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A B S T R A C T   

The escalating interest in cryogenic technologies for space-related applications has led to an unprecedented 
demand for reliable prediction methods for cryogenic two-phase flow and heat transfer. Regrettably, existing 
heat transfer coefficient (HTC) correlations developed for conventional fluids prove inadequate and provide 
subpar predictions when applied to cryogenic flow boiling conditions. Therefore, it is imperative to develop a set 
of new HTC correlations specifically tailored for cryogenic flow boiling. In this study, comprehensive databases 
are constructed consolidating experimental data from previous studies of the present authors and historical data 
extracted from open literatures, spanning a wide range of operating conditions, flow orientations, and various 
cryogenic fluids. Subsequently, based on the constructed databases, an assessment of the predictive accuracy of 
seminal HTC correlations is conducted, followed by the development of new HTC correlations for cryogenic 
saturated and subcooled flow boiling. The newly developed correlations demonstrate very good predictive ac
curacy, with an overall mean absolute error (MAE) of 23.84 % and 21.24 % for LN2 saturated and subcooled 
HTC, respectively, under terrestrial gravity conditions. When assessed against a microgravity dataset, these 
correlations exhibit equally good predictive accuracy, yielding MAE values of 16.73 % and 25.99 % for LN2 
saturated and subcooled HTC, respectively. Furthermore, the universal applicability of the new HTC correlations 
is ascertained by assessing the correlations across a multitude of cryogenic fluids, including LN2, LHe, LAr, LCH4, 
and LH2. Impressively, these correlations display outstanding predictive accuracy, with MAE values of 24.01 % 
and 21.29 % for saturated and subcooled HTC, respectively, underscoring their superior performance across a 
wide range of cryogenic fluids, validated against 2,445 saturated cryogenic HTC datapoints and 1,553 subcooled 
cryogenic HTC datapoints. Overall, the new HTC correlations consistently outperform all prior seminal corre
lations, yielding good predictive accuracy across a diverse spectrum of operating conditions, irrespective of flow 
orientation and gravity level, for various cryogenic fluids.   

1. Introduction 

1.1. Two-phase flow and heat transfer physics for space thermal 
management systems 

As the global space race continues, achieving aerospace technolog
ical superiority has become a common goal worldwide. Among the 
desired aerospace technologies, the implementation of two-phase ther
mal management systems [1,2] is of great interest to various space 
agencies worldwide, including NASA, due to their potential to offer 
energy-efficient and compact cooling solutions for high-power-density 

applications where conventional single-phase thermal management 
schemes are inadequate. In response to the spiking demand for high 
performance thermal management technologies, many of thermal re
searchers and engineers developed innovative two-phase cooling tech
niques, including hybrid-cooling [3,4], bidirectional counter-flow heat 
sinks [5] and manifold micro-channel heat sinks [6,7], let alone con
ventional techniques: pool boiling [8,9], spray [10–14] and jet 
impinging [15–18], and mini/micro-channel heat sinks [19,20]. Among 
these techniques, recent endeavors from researchers has been focused on 
advancing the flow boiling schemes. Key to their adaptability are small 
weight and volume requirements (often using “cold plates’) and ability 
to tackle high-heat-fluxes, the latter being outcome of reliance on fluid 

* Corresponding author. 
E-mail address: mudawar@ecn.purdue.edu (I. Mudawar).   

1 website: http://engineering.purdue.edu/BTPFL 

Contents lists available at ScienceDirect 

International Journal of Heat and Mass Transfer 

journal homepage: www.elsevier.com/locate/ijhmt 

https://doi.org/10.1016/j.ijheatmasstransfer.2024.125297 
Received 31 October 2023; Received in revised form 12 January 2024; Accepted 6 February 2024   

mailto:mudawar@ecn.purdue.edu
http://engineering.purdue.edu/BTPFL
www.sciencedirect.com/science/journal/00179310
https://www.elsevier.com/locate/ijhmt
https://doi.org/10.1016/j.ijheatmasstransfer.2024.125297
https://doi.org/10.1016/j.ijheatmasstransfer.2024.125297
https://doi.org/10.1016/j.ijheatmasstransfer.2024.125297
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2024.125297&domain=pdf


International Journal of Heat and Mass Transfer 224 (2024) 125297

2

Nomenclature 

A area (m2) 
a Schrage et al.’s functional parameter, w0/(2R̄T/M̄)

2 

Bo boiling number, q″/Ghfg 

Co confinement number, 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ/((ρf − ρg)gD2)

√

cp,f specific heat of liquid 
D diameter (mm) 
F enhancement factor 
Ff empirical constant incorporated in Fang et al.’s correlation 
Frfo,D liquid-only Froude number based on tube diameter,  

G2/ρf gD 

Fr**
fo modified liquid-only Froude number, (G+800)2

/ρ2
f (ge − g)D 

fsp Fanning friction factor corresponding to single phase flow 
G mass velocity (kg/m2s) 
g gravitational acceleration (m/s2); specific Gibbs free 

energy (J/kg) 
ge Earth gravity (m/s2) 
h enthalpy (J/kg); heat transfer coefficient (kW/m2K) 
hfg latent heat of vaporization (J/kg) 
J rate of bubble nucleation per unit volume per unit time 
Ja Jacob number, cp,f ΔTsat/hfg 

Ja** modified Jacob number, cp,f ΔTsub/hfg 

jnc number of molecules condensing into interface per unit 
area per unit time 

jne number of molecules evaporating from interface per unit 
area per unit time 

k thermal conductivity (W/m•K) 
kB Boltzmann constant (1.380649×10− 23 m2kg/s2•K) 
L length (m) 
La Laplace length, 

̅̅̅̅̅
σ/

√
(ρg)

Lb bubble length scale, 
̅̅̅̅̅
σ/

√
((ρf − ρg)g)

Le entrance length (mm) 
LH heated length (mm) 
M̄ molecular weight 
m mass of a single molecule (kg) 
N number of datapoints 
n size of vapor embryo; number of molecules 
Nf number distribution of liquid molecules per unit volume 
Nn number distribution of vapor embryos with size n per unit 

volume 
P pressure (Pa) 
PR pressure ratio, P/Pcrit 
Pr Prandtl number 
q″ wall heat flux (W/m2) 
R̄ ideal gas constant (≈ 8.314 J/Kmol) 
Rb bubble radius (m) 
Ref liquid Reynolds number, GD(1 − xe)/μf 

Refo liquid-only Reynolds number, GD/μf 

S suppression factor, entropy 
T temperature ( ◦C, K) 
ΔTsub fluid subcooling, Tsat - Tf 
Th wall thickness (mm) 
U internal energy (J/kg) 
u x-component of velocity vector (m/s) 
V volume (m3) 
v y-component of velocity vector (m/s) 

w z-component of velocity vector (m/s) 
We Weber number, G2D/(ρf σ)
xe thermodynamic equilibrium quality 

Xtt Lockhart-Martinelli parameter, 
(

1− xe
xe

)0.9(ρf
ρg

)0.5(μf
μg

)0.1 

z axial coordinate (m) 
Δzsat/LH saturation length ratio, defined in Eq. (10) 

Greek symbols 
α void fraction 
Γ effect of bulk motion, defined in Eq. (A28) 
θ flow orientation angle; contact angle 
μ dynamic viscosity (kg/m•s) 
ν kinematic viscosity (m2/s) 
ρ density (kg/m3) 
σ surface tension (N/m) 
Ψ availability, defined in Eq. (A1) 

Subscripts 
b bubble 
CB convective boiling 
crit critical 
f liquid 
fo liquid-only 
g vapor 
i inner tube wall, interface 
in inlet to heated tube 
meas measured 
NB nucleate boiling 
o outer tube wall 
out outlet 
PB pool boiling 
pred predicted 
s sold wall 
sat saturation 
sp single phase 
sc subcooling 
tp two phase 
w wall 
z local 

Acronyms 
CFM cryogenic fluid management 
CHF critical heat flux 
FDB fully developed boiling 
HTC heat transfer coefficient 
HV hand (ball) valve 
LAr liquid argon 
LCH4 liquid methane 
LH2 liquid hydrogen 
LHe liquid helium 
LN2 liquid nitrogen 
LNe liquid neon 
MAE mean absolute error 
NTP nuclear thermal propulsion 
ONB onset of nucleate boiling 
PDB partially developed boiling 
PWR pressurized water reactor 
SV solenoid valve  
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motion rather than body force to flush bubbles away from and sustain 
supply of bulk liquid to heated surfaces. Supporting the statement, a 
recently published NASA technical report [21] cited flow boiling sys
tems as vital for safe operation of onboard life support systems, avionics, 
Rankine power systems, and high-power-density energy conversion 
equipment. 

1.2. Cryogenic flow boiling for space applications 

Due to the notably high performance in terms of specific impulse and 
energy density compared to conventional propellants, cryogenic pro
pellants have garnered significant attention in recent years, particularly 
for space exploration. Moreover, a recently reported NASA roadmap 
[22] designated cryogenic fluid management (CFM) technologies as a 
key to successful future space exploration missions. Two main space 
systems that capitalize on the CFM technology the most are cryogenic 
fuel depots and Nuclear Thermal Propulsion (NTP) powered vehicles. 
These systems typically involve the transfer of cryogenic liquids from a 
large volume storage tank to smaller tanks or spacecraft [23]. During the 
fuel transfer, it is crucial to ensure that the system hardware, including 
the feed line, flow components, and various storage tanks, be cooled 
down to cryogenic temperatures before providing vapor-free liquid. The 
cooling process is typically achieved through phase change heat trans
fer, where a portion of the propellant is allowed to boil, effectively 
removing thermal energy from the system walls [24], which highlights 
the importance of understanding flow boiling fluid physics of cryogens. 
Furthermore, NTP, whether designed to provide the thrust to move a 
spacecraft between orbits or operate as a dual-mode system that pro
vides power and propulsion capability, provides strong architectural 
benefits to exploration missions and reusable in-space transportation 
systems [25]. Such NTP systems use a nuclear reactor to heat a pro
pellant, such as LH2, which is then expelled out of a nozzle to produce 
thrust and also be used as coolant for maintaining acceptable tempera
ture of the nuclear reactor. Consequently, the importance of under
standing cryogenic two-phase fluid physics and flow boiling should be 
highlighted in order to design high fidelity NTP and incorporated feed 
systems of NTP; this is equivalent to how thermal hydraulic under
standing of water is crucial for pressurized water reactors (PWRs) in 
Earth-based nuclear reactors. Additional applications where CFM tech
nologies play a critical role include, but are not limited to, ascent and 
descent stages, feedlines for gas/gas or liquid/liquid engines, and 
superconducting hydrogen aircraft. Fig. 1 shows examples of in-space 
applications requiring CFM technology. 

