the predictive accuracy of the
previously best performing correlation [8] by about 1.4%.

The overall performance of the new correlation on all the database is
shown below in Fig.10. The correlation predicts all the data with a MAE
of 19.88%. Approximately 78% of the data is predicted within error
margin of +30% and 95% of the data is predicted within error bound of
+50%.

Fig. 11 shows the predictive performance of the new correlation,
reported in Table 9, for each individual flow regime. The correlation
predicts the data with MAEs of 29.64, 20.05, 14, and 19.76% for the
laminar liquid-laminar vapor (vv), laminar liquid-turbulent vapor (vt),

. . . . s Table 11
5.1. Predictions of new correlation for single circular mini/micro- Validity range of the proposed correlation.
channels
Parameter Range
The new correlation predicts all the circular single channel data G [kg/(m> 33-2738
points with a MAE of 19.22%, as shown in Fig. 8. Although ~4% of data sl o1
. . . . L . x -
points are still overpredicted outside the +50% error margin, it predicts Dy, [mm] 0.520-8
most new refrigerants, including R32, R1234ze(E), and R1234yf with far Dred 0.038-0.47
better accuracy, making it a superior choice for predicting the pressure q [w/m?] 2.15-2363
gradient of new low-GWP refrigerants. Fluid Ammonia, COz, R12, R22, R410A, FC72, R134a, R454C, R454B,
R1234yf, R32, R1270, R245fa, R1234ze (E), R152a, R600a, and
water.
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Fig. 11. Prediction Performance of new correlation on the entire consolidated database for: (a) laminar liquid-laminar vapor, (b) laminar liquid-turbulent vapor, (c)
turbulent liquid-laminar vapor, and (d) turbulent liquid-turbulent vapor.
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turbulent liquid-laminar vapor (tv) and turbulent liquid-turbulent vapor
(tt) flow regimes respectively, showing the uniformly good predictive
performance across all regimes of the entire database. Of all four re-
gimes, the vv dataset has the highest MAE, possibly because it contains
the fewest data points (14); the accuracy can be improved by incorpo-
rating more data points, however, this regime has the least practical
interest given the low flow velocities.

5.3. Engineering implications of the new correlation

The proposed correlation has direct relevance to the design and
optimization of compact two-phase systems. In MCHXs, accurate pre-
diction of frictional pressure gradient is crucial for estimating total
pressure drop, pumping power and refrigerant distribution. In HVAC
systems, pressure drop significantly influences evaporator performance
and overall system efficiency. The incorporation of both circular and
non-circular channels makes the correlation applicable to practical
multiport tubes and compact MCHXs. The correlation is also applicable
for high-heat flux electronics cooling applications where flow boiling
mini/micro channels is used to remove high heat loads. Excessive
pressure drop in such kind of systems also leads towards increase in
power requirement. Therefore, it is necessary to evaluate selected ge-
ometry, channel dimensions, and operating conditions before perform-
ing detailed experimentation, which the present correlation can support.
The validity range of the proposed correlation is listed in Table 11.

6. Conclusions

This study assesses the performance of existing two-phase frictional
pressure gradient correlations for saturated flow boiling of single cir-
cular and non-circular mini/micro-channels. The best performing cor-
relations have been identified and further improved for better prediction
over a wide range of fluids and operating conditions. Key conclusions
are as follows:

(i) HEM-based mixture viscosity models showed an average MAE of
69.44%, while SFM-based correlations showed an average MAE
of 46.59%.

Of all existing correlations, Kim and Mudawar's [8] correlation
was found to be the most accurate, with a MAE of 24.86%.

To evaluate the accelerational pressure-gradient component, Zivi
void fraction correlation [43] was employed within the SFM
framework. This selection is supported by prior assessments
demonstrating that Zivi's correlation provides reliable pre-
dictions compared to other slip-based void fraction models [8].
The accelerational component was subsequently subtracted from
the total pressure gradient to isolate the frictional pressure
gradient. It is necessary to subtract these losses before evaluating
the frictional pressure gradient correlations because in some
cases these losses can be non-negligible. For instance, in Khar-
angate et al. (2012) [44] study on the one-sided heated upflow
boiling of FC-72 in a 2.5 x 5 mm rectangular channel, the
accelerational pressure gradient accounts for 17 to 36% of the
total pressure gradient. The gravitational pressure gradient
contribution ranges from 4.77% to 62.72% with an average of
16.96%. On the other hand, in the Keepaiboon et al. (2016) [12]
study on the boiling flow of R134a in micro-channel under hor-
izontal orientation, the accelerational pressure gradient contri-
bution varied between ~1 to 12% because of the shorter heated
length and other operating conditions.

A new universal correlation was developed by improving Kim
and Mudawar's correlation [8] by incorporating the geometrical
and fluid thermophysical property parameters. It predicts the
entire database with an overall MAE of 19.88%.

(i)

(iii)

(iv)
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(v) The literature lacks sufficient studies on single non-circular mini/
micro-channels. Further research is needed to fill the gap,
particularly for new low-GWP refrigerants.

Future research may focus on extending the present framework to
multiport channels, where flow maldistribution can lead to sig-
nificant pressure losses. Additionally, further refinement through
flow-pattern-based  approaches or physics-assisted and
uncertainty-aware machine learning frameworks may enhance
predictive capability and generalizability.
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