While the utilization and implementation of cryogenic two-phase 
systems hold significant importance for space applications, a key chal
lenge lies in accurately predicting the performance of cryogenic two- 
phase flow and heat transfer under various gravitational environ
ments. Cryogenic fluids, in comparison to conventional fluids, exhibit 
unique and extreme thermal properties, leading to distinct fluid physics 
and energy transport phenomena during flow boiling. Accordingly, 
existing HTC correlations based on room temperature fluids are inade
quate for predicting heat transfer for cryogens. Specifically, existing 
correlations have been found to overpredict LH2 quenching heat transfer 
data by as much as 200 percent [24], and significant disparities between 
correlations for conventional fluids and cryogenic flow boiling data in 
heated tubes have also been reported [26]. The absence of reliable 
design tools poses a substantial obstacle in the development of secure 
and reliable CFM systems. Consequently, it becomes imperative to 
develop robust and reliable predictive design tools specifically tailored 
for cryogenic flow boiling. Such tools are essential to ensure the safety 
and effectiveness of CFM systems, especially under the unprecedented 
demands for cryogenic space applications. 

1.3. Subcooled and saturated flow boiling 

1.3.1. Subcooled flow boiling 
In two-phase thermal management applications, the conventional 

practice is to supply subcooled liquid coolants into fluid channels. This 
strategy maximizes cooling efficiency by utilizing both the sensible heat 
and latent heat of the subcooled liquid coolant. However, subcooled 
flow boiling typically leads to significant thermal non-equilibrium, 
characterized by variations in temperature and void fraction across 
the flow area. This gradual thermal non-equilibrium gives rise to two 
distinct regimes in subcooled boiling: partially developed boiling (PDB) 
and fully developed boiling (FDB). As depicted in Fig. 2, once the onset 
of nucleate boiling (ONB) is exceeded, PDB commences, accompanied 
by a slight but measurable rise in void fraction. During the PDB regime, 
nucleated bubbles adhere to the heated wall, primarily because of the 
substantial effect of bulk condensation. This effect restricts any sub
stantial escalation in void fraction. The transition to the FDB regime is 
marked by the departure of the first bubble from the heated surface, 
after which it migrates toward the bulk fluid. During the FDB regime, 
nucleated bubbles effectively carry heat energy away from the heated 
surface as they detach and move into the bulk fluid, leading to an in
crease in the bulk fluid temperature. Consequently, with weaker 
condensation occurring in the now warmer bulk fluid, the void fraction 
increases more rapidly along the channel. Once the thermodynamic 
equilibrium quality, xe, reaches zero, subcooled boiling ceases, and the 
flow boiling regime shifts into saturated flow boiling. It can be inferred 
from this straightforward analysis that the heat transfer physics of 
subcooled boiling will be primarily influenced by bubble nucleation and 
bubble dynamics. This is more likely the case for cryogens, as introduced 
in Ganesan et al. [27], where nucleate boiling was shown to commence 
at lower surface superheat and eventually leading to a larger number of 
small bubbles forming at and ultimately departing from the surface due 
to low surface tension and low latent heat of vaporization. 

Associated heat transfer characteristics for subcooled boiling have 
been studied for decades and various subcooled HTC correlations were 
proposed, which can be broadly categorized into three different groups: 
(i) correlations based on dimensionless group analysis (e.g., Papell [28], 
Badiuzzaman [29], Hodgson [30], Moles and Shaw [31], Shaw [32], 
Devahdhanush and Mudawar [33]), (ii) correlations based on super
position of single-phase convection and nucleate boiling heat transfer 
correlations (e.g., Bjorg et al. [34], Gungor and Winterton [35], Liu and 
Winterton [36]), and (iii) correlations that have characteristics of the 
other types and have intermediate forms (e.g., Shah [37,38]). Repre
sentative seminal correlations [28,31,33,36,38] for subcooled flow 
boiling heat transfer coefficient are selected and assessed in this study. 
Note that the selected correlations are derived from consolidated data
bases that cover a minimum of two substantially different fluids, except 
for the HTC correlation by Devahdhanush and Mudawar [33] which was 
developed based only on n-perfluorohexane (n-PFH) but has a superior 
functional form to avoid the numerical divergence issue of the dimen
sionless group-type correlations. The numerical divergence issue will 
further be discussed in a later section. 

1.3.2. Saturated flow boiling 
Saturated flow boiling commences when the thermodynamic equi

librium quality, xe, exceeds zero, as illustrated in Fig. 2. In saturated flow 
boiling, two distinct heat transfer regimes have been identified based on 
mechanisms that dominate the largest fraction of channel length up
stream of the critical heat flux (CHF) location. Fig. 3(a) illustrates 
Nucleate Boiling Dominant heat transfer, characterized by a significant 
portion of the channel length being occupied by bubbly and slug flow. 
During this regime, the heat transfer coefficient exhibits a monotonically 
decreasing trend due to the gradual suppression of nucleate boiling. 
Fig. 3(b) displays the second regime, known as Convective Boiling 
Dominant heat transfer, where a substantial section of the channel is 
dominated by annular flow. Within this regime, the heat transfer 
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coefficient demonstrates an increasing trend along the channel length 
due to the gradual thinning of the annular liquid film. 

Hence, it is evident from the above observations that the nucleate 
boiling and convective boiling mechanisms contribute the most heat 
transfer to the bubbly and annular flow regimes, respectively, with in
termediate flow regimes having partial contributions of both mecha

nisms. These insights have served as a foundation for formulating the 
superposition functional relation for the saturated flow boiling HTC, htp, 
as 

htp
n = [hNB]

n
+ [hCB]

n (1) 

Various saturated HTC correlations have been reported historically 
which can be broadly categorized into two main groups based on the 
functional formulation of hNB: (i) hNB depending on pool boiling HTC, 
hPB, supplemented with the suppression factor, S (e.g., Chen [39], Kli
menko [40], Liu and Winterton [36], Steiner and Taborek [41]), and (ii) 
hNB represented by a single-phase liquid HTC, hsp,f, supported with 
combination of Bo, Pr, and (1-xe) (e.g., Schrock and Grossman [42], 
Shah [43], Gungor and Winterton [35], Kim and Mudawar [44], 
Ganesan et al. [27]). Representative seminal correlations [27,35,36, 
39–41,43,44] for saturated flow boiling heat transfer coefficient are 
selected and assessed in this study. 

1.4. Objectives of present study and strategy for developing the new 
correlations 

Since 2020, a primary objective of the Purdue University Boiling and 
Two-Phase Flow Laboratory (PU-BTPFL) has been to establish a 
comprehensive experimental database for cryogenic flow boiling, 
encompassing various gravity levels and flow orientations utilizing 
liquid nitrogen (LN2) as the working fluid. Over the course of recent 
years, a number of LN2 flow boiling experiments have been meticulously 
conducted, yielding a substantial dataset for diverse flow orientations 
under Earth gravity [45,46] and microgravity [47]. While the prior work 
has exhaustively examined the underlying flow boiling physics, the 
pursuit of predictive analysis pertaining to flow boiling heat transfer 
coefficients remains unexplored. This study is designed with the 
following objectives: (i) aggregation of datapoints encompassing sub
cooled and saturated flow boiling heat transfer coefficients, spanning a 

Fig. 1. Space applications of cryogens.  

Fig. 2. Void fraction variations associated with partially developed boiling 
(PDB) and fully developed boiling (FDB) sub-regions of subcooled boiling, and 
with saturated boiling. 
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wide spectrum of operational parameters, flow orientations, and gravity 
levels; (ii) assessment of the predictive capabilities of existing HTC 
correlations using the consolidated database; (iii) development of new 
correlations for saturated and subcooled heat transfer coefficients that 
exhibit effectiveness across all flow orientations and gravity levels; and 
(iv) extensive application of the new correlation for various cryogens in 
pursuit of universality. 

In the systematic pursuit of the aforementioned objectives, a 
methodical approach was employed. First, HTC datapoints were 
consolidated and categorized into saturated and subcooled HTC data
sets. Each dataset comprises experimental data derived from the studies 
of the present authors and historical data extracted from open litera
tures. Subsequently, these assembled datasets were refined by applying 
various segregation criteria to better align with the demands of cryo
genic space applications, as illustrated in Fig. 1. Second, existing seminal 
correlations were evaluated against the compiled database, with an in- 
depth discussion of each correlation’s characteristics. Third, new HTC 
correlations were formulated and rigorously tested for their accuracy 
using datasets of both terrestrial gravity and microgravity conditions. 
Furthermore, these newly developed HTC correlations were validated 
for their universal applicability by testing them with various cryogenic 
fluids, not only LN2. This comprehensive methodology was systemati
cally executed for both saturated and subcooled HTC correlations. 

2. Experimental methods and database 

2.1. Experiment facility 

The present study utilizes HTC data derived from recent experi
mental investigations conducted by the present authors. Therefore, only 
a brief overview of the experimental methods is discussed herein to 
facilitate comprehension of the obtained outcomes. For further details 
on the different components, instrumentation, measurement un
certainties, operating procedure, imaging technique, and more, the 
reader is encouraged to consult the original publications where these 
experiments were initially documented. This includes 1-ge horizontal 
LN2 flow boiling experiments [45], microgravity LN2 flow boiling ex
periments conducted using parabolic flights [47], and 1-ge multiple flow 
orientation LN2 flow boiling experiments [46], covering vertical up
ward, vertical downward, 45◦ inclined upward, and 45◦ inclined 
downward orientations. Table 1 summarizes the key parameters of all 
local subcooled and saturated flow boiling datapoints for each subset of 
the experimental database. 

2.1.1. Two-phase flow loop 
Fig. 4 illustrates a schematic of the open-loop two-phase flow system 

utilized to (i) provide working fluid, LN2, into the test section and (ii) 
safely vent fluid from the test section outlet to ambient air. Since the 
loop is designed as an open circuit, a nitrogen gas cylinder is connected 
to the LN2 dewar to provide positive ullage pressure and displace the 

Fig. 3. Schematics of variation in heat transfer coefficient along uniformly heated channel for (a) Nucleate Boiling Dominant heat transfer and (b) Convective Boiling 
Dominant heat transfer. 
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LN2 from the dewar. A turbine flow meter is employed to measure the 
volume flow rate of the liquid. For accurate determination of the mass 
flow rate, fluid density information is necessary. To obtain precise 
thermal property values for the incoming liquid, the temperature and 
pressure of the fluid are measured immediately downstream from the 
flow meter. The liquid then enters the test section, where a finite amount 
of heat is added, causing the fluid to undergo phase change and emerge 
as a two-phase mixture. At the outlet of the test section, fluid temper
ature and pressure are measured at the same axial location. The fluid is 
then directed into an adiabatic visualization chamber utilizing a trans
parent Pyrex tube, which permits interfacial behavior to be captured 
with the aid of a high-speed video camera (additional design details 
relating to the test section and visualization chamber are provided in the 
next section). To regulate the flow rate, a cryogenic grade needle valve is 
installed downstream of the visualization section. Two 3-kW rated vent 
heaters are serially connected downstream of the needle valve to 
completely evaporate any remaining two-phase mixture to pure vapor 
phase. At the outlet of the second vent heater, fluid temperature and 
pressure are measured, which, coupled with the volume flow rate 
reading from a vapor flow meter, facilitate determination of the mass 
flow rate. The flow loop is divided into two separate flowlines: one in
cludes the vapor flow meter, and the other does not. The flow into these 

parallel flowlines is manually controlled using ball valves, as indicated 
in Fig. 4, labeled HV1 and HV2. The vapor flow meter is used to measure 
low fluid mass velocities below 100 kg/m2s while mass velocities above 
100 kg/m2s are measured by the upstream liquid flow meter. However, 
mass velocity range for the present study never reached below 100 kg/ 
m2s. Further downstream, the two flowlines are combined and con
nected to a receiver tank which serves to eliminate any possibility of 
liquid escaping outboard in improbable situations such as vent heater 
power loss. Finally, during ground testing, the vapor is safely discharged 
through a vent hose to the ambient environment. 

2.1.2. Heat transfer test section and visualization section 
The primary components of the payload are the test section and the 

visualization section. The test section is comprised of a heated tube that 
is enclosed within a vacuum chamber serving to minimize heat loss. As 
shown in Fig. 5(a), the vacuum chamber has an inner diameter (i.d.) of 
0.1 m and length of 0.8 m and is fitted with flanges on both ends to 
ensure vacuum tight enclosure. A center hole is machined through each 
flange for insertion of the heated test section. The vacuum chamber is 
equipped with four feedthrough ports, three are vertical and one hori
zontal. The two vertical feedthroughs near to the outlet are for vacuum 
hose connections while the foremost vertical feedthrough passes wires 

Table 1 
Summary of key parameters of the cryogenic flow boiling database using LN2.  

Cryogenic Flow Boiling Experiment Database (LN2) 

Reference Vertical Up Vertical Down Horizontal 45◦ Up 45◦ Down Microgravity 

Number of datapoints, N 1098 843 1134 726 363 249 
Mass flow rate, ṁ˙ [kg/s] 0.02 – 0.05 0.03 – 0.07 0.02 – 0.09 0.02 – 0.06 0.02 – 0.05 0.02 – 0.07 
Mass velocity, G [kg/m2s] 396.35 – 937.73 462.28 – 1154.70 406.76 – 1572.77 351.80 – 1100.66 420.76 – 941.68 362.13 – 1342.86 
Pressure, P [kPa] 389.9 – 1032.97 371.52 – 690.74 297.14 – 498.55 368.76 – 887.62 379.48 – 554.51 399.04 – 737.31 
Inlet subcooling, ΔTsc [K] 0.1 – 3.7 1.0 – 4.3 0.6 – 4.4 0.1 – 3.2 0.6 – 3.3 1.0 – 5.7 
Saturation temperature, Tsat [K] 90.9 – 104.3 90.4 – 98.3 87.8 – 94.0 90.3 – 101.9 90.6 – 95.3 91.2 – 99.2 
Quality, xe − 0.05 – 0.28 − 0.05 – 0.24 − 0.05 – 0.19 − 0.04 – 0.23 − 0.04 – 0.22 − 0.07 – 0.12 
Heat flux, q" [kW/m2] 1.39 – 103.95 2.46 – 104.29 1.60 – 105.97 2.74 – 108.56 2.72 – 101.85 2.76 – 100.37  

Fig. 4. Schematic of two-phase flow loop.  
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from the thermocouples attached to the outer wall of the test section to 
an external control box containing the data logger. The horizontal 
feedthrough passes heater power leads from the test section’s eight in
dividual heaters. The test section assembly is comprised of a heating 
tube, eight individual heaters, and thermocouples wires. The test section 
heated tube is a thin walled (Th = 0.5 mm) stainless steel (SS304) tube 
with i.d. of Di = 8.5 mm, heated length LH = 0.68 m, and entrance length 
Le = 0.112 m. Eight individual electrically powered coil heaters, 
depicted schematically in Fig. 5(a), surround the test section’s heated 
tube to provide uniform heat flux along the tube wall. At 120 VAC power 
input, each heater can dissipate up to 400 W, for a total capacity for the 
eight heaters of up to 3200 W. Seven pairs of thermocouples are attached 
to the heated tube wall at seven axial locations, one in each pair is 
mounted at the top and a second at the bottom. Detailed axial locations 
of the thermocouples are provided in table form in 5(a). Aside from 
using vacuum to minimize heat loss, the entire test section assembly is 
wrapped with layers of insulation which are covered with aluminum 
sheet to minimize loss by radiation. 

Shown schematically in Fig. 5(b), the visualization section is 
comprised of an adiabatic glass tube enclosed in a visualization vacuum 
chamber. The tube is made of Pyrex glass and fitted on one end with 
flexible metal bellows to accommodate thermal expansion as captured in 
Fig. 5(b). The adiabatic glass tube has outer diameter of Do = 9.5 mm 
and length of 364.2 mm. The vacuum chamber, which is intended to 
minimize heat transfer to the glass tube, features rectangular stainless- 
steel construction with inlet and outlet flanges on both ends to ensure 
tight vacuum enclosure. As shown in Fig. 5(b), transparent glass win
dows are attached to opposite lateral sides providing a visualization 
length of 0.25 m; one window is used for video camera viewing and the 
other for backlight illumination. 

2.2. Data processing 

Steady state data are extracted from recorded temporal data by 
identifying each heater increment and confirming wall temperature 
reaching steady state. Extracted temporal data are averaged for each 
steady state period. Necessary thermophysical properties for nitrogen 
are retrieved from NIST-REFPROP [48]. 

Test section inlet enthalpy is found based on measured inlet tem
perature, Tin, and inlet and pressure, Pin, as 

hin = h(Tin,Pin) (2) 

Test section local enthalpy, h, at any z location from the heated inlet, 
and outlet enthalpy, hout, are both calculated by application of energy 
conservation, 

h(z) = hin +
q″πDiz

G
(
πD2

i
/

4
) (3a)  

hout = hin +
q″πDiLH

G
(
πD2

i
/

4
) (3b) 

Local thermodynamic equilibrium quality, xe,z, is calculated ac
cording to the relation 

xe,z =
h − hf

⃒
⃒

P

hfg
⃒
⃒

P

(4)  

where hf, and hfg are, respectively, saturated liquid enthalpy, and latent 
heat of vaporization corresponding to local pressure which is linearly 
interpolated between measured inlet pressure, Pin and outlet pressure, 
Pout. 

Local fluid temperature is determined based on the following re
lations: 

Fig. 5. Schematics of (a) test section chamber and assembly, and (b) visualization chamber with pictures of visualization window and Pyrex tube.  

S. Kim et al.                                                                                                                                                                                                                                      



International Journal of Heat and Mass Transfer 224 (2024) 125297

8

Tf ,z =

⎧
⎪⎨

⎪⎩

Tin +
(
Tsat|xe=0 − Tin

) Z
Lsp

Tsat,z

xe,z < 0
0 ≤ xe,z ≤ 1 (5)  

where Lsp is the heated single-phase length, which is calculated as 

Lsp =
G
(
πD2

i

/
4
)

q″πDi

(
hf
⃒
⃒

Pin
− hin

)
(6) 

The local heat transfer coefficient (HTC) is defined based on 
measured local wall temperature and calculated local fluid temperature 
for each axial location, 

hz =
q″

(
Tw,z − Tf ,z

) (7) 

Local inner wall temperature, Tw,z, at each axial thermocouple 
location is determined from measured outer wall temperature, Tw,o,z, 
and measured heat flux, q", by accounting for conduction resistance 
across the heated tube wall, 

Tw,z = Tw,o,z −
q″πDiln(Do/Di)

2πks
(8) 

The average HTC is calculated using the relation 

h̄ =

∫∫
dA

∫∫
1
hz

dA
(9)  

which is based on harmonic averaging as proven by Ganesan et al. [27] 
for a constant wall heat flux boundary. 

2.3. Experimental cases and historical database 

2.3.1. Experimental cases 
The experimental database as summarized in Table 1 includes both 

saturated and subcooled datapoints for LN2 flow boiling. Thus, the 
imperative arises to segregate these datapoints into two distinct cate
gories: one for saturated conditions and the other for subcooled condi
tions. This segregation is judiciously executed based on the 
thermodynamic equilibrium quality, as visually depicted in Fig. 6. In 
Fig. 6, a total of 4152 1-ge HTC datapoints for vertical upward, vertical 
downward, horizontal, 45◦ inclined upward, 45◦ inclined downward are 
exhibited. The broken vertical line indicates zero thermodynamic 
equilibrium quality, xe = 0, and classifies those on the right-hand side of 
the line as saturated HTC datapoints and those on the left-hand side as a 
mixture comprising single-phase liquid and subcooled HTC datapoints. 
Consequently, this delineation yields a total of 2080 HTC datapoints 
classified as the saturated HTC dataset, while 2072 datapoints are 
allocated to the mixture of single-phase liquid and subcooled HTC 
dataset. Note that the mixture of single-phase liquid and subcooled HTC 
dataset will further be segregated in later sections using ONB criteria. 

2.3.2. Historical database 
Other saturated HTC and subcooled HTC datapoints are extracted 

from a diverse array of references, including (1) cryogenic journals, (2) 
cryogenic conferences, (3) technical reports from NASA and NIST, and 
(4) various sporadic publications, reports, and theses from around the 
world. The extracted HTC datapoints were consolidated and segregated 
into a saturated historical database and a subcooled historical database. 
The saturated historical database was deliberately introduced and 
analyzed by Ganesan et al. [27]. However, in contrast to the extensive 
body of literature available for cryogenic saturated HTC, the scarcity of 
cryogenic subcooled HTC literature warrants special attention. None
theless, the available subcooled HTC datapoints were meticulously 
compiled from a limited number of references [49–55]. Of those, 
hydrogen data from Core et al. [49] has been deliberately excluded from 
the subcooled historical database due to the original authors’ 

observations of abnormally high scatter of the data attributed to 
experimental uncertainties and two-phase flow instabilities during the 
experiments. 

Table 2 provides an overview of the consolidated LN2 database, 
encompassing both experimental and historical HTC datasets. The 
forthcoming assessments of seminal correlations and the development of 
the new HTC correlations in the subsequent sections will primarily be 
built upon this consolidated LN2 database. Subsequently, the remaining 
HTC datapoints for other cryogenic fluids from the historical dataset will 
be harnessed to examine the universal applicability of the newly devised 
HTC correlations, as suggested in Section 1.3. 

3. Saturated heat transfer coefficient 

3.1. Data demarcation and trends 

The saturation length ratio, Δzsat/LH, has been proposed by Ganesan 
et al. [27] and is defined as 

Δzsat

LH
=

xe

4Bo

(
D
LH

)

(10) 

This parameter serves as a quantifiable indicator of the two-phase 
mixture’s inlet quality, facilitating the segregation of saturated HTC 
datapoints into two distinct categories: low vapor content points and 
high vapor content points. This categorization holds significant impor
tance as it plays a pivotal role in determining HTC, given that a high 
vapor content condition at the inlet can exert a substantial influence on 
the heat transfer mechanism in both nucleate boiling and convective 
boiling regions. Supporting this assertion, Ganesan et al. [27] discovered 
and reported the diminished HTC dependence on Bo at high vapor 
content due to the appreciable boiling suppression. A similar data trend 
highlighting the impact of vapor content at the inlet is also discernible 
within the consolidated saturated HTC database. Fig. 7(a) depicts the 
variation in measured saturated HTC, htp,meas, with respect to the satu
ration length ratio for all local saturated HTC datapoints from the 
saturated HTC database. It is notable that a discernible trend is not 
apparent until the saturation length ratio reaches Δzsat/LH = 1. However, 
as the saturation length ratio surpasses unity (Δzsat/LH > 1), a distinct 
downward slope becomes evident. This downward slope serves as a clear 
indicator of the diminishing local saturated HTC with an increase in the 
saturation length ratio. From a qualitative standpoint, it is clear that the 
nucleate boiling HTC, hNB, experiences significant suppression in 

Fig. 6. Distinguishing experimentally measured data into saturated and sub
cooled heat transfer coefficients based on equilibrium quality. 
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environments characterized by high vapor content. Contrary to the 
anticipated outcome of enhanced convective boiling leading to an in
crease in overall HTC, it is observed that the overall HTC diminishes 
with the increase in the saturation length ratio. This observation un
derscores a noteworthy flow boiling characteristic seemingly unique to 
cryogens, wherein nucleate boiling emerges as the dominant heat 
transfer mechanism, irrespective of the inlet conditions. Nonetheless, it 
is imperative to segregate datapoints associated with high vapor content 
conditions (Δzsat/LH > 1) from the database. Derived from an initial set 
of 3831 saturated HTC datapoints for LN2, as indicated in Table 2, the 
segregation process has effectively yielded a refined subset comprising 
3149 datapoints. This subset will be subjected to further analysis in 
subsequent stages of the study. As indicated in Fig. 7(a), 3,149 saturated 

HTC datapoints have been categorized as low vapor content saturated 
HTC. Note that the new saturated HTC correlation, developed in a later 
section, will undergo rigorous testing not only for low vapor content 
conditions but will also be extended and tested comprehensively for 
high vapor content conditions. This comprehensive evaluation will 
substantiate the robustness and applicability of the correlation across a 
wide range of operating scenarios, thereby enhancing its utility and 
reliability. 

Another simple yet very important physical segregation criterion is 
tube diameter, D. The two-phase flow pattern observed within a channel 
or a tube is inherently contingent upon the distribution of the different 
phases, which dynamically varies depending on specific geometry of the 
tubes. Due to the fundamental disparities in macroscale and microscale 
phase distributions [56], it is imperative to recognize that the associated 
heat transfer mechanisms also differ significantly. These discrepancies 
arise from the distinctive criteria governing the relative importance of 
various hydrodynamic forces, including inertia, viscosity, buoyancy, 
and surface tension effects, all of which exert considerable influence on 
the motion of liquid and vapor phases. In macroscale flows (Co < 0.3), 
gravity plays a pivotal role, whereas in microscale flows (Co > 0.3), the 
dominance of surface tension becomes increasingly pronounced, 
diminishing the influence of gravity. Confinement number, Co, which is 
defined as a ratio between the bubble length scale, Lb(

̅̅̅̅̅
σ/

√
((ρf − ρg)g)), 

and the channel diameter, D, is a commonly used parameter to assess the 
extent of bubble confinement within a given system. In perspective of 
the above, Ong and Thome [57] proposed confinement number criterion 
of Co = 0.3 as a threshold for distinguishing macro-channel and 
micro-channel flows. In Fig. 7(b), variation of confinement number, Co, 
with respect to tube diameter, D, is visually illustrated. As depicted, the 
transition from macroscale to microscale does not occur abruptly but 
instead gradually. Notice the increasing slope of the curve in Fig. 7(b) as 
Co exceeds 0.3, indicating significant change in dominancy among the 
hydrodynamic forces. Moreover, for all cryogenic space applications of 
interest, the plumbing dimensions typically exceed 6.35 mm (0.25 in), 
posing primary emphasis on macro-channel configurations. Considering 
the two pertinent facts: (1) the pronounced impact of gravity on heat 
transfer mechanisms in macro-channel flows with a confinement num
ber, Co, less than 0.3, and (2) the prevalent use of large-sized plumbing 
with diameters exceeding 6.35 mm in cryogenic space applications, a 
further segregation of the saturated HTC database is undertaken. As 
exhibited in Fig. 7(b), out of the 3149 saturated HTC datapoints iden
tified from Fig. 7(a), 2,403 datapoints having large tube diameter, D >
6.35 mm, were extracted as a final database for the development of the 
new correlation. Recall that the primary objective of the present study is 
to construct robust and reliable flow boiling HTC correlations particu
larly suited for future cryogenic space applications. 

Fig. 8 shows the local HTC data, normalized as htp,meas/hsp,f (ratio of 
measured saturated HTC to single-phase liquid HTC), versus the phase 
separation parameter 1/Xtt, where Xtt is defined as 

Xtt =

(
1 − xe

xe

)0.9(ρg

ρf

)0.5
(

μf

μg

)0.1

(11) 

The phase separation parameter, 1/Xtt, was postulated by Ganesan 
et al. [27] and subsequently tested by Kim et al. [45] to explicitly 

Table 2 
Summary of the consolidated LN2 database including experimental and historical HTC datasets.   

No. of datapoints in each subset of the database  

Terrestrial 
Saturated HTC 

Terrestrial 
Subcooled HTC 

Terrestrial 
Single-phase 
liquid HTC 

Microgravity 
Saturated HTC 

Microgravity 
Subcooled HTC 

Experimental dataset 2080 1436 636 86 102 
Historical dataset 1751 104 5 0 0 
Total 3831 1540 641 86 102  

Fig. 7. Data demarcation based on (a) saturated length ratio, Δzsat /LH, and (b) 
tube diameter, D. 
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validate the presence of a convective boiling mechanism in cryogenic 
flow boiling. In this study, the same approach is adopted and applied to 
assess the saturated HTC database, with the results visually depicted in 
Fig. 8. Notably, when 1/Xtt is less than 0.1, the curve exhibits no reliance 
on the phase separation parameter, 1/Xtt, indicating the two-phase heat 
transfer is dominated by nucleate boiling rather than convective boiling. 
The dominancy of nucleate boiling in this region can be attributed to the 
unique thermal properties of cryogenic fluids, namely low surface ten
sion and latent heat of vaporization, which aid in sustaining bubble 
nucleation under low wall superheat. However, as 1/Xtt increases, which 
implies increased phase separation, the slope of the curve begins to in
crease, from near zero for 1/Xtt < 0.1 to a non-zero positive value for the 
intermediate range of 0.1 < 1/Xtt < 1. Furthermore, as 1/Xtt exceeds 
unity, a significant increase in slope becomes evident, indicating an 
enhanced contribution of convective boiling to the overall HTC. 
Therefore, by witnessing the relation between htp,meas/hsp,f and the phase 
separation parameter, it becomes logical to conceive that the functional 
form for the enhancement factor, F, commonly used in HTC correlation, 
is F ~ f(1/Xtt). This relationship will be revisited and incorporated in the 
new saturated HTC correlation in a subsequent section. 

3.2. Assessment of prior saturated HTC correlations 

3.2.1. Assessment of seminal correlations 
A list of seminal saturated flow boiling HTC correlations is compiled 

in Table 3, along with notable remarks regarding flow orientation, 
working fluids and the functional form of hNB. Notice how hNB functional 
form can be broadly categorized into two main groups: (i) hNB depending 
on pool boiling HTC, hPB, supplemented with the suppression factor, S, 
which is a function of G and xe, and (ii) hNB represented by a single-phase 
liquid HTC, hsp,f, supported with combination of Bo, Prf, and (1-xe). Note 
that these two distinct functional forms are essentially equivalent but 
have been mathematically rearranged to better align with their respec
tive interpretations of nucleate boiling physics. Specifically, the satu
rated HTC correlations developed by Chen [39], Liu and Winterton [36], 
and Steiner and Taborek [41] fall under the first category of the hNB 
functional form, f(hPB, S). These correlations utilize pool boiling corre
lations proposed by Foster and Zuber [58], Cooper [59], and Gorenflo 
and Sokol [60], respectively. Conversely, the second functional form, f 
(hsp,f, Bo, Prf, (1-xe)), was employed by Shah [43], Gungor and Winterton 
[35], Kim and Mudawar [44], and Ganesan et al. [27]. Note that the 

HTC correlation developed by Kim and Mudawar was based on 
micro-channel HTC database which does not align with the present HTC 
database for large diameters. In addition to the mentioned correlations, 
another saturated HTC correlation, proposed by Fang et al. [61], has 
been taken into account as a separate and distinct third group. Inter
estingly, this correlation deviates from employing a superposition-type 
functional form, distinguishing itself within the spectrum of consid
ered correlations. The functional form of the correlation by Fang et al. 
[61] can be found in Table 3. 

The performance of the seminal flow boiling HTC correlations is 
tested and compared to the demarcated saturated HTC database. The 
predictive accuracy of each correlation is assessed by evaluating mean 
absolute error (MAE) which is defined for local HTC as 

MAE =
1
N
∑

⃒
⃒htp,pred − htp,meas

⃒
⃒

htp,meas
× 100 [%] (12) 

The overall MAE of each correlation will be used to determine the 
most accurate correlation for the database. 

3.2.2. Assessment results and discussion 
Fig. 9 presents parity plots for the comprehensive evaluation of 

seminal saturated flow boiling correlations. Among these, two correla
tions emerge as the top performers, exhibiting MAE values of 28.88 % 
and 28.89 %, for Liu and Winterton [36] and Ganesan et al. [27], 
respectively. Liu and Winterton’s correlation is constructed upon the 
functional form f(hPB, S), which incorporates Cooper’s pool boiling 
correlation [59] as its foundation, effectively compensated by the sup
pression factor, S. This compensatory mechanism aims to address the 
diminishing influence of nucleate boiling with increasing G and xe. 
While the majority of datapoints exhibit predictions that closely align 
with the 45◦ diagonal line, signifying reasonably accurate predictions, 
there are isolated datapoints in the top-left region that deviate beyond 
the +50 % boundary. The overprediction of these specific datapoints not 
only indicates an inadequate suppression of the nucleate boiling HTC 
but also an inaccurate prediction stemming from Cooper’s pool boiling 
correlation, which significantly overestimates these specific datapoints. 
Nevertheless, Liu and Winterton’s correlation demonstrates its capa
bility in predicting the current cryogenic saturated HTC database with a 
reasonable degree of accuracy. In contrast, Ganesan et al.’s correlation 
[27] is formulated based on the functional expression f (hsp,f, Bo, Prf, 
(1-xe), Co). A noteworthy feature of this correlation is the commendable 
alignment of datapoints observed along the 45◦ diagonal line. This 
alignment results in a substantial portion of the local HTC data falling 
within the ±50 % boundaries. However, as elucidated by Kim et al. [47], 
concerns have been raised regarding the applicability of this correlation 
in microgravity conditions due to the inclusion of the Confinement 
number, Co, which is inversely proportional to the square root of 
gravity, rendering it unsuitable for microgravity scenarios. Neverthe
less, under 1-ge condition, Ganesan et al.’s correlation [27] maintains its 
proficiency in predicting cryogenic saturated HTC data with an 
acceptable degree of accuracy. Subsequently, following the two most 
accurate correlations, those by Chen [39], Klimenko [40], Steiner 
Taborek [41], and Kim and Mudawar [44] exhibit MAE values within 
the range of 30 to 40 %. Notably, Chen’s correlation, despite displaying 
a relatively lower level of accuracy compared to the top-performing 
models, shows favorable clustering of data. This earliest of the seminal 
correlation considered, relies on the pool boiling HTC correlation 
developed by Foster and Zuber [58], which, as documented by Kim et al. 
[45,47], provides significantly improved predictions compared to Coo
per’s pool boiling correlation [59] for both terrestrial and microgravity 
saturated HTC data. Within the framework of Chen’s correlation, there 
appears to be untapped potential for further refinement, particularly 
with respect to the functional form of the suppression factor. Another 
correlation of the f (hPB, S) type, proposed by Steiner and Taborek [41], 
also exhibits favorable data clustering with a reasonable alignment Fig. 8. Variation of ratio of measured two-phase HTC to single-phase liquid 

HTC with phase separation parameter, 1/Xtt. 
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Table 3 
Prior seminal saturated HTC correlations.  

Author(s) Correlation Remarks 

Chen 

[39] 

htp = hNB + hCB 

hNB

hPB
= S 

hCB

hsp,f
= F 

where 

hsp,f = 0.023Re0.8
f ,DPr0.4

f
kf

D 

hPB = 0.0015Re0.62
b Pr0.33

f
kf

Rb 

Reb =
π

Prf

(ρf

ρg
Ja
)2 

Rb =
ΔTsat

hfgρg

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2πkf ρf cp,f σ

ΔPsat

√ ̅̅̅̅̅̅̅̅̅̅̅ρf

ΔPsat

4

√

For 1/Xtt ≤ 0.1, F = 1 

For 1/Xtt > 0.1, F = 2.35
(

0.213 +
1
Xtt

)0.736 

S =
1

1 + 2.53 × 10− 6(Ref ,DF1.25)
1.17  

• Flow orientation: vertical upflow and downflow  
• Fluids: water, methanol, cyclohexane, pentane, heptane, benzene  
• Functional form for hNB : f(hPB, S) 

Shah 

[43] 

htp

hsp,f
= max

{
hNB

hsp,f
,
hCB

hsp,f

}

where 

hsp,f = 0.023Re0.8
f ,DPr0.4

f
kf

D 
hCB

hsp,f
= F = 1.8/N0.8 

For vertical flow, N = Nconv. 

For horizontal flow, 
if Frfo,D ≥ 0.04, N = Nconv. 

if Frfo,D < 0.04, N = 0.38(Frfo,D)− 0.3 Nconv. 

For N > 1 

if Bo > 3 × 10− 5, 
hNB

hsp,f
= 230Bo0.5 

if Bo < 3 × 10− 5, 
hNB

hsp,f
= 1+ 46Bo0.5 

For 0.1 < N ≤ 1 
hNB

hsp,f
= FBo0.5exp(2.74N− 0.1)

For N ≤ 0.1 
hNB

hsp,f
= FBo0.5exp(2.47N− 0.15)

where 
F = 14.7, if Bo ≥ 11×10− 4 

F = 15.43, if Bo < 11×10− 4  

• Flow orientation: vertical upflow, vertical downflow, horizontal flow  
• Fluids: water, R11, R12, R22, R113, R505, cyclohexane, ammonia, n‑butyl alcohol, 

isopropyl alcohol, aqueous solutions of potassium carbonate  
• Functional form for hNB : f(hsp,f, Bo) 

Gungor and 
Winterton 

[35] 

htp

hsp,f
= E+

hNB

hsp,f
+

hCB

hsp,f 

hNB

hsp,f
= 3000EBo0.86 

hCB

hsp,f
= F = 1.12E

(
xe

1 − xe

)0.75(ρf

ρg

)0.41 

where 

hsp,f = 0.023Re0.8
f ,DPr0.4

f
kf

D 
For vertical flow, E = 1 
For horizontal flow, 
if Frfo,D ≥ 0.05, E = 1 
if Frfo,D < 0.05, E = Fr(fo,D0.1 − 2Frfo,D)

• Flow orientation: vertical upflow, vertical downflow, horizontal flow  
• Fluids: Water, R11, R12, R113, R114, R22, ethylene glycol  
• Functional form for hNB : f(hsp,f, Bo) 

Klimenko 

[40] 

htp = max{hNB,hCB}

hNB = C
(

qLaD

hfgρgαf

)0.6(PLaD

σ

)0.54
Pr− 0.33

f

(
kw

kf

)0.12 kf

LaD 

hCB =

0.087
(

G
ρf

[

1 + xe

(ρf

ρg
− 1
)]

LaD

νf

)0.6
Pr1/6

f

(ρg

ρf

)0.2(kw

kf

)0.09 kf

LaD 

where 
C = 6.1 × 10− 3 for cryogenic fluids 

LaD =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅σ
g(ρf − ρg)

√

• Flow orientation: vertical upflow, vertical downflow, horizontal flow  
• Fluids: water, R11, R12, R113, R114, R22, NH3, propane, butane, pentane, peptane, 

isooctane, benzene, cyclohexane, methanol, ethanol, LHe, LH2, LNe, LN2, LAr  
• Functional form for hNB : f(hPB), assuming no boiling suppression, S = 1 

Liu and 
Winterton 

[36] 

h2
tp = h2

NB + h2
CB 

hNB

hPB
= S = ENB

[

1 + 0.055
(

1 + xePrf

(ρf

ρg
− 1
))0.035

Re0.16
fo,D

]− 1  

• Flow orientation: vertical upflow, vertical downflow, horizontal flow  
• Fluids: water, R11, R12, R113, R114, R22, ethylene glycol, n-butanol, ethanol  
• Functional form for hNB : f(hPB, S) 

(continued on next page) 
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toward the 45◦ diagonal line. This correlation employs the pool boiling 
correlation by Gorenflo and Sokol [60]. However, it is important to note 
that Steiner and Taborek’s correlation, unlike others evaluated, is not 
universal due to its reliance on distinct empirical constants for different 
cryogenic fluids. Similarly, Klimenko’s correlation [40], despite deliv
ering accurate predictions for terrestrial data, falters under microgravity 
conditions due to the numerical divergence of the Laplace length ratio, 

La, as gravity approaches zero. Moving on to the least performing cor
relations, those by Shah [43] and Gungor and Winterton [35] exhibit 
MAE values of 40.48 % and 52.44 %, respectively. These correlations are 
notably deficient in accurately representing the suppression of nucleate 
boiling phenomena, resulting in a propensity to overestimate the HTC 
under high heat flux conditions. Lastly, as documented in Table 4, the 
correlation developed by Fang et al. [61] demonstrates commendable 

Table 3 (continued ) 

Author(s) Correlation Remarks 

hCB

hsp,fo
= F = ECB

[
1 + xePrf

(ρf

ρg
− 1
)]0.35 

where 

hsp,fo = 0.023Re0.8
fo,DPr0.4

f
kf

D 
hPB = 55P0.12

R (− log10PR)
− 0.55q2/3M− 0.5 

For vertical flow, ENB = ECB = 1 
For horizontal flow, 
if Frfo,D ≥ 0.05, ENB = ECB = 1 
if Frfo,D < 0.05, ECB = Fr(fo,D0.1 − 2Frfo,D)

ENB = Fr0.5
fo,D 

Steiner and 
Taborek 

[41] 

h3
tp = h3

NB + h3
CB 

hNB

hNB,o
= FP[q/qo]

n
[D/Do]

− 0.4
[Rp/Rp,o]

0.133FM 

hCB

hsp,fo
= F =

[

(1 − xe)
1.5

+ 1.9x0.6
e

(ρf

ρg

)0.35]1.1 

where 

hsp,fo =
(fsp,f/8)(Refo,D − 1000)Prf

1+12.7(fsp,f /8)0.5 (Pr2/3
f − 1)

kf

D 
fsp,f = [0.7904lnRefo,D − 1.64]− 2 

Standard reference conditions: 
PR,o = 0.1, Rp,o = 1 µm, Do = 0.01 m, and, 
For LHe, qo = 1000 W/m2, hNB,o = 1990 W/m2-K, FM = 0.86 
For LH2, qo = 10,000 W/m2, hNB,o = 12,220 W/m2-K, FM = 0.35 
For LNe, qo = 10,000 W/m2, hNB,o = 8920 W/m2-K, FM = 0.98 
For LN2, qo = 10,000 W/m2, hNB,o = 4380 W/m2-K, FM = 0.8 
For LAr, qo = 10,000 W/m2, hNB,o = 3870 W/m2-K, FM = 1.15 
For LCH4, qo = 20,000 W/m2, hNB,o = 8060 W/m2-K, FM = 0.93 
For PR < 0.95, FP = 2.816P0.45

R + (3.4 + 1.7 /(1 − P7
R))P3.7

R 
For LH2, LNe, LN2, LAr, n = 0.7 − 0.13exp(1.105PR)

For LHe and LCH4, n = 0.8 − 0.1exp(1.75PR)

• Flow orientation: vertical upflow  
• Fluids: R11, R12, R113, R22, benzene, n-pentane, n-heptane, cyclohexane, methanol, n- 

butanol, ammonia, LHe, LH2, LN2  
• Functional form for hNB : f(hPB), assuming no boiling suppression, S = 1 

Kim and 
Mudawar 

[44] 

h2
tp = h2

NB + h2
CB 

hNB

hsp,f
=

[

2345
(

Bo
PH

PF

)0.7
P0.38

R (1 − xe)
− 0.51

]

hCB

hsp,f
= F =

[

5.2
(

Bo
PH

PF

)0.08
We− 0.54

fo,D + 3.5
(

1
Xtt

)0.94(ρg

ρf

)0.25]

where 

hsp,f = 0.023Re0.8
f ,DPr0.4

f
kf

D 
For uniformly heated round tube, pH = PF = D  

• Flow orientation: vertical upflow, vertical downflow, horizontal flow  
• Fluids: water, FC72, R11, R113, R123, R1234yf, R1234ze, R134a, R152a, R22, R236fa, 

R245fa, R32, R404A, R407C, R410A, R417A, CO2  
• Functional form for hNB : f(hsp,f, Bo, PR, (1-xe))  
• Based on microchannel database 

Ganesan et al. 

[27] 

h2
tp = h2

NB + h2
CB 

if ΔZsat/LH ≤ 1.1 
hNB

hsp,f
= [1226(Bo)0.81P− 0.05

R (1 − xe)
− 0.67Co− 0.06]

hCB

hsp,f
=

[

0.55
(

1
Xtt

)0.39(ρg

ρf

)− 0.37
Co− 1.39

]

if ΔZsat/LH > 1.1 
hNB

hsp,f
= [562(Bo)0.57P0.02

R (1 − xe)
− 0.76

]

hCB

hsp,f
=

[

0.51
(

1
Xtt

)0.41(ρg

ρf

)0.42]

hsp,f =
(4fsp,f/8)(Ref,D − 1000)Prf

1+12.7(4fsp,f /8)0.5(Prf 2/3 − 1)
kf

D 
4fsp,f = [0.7904lnRef,D − 1.64]− 2  

• Flow orientation: vertical upflow, vertical downflow, horizontal flow  
• Fluids: LHe, LH2, LNe, LN2, LAr, LCH4  
• Functional form for hNB :  
• hNB = f(hsp,f, Bo, PR, (1-xe), Co) for Δzsat/LH ≤ 1.1  
• hNB = f(hsp,f, Bo, PR, (1-xe)) for Δzsat/LH > 1.1  
• Based on terrestrial cryogenic data only 

Fang et al. 

[61] 
htp =

(
kf

D

)

Ff M− 0.18Bo0.98Fr0.48
fo Bd0.72

(ρf

ρg

)0.29[
ln
(μf

μw

)]− 1
Y 

Y =

{
1 for Pr ≤ 0.43
1.38 − P1.15

r for Pr > 0.43 
Ff = 1715 for LN2  

• Flow orientation: vertical upflow, horizontal flow, inclined flow  
• Fluids: R134a, R1234yf, R22, R410A, R32, R407C, R404A, R507, R1234ze(E), R417A, 

LN2, R290, R123, R717, R245fa, R600a, R152a, CO2  
• Non-superposition type correlation  
• μw evaluated at inner wall temperature (Tw)  
• μf evaluated at fluid temperature (Tf)  
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predictive capabilities when assessed against the 1 g terrestrial LN2 
database of the current study, yielding an MAE of 24.75 %. This accu
racy stands out as the highest among the selected seminal correlations. 
The correlation leverages the dimensionless group (μf /μw), which pro
vides the capability to trace HTC variations across diverse fluid types. 
Despite the outstanding performance of the correlation, Fang et al.’s 
correlation [61] is subject to certain limitations attributed to the 
following considerations. First, in microgravity conditions, as g→0, the 
correlation significantly underestimates LN2 HTC, registering an MAE of 
96.11 %, owing to the inclusion of gravitational acceleration terms in 
Frfo and Bd. Second, although demonstrating favorable performance for 
LN2 and LAr, the correlation struggles to accurately predict heat transfer 
coefficients for LHe, suggesting a lack of universal applicability, at least, 

to cryogenic fluids. Third, the correlation adopts an implicit functional 
form based on the dimensionless group (μf/μw), requiring wall tem
perature information to retrieve dynamic viscosity at the local wall 
temperature. The inherent implicit nature of the correlation may pose 
challenges in its integration into design codes. Nevertheless, under 1-ge 
condition, Fang et al.’s correlation [61] demonstrates notable profi
ciency in accurately predicting cryogenic saturated HTC data. 

Evaluation statistics are comprehensively summarized in Table 4, 
which not only covers the finalized saturated HTC database but also 
includes extended databases for LN2 with fewer segregation criteria 
applied. 

3.3. New saturated HTC correlation 

3.3.1. Development rationale 
The assessment conducted in Section 3.2.2, coupled with the statis

tics presented in Table 4, provides a noteworthy observation regarding 
the performance of the correlation proposed by Ganesan et al. [27]. 
While this correlation demonstrates commendable predictive accuracy 
when applied to the final demarcated database, it exhibits a notable 
deficiency in accurately predicting the microgravity data. Consequently, 
there exist no robust saturated HTC correlation for cryogenic flow 
boiling which can provide reliable predictions for a wide range of 
gravity levels, albeit its high importance and demand for space appli
cations, as emphasized in the Introduction. Therefore, the aforemen
tioned observations provide a compelling rationale for the imperative 
need to develop an updated and enhanced saturated HTC correlation 
possessing the intrinsic capability to deliver accurate predictions across 
a broad spectrum of gravity levels, effectively addressing the pivotal 
requirements of space-related applications. 

3.3.2. Formulation of correlation for saturated flow boiling HTC 
According to prior experimental results acquired by the present au

thors [46], it was reported that heat transfer coefficient curves 
commonly exhibit a sharp and almost linearly increasing trend with 
increasing heat flux in the lower heat flux range. Subsequently, the slope 
of the curves progressively decreases, displaying comparatively mod
erate changes in HTC until CHF. The strong correlation between the 
HTCs and the wall heat flux suggests that the dominant heat transfer 
mechanism in this regime is nucleate boiling. The gradually decreasing 
slope of the HTC curve is a result of the suppression of nucleate boiling. 
The observed experimental trend and the analysis of functional forms 
employed in previous correlations highlights the advantages of utilizing 
a superposition-type correlation that incorporates the nucleate boiling 
HTC formulated with pool boiling HTC, hPB, and suppression factor, S, 
by which a favorable data cluster was achieved against the demarcated 
saturated HTC database. Note that the enhancement factor, F, is 
employed and multiplied to the single-phase liquid heat transfer coef
ficient, hsp,f. The enhancement factor addresses the growing influence of 
convective heat transfer on the two-phase heat transfer coefficient as 
phase separation increases, as discussed in Section 3.1 and depicted in 
Fig. 8. Therefore, the functional form for saturated HTC, htp, is selected 
as 

htp
2 = [f (hPB, S)]2 +

[
f
(
hsp,f ,F

)]2 (13)  

3.3.2.1. Suppression factor, S. In order to examine the effect of the 
nucleate boiling suppression, the suppression factor, S, is evaluated as 

S =

(
htp,meas − hCB,Ganesan

hPB

)

(14)  

where htp,meas is measured local saturated HTC, hCB is convective boiling 
HTC calculated based on Ganesan et al.’s correlation [27], and hPB is 
based on Forster and Zuber’s pool boiling correlation [58]. Fig. 10(a) 
provides insight into the behavior of the suppression factor, S, in relation 

Fig. 9. Performance of seminal saturated flow boiling HTC correlations against 
demarcated saturated HTC data for LN2 under terrestrial gravity. 
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to the dimensionless parameter Bo2We. The formulation of Bo2We serves 
to isolate the influence of q". This parameter can also encapsulate the 
effect of xe since xe is directly proportional to q", based on energy bal
ance. Within Fig. 10(a), a discernible trend emerges, illustrating a 
gradual reduction in the suppression factor, S, ranging between 100 and 
10− 1. The gradual decrease in S as Bo2We increases signifies a dimin
ishing impact of nucleate boiling under conditions characterized by high 
q" or high xe. These conditions correspond to scenarios where vapor 
content is high, leading to the suppression of bubble nucleation at the 
wall. It should be noted that when S equals unity, it signifies the absence 
of nucleate boiling suppression, whereas S values less than unity indi
cate effective suppression of nucleate boiling, resulting in lower hNB 
compared to hPB. To capture the observed trend of S as a function of 
Bo2We, the Sigmoid function (y = 1/[1 + ex]) has been employed. The 
resultant suppression factor function is visually depicted as the red line 
in Fig. 10(a). It can be clearly observed that the formulated suppression 
factor function, the red line, well tracks the suppression data trend. In 
contrast, in Fig. 10(b), the suppression factor for high pressure HTC 
data, marked by PR values exceeding 0.41, shows a distinct trend from 
that observed in lower system pressure, Fig. 10(a). Under the high sys
tem pressure conditions, local hNB is not effectively suppressed; instead, 
measured trend of S aligns well with S = 1, as indicated in Fig. 10(b). 
Therefore, an alternative function for S has to be introduced as S = 1 for 
high system pressure operating conditions, PR > 0.41. 

3.3.2.2. Gravitational parameter. As highlighted in Section 3.3.1, the 
primary objective of the new saturated HTC correlation is to encompass 
a broad range of gravitational acceleration conditions, with a particular 
emphasis on the extreme case of reduced gravity (g → 0). According to 
prior experimental results acquired by the present authors [46,47], it 
was reported that HTC values in a microgravity environment tend to 
surpass those observed under terrestrial gravity. The enhancement of 
microgravity heat transfer coefficient in the low to intermediate heat 
flux range was attributed to the absence of buoyancy in the reduced 
gravity condition, which leads to earlier bubble nucleation and faster 
bubble growth compared to terrestrial gravity conditions. Moreover, 
under microgravity, the generated void fraction was observed to be 
much larger than in the same operating conditions under Earth gravity, 
resulting in improved heat transfer due to faster flow and intensified 
turbulence. However, in the high heat flux range, the microgravity HTC 
became comparable to that obtained in 1-ge vertical upflow orientation, 

while remaining higher than the HTC values observed in other orien
tations, including horizontal, 45◦ inclined upflow, 45◦ inclined down
flow, and vertical downflow. To effectively account for the HTC 
variations induced by gravity level, it is straightforward to introduce an 
additional parameter into the functional form of the hNB. This necessi
tates the formulation of an appropriate functional form, which is pro
posed as 
[

tanh
(

ge

g

)][

1 +
1

Fr**
fo

]n

(15)  

Fr**
fo =

(G + 800)2

ρ2
f (ge − g)D

(16) 

Notice the argument of the tanh function, represented as ge/g, is the 
ratio of the terrestrial gravitational acceleration, ge, to the gravitational 
acceleration of the specific system, g. As the gravity level decreases 
below Earth’s gravity, the argument of the tanh function approaches 
infinity. Conversely, when the gravity level increases above Earth’s 
gravity, the argument of the tanh function approaches zero. The 
behavior of the gravity ratio, ge/g, sheds light on the trend exhibited by 
tanh(ge/g), which is depicted in Fig. 11. Under Earth’s gravity, tanh(ge/g) 
is equal to tanh(1), yielding a value of 0.76. As the gravity level ap
proaches zero, tanh(ge/g) asymptotically approaches unity. This obser
vation highlights the effectiveness of this parameter in capturing the 
HTC enhancement under microgravity conditions. However, it is 
important to exercise caution, particularly with regard to the decreasing 
behavior of this parameter under high gravity levels exceeding 9.81 m/ 
s2. This caution is based on the absence of hypergravity HTC data in the 
current database, which presents a challenge in verifying the decreasing 
tanh(ge/g) trend at high gravity levels. Consequently, the utilization of 
this parameter should be strictly confined to the range of 0 < g < 9.81 
m/s2. 

Furthermore, according to the reported experimental results [46,47], 
two additional trends were identified. First, there is a discernible 
decrease in HTC as mass velocity increases under microgravity condi
tions. Second, it was noted that the reduced gravity effect, which aug
ments HTC, diminishes with the rise in mass velocity. In order to 
incorporate the observed mass velocity effect under microgravity into 
the gravity parameter, a modified liquid-only Froude number has been 
formulated, as exhibited in Eqs. (15) and (16). Through the integration 

Table 4 
Data demarcation and prediction statistics for seminal HTC correlations and the new correlation for saturated flow boiling regime.  

Dataset N New 
Saturated 

correlation 

Chen 
(1966) 

Shah 
(1984) 

Gungor & 
Winterton 

(1987) 

Klimenko 
(1991) 

Liu & 
Winterton 

(1991) 

Steiner 
& 

Taborek 
(1992) 

Kim & 
Mudawar 

(2013) 

Fang 
et al. 

(2017) 

Ganesan 
et al. 

(2022) 

MAE [%] MAE 
[%] 

MAE 
[%] 

MAE [%] MAE [%] MAE [%] MAE 
[%] 

MAE [%] MAE 
[%] 

MAE [%] 

LN2 Database Entire 1-ge 

dataset 
3831 27.61 52.13 50.98 61.47 37.04 32.79 46.61 39.87 24.63 27.50 

Dataset with 
• Δzsat/LH <

1.1 

3149 26.79 54.53 52.07 65.68 37.39 32.10 50.44 36.97 20.97 26.82 

Dataset with 
• Δzsat/LH <

1.1 • D >
6.35 mm 

2403 23.84 36.40 40.48 52.44 36.01 28.88 31.46 37.46 24.75 28.89 

Microgravity 86 16.73 17.07 21.91 28.19 110.54 24.20 20.02 25.52 96.11 52.59 
LN2 LHe LAr Dataset with 

• Δzsat/LH <

1.1 • D >
6.35 mm 

2445 24.01 37.78 40.01 52.82 38.16 31.14 33.43 38.15 26.33 29.87  
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of the modified liquid-only Froude number with tanh(ge/g), the gravity 
parameter in Eq. (15) becomes capable of capturing the subdued impact 
of reduced gravity with increasing mass velocity. Note that the gravity 
component of the modified liquid-only Froude number, (ge-g), serves a 
dual purpose: (a) activating the mass velocity effect when gravitational 
acceleration, g, is less than Earth gravity, and (b) preventing numerical 
divergence as g → 0. This ensures the stability and applicability of the 
gravity parameter across varying gravity fields. In conclusion, the 
functional form for hNB can be expressed as 

hNB = f

(

hPB, tanh
(

ge

g

)[

1 +
1

Fr**
fo

]n

, S

)

(17)  

3.3.2.3. Convective boiling heat transfer coefficient, hCB. Lastly, the 
formulation of the functional form for hCB is derived from both experi
mental data trends and previous correlations. As summarized by Gane
san et al. [27], it is observed that as void fraction, α, increases axially 
within the annular flow regime, the phase separation parameter, 1/Xtt, 
also increases, driven by the rising xe, and in tandem so does hCB. This 
serial chain relation provides a theoretical foundation for the observed 
experimental trends, as depicted in Fig. 8. Based on this observation, the 
enhancement factor, F(=hCB/hsp), can be represented as F ~ f(1/Xtt), 
which suggests an escalating convective boiling contribution with 
increasing 1/Xtt. Furthermore, based on prior correlations, as indicated 
in Table 3, the enhancement factor, F, is generally correlated with 1/Xtt 
[27,39,44], among other factors such as density ratio and reduced 
pressure. These additional factors are utilized to account for variations 
in fluid properties with pressure, across multiple fluids. Consequently, 
for the new correlation, hCB is formulated according to the functional 
form 

hCB = f
(

hsp, F
(

1
Xtt

)

,

(ρf

ρg

))

(18) 

Based on the analyzed results, the saturated heat transfer coefficient, 
htp, is expected to have the following functional form, 

htp
2 =

[
hNB

2+hCB
2]

hNB =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

C1⋅hPB⋅
[

tanh
(

ge

g

)]

⋅

[

1+
1

Fr**
fo

]C2

⋅
[

1
1+C3⋅exp(Bo2We)

]C4

PR≤0.41

C5⋅hPB⋅
[

tanh
(

ge

g

)]

⋅

[

1+
1

Fr**
fo

]C2

PR>0.41

hCB = C6⋅hsp,f ⋅
(

1
Xtt

)C7

⋅
(ρf

ρg

)C8

(19)  

Fig. 10. Performance of proposed function to predict behavior of the sup
pression factor, S, with respect to dimensionless parameter Bo2We for (a) lower 
pressure range, PR < 0.41, and (b) higher pressure range, PR > 0.41, for LN2. 

Fig. 11. Functional behavior of hyperbolic tangent function, tanh (ge/g), with 
respect to gravity, g. 
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3.3.3. New correlation and its statistics 
The final correlation is presented as 

where the constants are regressed with an aim of minimizing the pre
dictive error (the numerical regression is made certain to capture the 
global minima within the expected ranges), while preserving physical 
trends. The pool boiling HTC utilized by the new correlation, hPB, is 
Forster and Zuber’s [58]. The single-phase HTC utilized in the correla
tion, hsp,f, is Gnielinski’s [62]. The predictive performance of the newly 
developed correlation over the final demarcated LN2 saturated HTC 
database is thoroughly presented, both statistically in Table 4 and 
visually in Fig. 12. In Fig. 12(a), the parity plot shows the alignment of 
the local HTC datapoints along the 45◦ diagonal lines and within ±50 % 
boundaries, resulting in an overall MAE of 23.84 % for the terrestrial 
gravity condition. Fig. 12(b) further highlights the exceptional predic
tive capability of this new correlation, showcasing an overall MAE of 
16.73 % for microgravity conditions. The uniform performance of the 
new correlation over the extended databases with fewer or no segre
gation criteria (from the third row to the first row of Table 4), has to be 
pointed out. This superiority of the new correlation becomes even more 
apparent when compared to the summarized MAEs of the previous 
seminal correlations, where MAEs tend to significantly increase when 
applied to the extended datasets for LN2 with fewer segregation criteria 
applied. Ganesan et al.’s correlation [27] is the only exception among 
the previous seminal correlations, showing relatively uniform accuracy 
over the databases, except for the microgravity database (the fourth row 
of Table 4), where it exhibits appreciable error. Thus, the superiority of 
the new correlation becomes more evident not only through its consis
tently low MAE across the databases but also its exceptional accuracy 
under microgravity conditions. In light of the comprehensive evaluation 
and analysis presented, it is clear that the newly developed correlation 
offers robust predictive accuracy across a wide spectrum of operating 
conditions, flow orientations, and across a broad range of gravity levels 
for liquid nitrogen. 

3.3.4. Extension of the new correlation to other cryogens 
In order to assess the universality of the correlation, an evaluation is 

conducted utilizing local saturated HTC datapoints obtained from 
diverse cryogenic fluids. Rigorous application of the same segregation 
criteria resulted in the demarcation of 2445 local saturated HTC data
points, encompassing three distinct cryogens: liquid nitrogen (LN2), 
liquid helium (LHe), and liquid argon (LAr). It should be noted that the 
availability of experimental cryogenic HTC data acquired from large- 
diameter tubes (D > 6.35 mm) is conspicuously limited. The consider
able amount of historical saturated HTC data, extracted from the open 
literature, predominantly pertains to experiments conducted using 
smaller-diameter tubes (D < 6.35 mm), which are of limited value to 

space applications of cryogens. Nonetheless, as depicted in Fig. 13, the 
newly developed correlation exhibits an overall MAE of 24.01 %. This 

finding underscores the universal applicability of the newly established 
correlation, extending its effectiveness not only to LN2 but also to other 
cryogenic fluids. 

4. Subcooled heat transfer coefficient 

4.1. Data demarcation 

Given that all experimental cases begin with a subcooled liquid at the 
inlet of the test section, the 2072 experimental datapoints, segregated 
from Fig. 6 using the criteria xe = 0, inherently possesses both single- 
phase liquid and subcooled boiling datapoints. Likewise, among 109 
historical subcooled datapoints for LN2 extracted from open literatures, 
there is a possibility of existence for single-phase liquid HTC data along 
with subcooled boiling HTC data. Consequently, it is essential to parti
tion the dataset into boiling and non-boiling subsets. The initiation of 
bubble nucleation and the commencement of the subcooled boiling 
process occur when the local wall temperature, Tw, exceeds the required 
ONB (Onset of Nucleate Boiling) temperature, Tw,ONB. To facilitate this 
demarcation, Steiner and Taborek’s ONB correlation [41], based on the 
Karlsruhe data bank [63] for all fluid classes, including LHe, LH2, and 
LN2, is employed and mathematically rearranged using the relation 
q"ONB/hsp,fo, resulting in the following relation for Tw,ONB, 

qONB =
2σTsathsp,fo

Rb,critρghfg
(21–1)  

Tw,ONB = Tsat +
2σTsat

Rb,critρghfg
(21–2)  

where Rb,crit is the critical bubble radius, which represents the maximum 
radius of a bubble (=2σ/Psat) undergoing evaporation within the ther
mal boundary layer. Steiner and Taborek [41] recommended using Rb,crit 
= 0.3 μm for usual drawn tube materials. As visually depicted in Fig. 14, 
by applying the ONB criterion, a total of 1540 datapoints has been 
demarcated as a LN2 subcooled dataset, leaving 641 datapoints as 
non-boiling, single-phase liquid HTC datapoints. The numbers of data
points for each subset are summarized in Table 2. Furthermore, it is 
worth noting the scarcity of subcooled cryogen data within the body of 
cryogenic literature, especially when compared to the abundance of 
datapoints available for saturated cryogenic HTC, as indicated in 
Table 2. Nonetheless, the demarcated 1540 subcooled dataset will be 
utilized for following assessment of previous correlations and the 
development of a new subcooled HTC correlation. 

htp
2 =

[
hNB

2 + hCB
2]

hNB =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

1.36⋅hPB⋅
[

tanh
(

ge

g

)]

⋅

[

1 +
1

Fr**
fo

]7.48

⋅
[

1
1 + 103⋅exp(Bo2We)

]0.475

PR ≤ 0.41

1.20⋅hPB⋅
[

tanh
(

ge

g

)]

⋅

[

1 +
1

Fr**
fo

]7.48

PR > 0.41

hCB = 7⋅hsp,f ⋅
(

1
Xtt

)0.39

⋅
(ρf

ρg

)− 0.34

hsp,f =

(
4fsp,f

/
8
)(

Ref ,D − 1000
)
Prf

1 + 12.7
(

4fsp,f
8

)0.5(
Pr2/3

f − 1
)

kf

D

(20)   
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4.2. Assessment of prior subcooled HTC 

4.2.1. Seminal subcooled HTC correlations 
Representative seminal subcooled flow boiling HTC correlations are 

compiled in Table 5, along with notable remarks regarding flow orien
tation, working fluids, and utilized single-phase HTC correlations. Note 
that some equations are mathematically reformulated for consistency, 
but the recommendations of the original authors with respect to the 
choice of both single-phase and pool boiling correlations are adhered to. 
Notice how hsc functional form can be broadly categorized into three 
different categories, (i) dimensionless-group-type correlation, like those 
of Papell [28], Moles and Shaw [31], and Devahdhanush and Mudawar 
[33], (ii) superposition type correlation, such as Liu and Winterton’s 
[36], and (iii) intermediate type correlations like Shah’s [38]. According 
to the recent study by Devahdhanush and Mudawar [33], it was deter
mined that the dimensionless groups employed in Moles and Shaw’s 
correlation produce the most accurate predictions for subcooled flow 
boiling across multiple fluids and applications. These applications 
included HFE-7100 in conventional-sized annuli [64], R-134a in parallel 

micro-channel array heat sinks [65], and nPFH flow boiling for in-space 
thermal management [33]. This suggests that the dimensionless groups 
incorporated into Moles and Shaw’s correlation formulation effectively 
account for the underlying physical mechanisms at play in subcooled 
flow boiling. Building upon these findings, the performance of three 
different categories of correlations is assessed against the demarcated 
LN2 subcooled HTC database. The predictive accuracy of each correla
tion is assessed by evaluating MAE which is defined for local HTC per Eq. 
(12). The overall MAE of each correlation will be used to determine the 
most accurate correlation for the database. 

4.2.2. Assessment results and discussion 
Fig. 15 presents parity plots for comprehensive evaluation of the 

seminal subcooled flow boiling correlations. Among these, the correla
tion by Devahdhanush and Mudawar [33] emerges as the top performer, 
exhibiting a MAE value of 29.83 %, with the majority of datapoints 
exhibiting predictions that closely align with the 45◦ diagonal line and 

Fig. 13. Performance of the new saturated flow boiling HTC correlation against 
1-ge saturated HTC data for three different cryogens, LN2, LHe, and LAr. 

Fig. 14. Data demarcation based on ONB correlation by Steiner and 
Taborek [41]. 

Fig. 12. Performance of the new saturated flow boiling HTC correlation against 
the demarcated (a) 1-ge saturated HTC data, and (b) µg saturated HTC data 
for LN2. 
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falling within the ±50 % boundaries. Devahdhanush and Mudawar’s 
correlation belongs to the dimensionless-group-type correlation along
side the correlations by Papell [28] and Moles and Shaw [31], which 
yielded MAE values of 467.54 % and 86.83 %, respectively. Unlike 
Devahdhanush and Mudawar’s correlation, these correlations tend to 
overpredict the local subcooled HTC for the demarcated LN2 subcooled 
HTC data, and this overprediction becomes more pronounced as HTC 
values increase. The substantial disparities observed from the correla
tions by Papell and Moles and Shaw can be attributed to the fact that 
these correlations contain a ΔTsub parameter raised to a negative power, 
which leads to worsening predictions as xe → 0. This issue relates to 
numerical divergence of the functional form involving modified Jacob 
number, Ja**, and its corresponding remedy will be further elaborated 
in the following section. The superposition-type correlation developed 
by Liu and Winterton [36] demonstrates moderate accuracy with an 
MAE of 37.80 %. This correlation is developed based on Chen’s corre
lation [39] for saturated flow boiling and incorporates auxiliary corre
lations for liquid convection (Dittus-Boelter [68]) and nucleate pool 
boiling (Cooper [59]), but with modified enhancement and suppression 
factors. While this correlation is developed based on consolidated da
tabases encompassing various fluids flowing in both vertical and hori
zontal orientations, it tends to overpredict for the present database, with 
only a small subset of datapoints falling within the ±50 % error band. 
Shah’s correlation [38] requires datapoints to be demarcated into PDB 
and FDB based on his own empirically-derived criterion. As shown in 
Fig. 15, this correlation results in moderate accuracy of MAE of 39.01 %, 
but only slightly misaligned to the 45◦ diagonal line, which might be 
caused by improperly regressed empirical constants for the present 
dataset. Evaluation statistics against the final demarcated subcooled 
HTC database are comprehensively summarized in Table 6. 

4.2.3. Numerical divergence issue and remedy to use Jacob number 
Fig. 16 presents a plot of hsc,pred/hsc,meas versus local quality for the 

dimensionless-group-type correlations of Papell [28], Moles and Shaw 
[31], and Devahdhanush and Mudawar [33]. Validating the assessment 
results of the previous section, in Fig. 16, the majority of datapoints are 
predicted within the ±30 % boundaries using Devahdhanush and 
Mudawar’s correlation, with almost no overpredictions. In contrast, 
when employed with Papell’s and Moles and Shaw’s correlations, the 
predicted datapoints exhibit substantial overprediction as xe approaches 
zero. Indeed, this issue is purely a numerical divergence problem 
stemming from the inversion of the modified Jacob number term, which 
introduces an artificial singularity at ΔTsub = 0. The degree of divergence 
observed in Papell’s correlation is notably higher, primarily due to the 
larger power of 0.84 applied to the inverse Jacob number, compared to 
the value of 0.5 used in Moles and Shaw’s correlation. As a remedy to 
remove the singularity as ΔTsub → 0, Devahdhanush and Mudawar [33] 
proposed using (0.1 + Ja**), instead of Ja**. They reported that a value 
of 0.1 ensures that the added constant does not overshadow the effects of 
subcooling and preserves physical trends. Based on the success of the 
Devahdhanush and Mudawar’s correlation, the proposed (0.1 + Ja**) 
term will also be employed in the new subcooled HTC correlation. 

4.3. New subcooled HTC correlation 

4.3.1. New correlation and its statistics 
Based on the assessment results of the seminal correlations, heat 

transfer enhancement provided by subcooled boiling over pure liquid 
convection, hsc/hsp, is expected to have the following functional form, 

hsc

hsp
= C1

(
q″

Ghfg

)C2
(

0.1 +
cp,f ΔTsub

hfg

)C3
(ρg

ρf

)C4
(cp,f μf

kf

)C5

(22) 

Table 5 
Prior seminal subcooled HTC correlations.  

Author(s) Correlation Remarks 

Papell 

[28] 

Nusc

Nusp
= 90

(
q″

w
hfgρgU

)0.7( hfg

cp,f ΔTsub

)0.84(ρg

ρf

)0.756 

= 90Bo0.7Ja**− 0.84(ρg/ρf )
0.756 

Nusp = 0.021Re0.8
f Pr0.4

f  

• Fluids: distilled water, ammonia  
• Single-phase heat transfer coefficient is calculated using a Colburn-type equation [66] 

with properties evaluated at film temperature 

Moles and Shaw 

[31] 

Nusc

Nusp
= 78.5

(
q″

w
hfgρgU

)0.67( hfg

cp,f ΔTsub

)0.5(ρg

ρf

)0.7(cp,f μf

kf

)0.46 

= 78.5Bo0.67Ja**− 0.5(ρg/ρf )
0.03Pr0.46

f 

Nusp = 0.027Re0.8
f Pr1/3

f

(
μf

μf |Tw

)

• Flow orientation: vertical upflow, horizontal flow  
• Fluids: water, ethanol, isopropanol, n-butanol, ammonia, aniline, hydrazine  
• Single-phase heat transfer coefficient is calculated using Sieder-Tate’s equation [67] 

Liu and Winterton 

[36] 

q″
w = ((Ehsp(Tw − Tf ))

2
+ (ShnbΔTsat)

2
)
0.5

= hsc(Tw − Tf )

hsc =

(

(Ehsp)
2
+

(
ShnbΔTsat

Tw − Tf

)2)0.5 

Nusp = 0.023Re0.8
fo Pr0.4

f 

hNB = 55P0.12
R (− log10PR)

− 0.55q2/3M− 0.5 

For vertical flow, ENB = ECB = 1 
For horizontal flow, 
if Frfo,D ≥ 0.05, E = 1 
if Frfo,D < 0.05, E = Fr(fo,D0.1 − 2Frfo,D)

S = Fr0.5
fo,D  

• Flow orientation: vertical upflow, vertical downflow, horizontal flow  
• Fluids: water, R11, R12, R113, R114, R22, ethylene glycol, n-butanol, ethanol  
• Single-phase heat transfer coefficient is calculated using Dittus-Boelter’s equation [68] 

Shah 

[38] 
q″

w = hsc(Tw − Tf )=

{
ψ0hsp(ΔTsat − 1.65ΔT− 0.44

sub )

0.67
PDBψ0hspΔTsatFDB 

ψ0 = {
230Bo0.5 Bo > 0.3 × 10− 4

1 + 46Bo0.5 Bo < 0.3 × 10− 4 

Nusp = 0.023Re0.8
f Pr0.4

f  

• Flow orientation: vertical upflow, horizontal flow  
• Fluids: 13 different fluids (water, refrigerants, chemicals)  
• Single-phase heat transfer coefficient is calculated using Dittus-Boelter’s equation [68] 

Devahdhanush and 
Mudawar 

[33] 

Nusc

Nusp
= 312.8

(
q″

w
Ghfg

)0.769(

0.1 +
cp,f ΔTsub

hfg

)− 0.632 

= 312.8Bo0.769(0.1 + Ja**)
− 0.632 

Nusp = 0.023Re0.8
fo Pr0.4

f  

• Flow orientation: vertical upflow, vertical downflow, horizontal flow  
• Fluids: n-Perfluorohexane (nPFH)  
• Single-phase heat transfer coefficient is calculated using Dittus-Boelter’s equation [68] 

with all properties based on local bulk fluid temperature and liquid-only Reynolds 
number  
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where all thermophysical properties are estimated based on local pres
sure (i.e., local saturation temperature). For uniformity between satu
rated and subcooled HTC correlations, single-phase liquid HTC, hsp, by 
Gnielinski [62] is selected and incorporated in the new correlation. 

Boiling number and modified Jacob number, the two terms that mostly 
affect heat transfer enhancement and are consistent in all seminal 
dimensionless-group correlations, are included. To remove the singu
larity as ΔTsub → 0, (0.1 + Ja**) is employed, instead of Ja**. In order to 

Fig. 15. Performance of seminal subcooled flow boiling HTC correlations against demarcated subcooled HTC data for LN2 under terrestrial gravity.  

Table 6 
Prediction statistics for seminal HTC correlations and the new correlation for subcooled flow boiling regime.  

Dataset N New Subcooled 
correlation 

Papell 
(1963) 

Moles & Shaw 
(1972) 

Liu & Winterton 
(1991) 

Shah 
(2017) 

Devahdhanush & Mudawar 
(2022) 

MAE [%] MAE [%] MAE [%] MAE [%] MAE [%] MAE [%] 

LN2 Only Entire 1-ge 

dataset 
1540 21.24 467.54 86.83 37.80 39.01 29.83 

Microgravity 102 25.99 266.33 53.05 29.76 34.68 28.53 
LN2 LCH4 

LH2 

Entire 1-ge 

dataset 
1553 21.29 464.55 86.45 37.83 39.87 29.88  
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address thermal properties of different cryogens, dimensionless group of 
vapor-to-liquid density ratio and liquid Prandtl number are retained, 
based on successful coverage of Moles and Shaw’s correlation for a wide 
variety of fluid classes. Note that the suggested functional form does not 
reflect any gravity effect on subcooled HTC. This is based on the 
observed trend from the experimental database, where a significant 
impact of the reduced gravity field on subcooled HTC cannot be iden
tified. The final correlation for LN2 subcooled HTC is 

hsc

hsp
= 6.58

(
q″

Ghfg

)0.68(

0.1 +
cp,f ΔTsub

hfg

)− 1.3(ρg

ρf

)− 0.4(cp,f μf

kf

)0.46

= 6.58Bo0.68(0.1 + Ja**)
− 1.3
(ρg

ρf

)− 0.4(
Prf
)0.46

(23)  

where the constants are regressed with an aim of minimizing the pre
dictive error (the numerical regression is made certain to find the global 
minima within the expected ranges), while preserving physical trends. 
The predictive performance of the newly developed correlation over the 
final demarcated LN2 saturated HTC database is thoroughly presented, 
both statistically in Table 6 and visually in Fig. 17. In Fig. 17(a), the 
parity plot shows the alignment of the local HTC datapoints along the 
45◦ diagonal line and within ±50 % boundaries, resulting in an overall 
MAE of 21.24 % for the terrestrial gravity condition. Fig. 17(b) further 
highlights the predictive capability of this new correlation, showcasing 
an overall MAE of 25.99 % for microgravity conditions. The superiority 
of the new subcooled HTC correlation is also evident in Table 6, where 
this correlation excels as the best-performing for both the terrestrial 1-ge 
LN2 database and the microgravity LN2 database. In light of the 
comprehensive evaluation and analysis presented, it is clear that the 
newly developed correlation offers robust predictive accuracy across a 
wide spectrum of operating conditions, flow orientations, and across a 
broad range of gravity levels for LN2. 

4.3.2. Extension of the new correlation to other cryogens 
In order to assess the universality of the correlation, an evaluation 

was conducted utilizing local subcooled HTC datapoints obtained for 
different cryogenic fluids. Rigorous application of the segregation 
criteria, with D > 6.35 mm, resulted in the demarcation of 1553 local 
subcooled HTC datapoints, encompassing three distinct cryogens: liquid 
nitrogen (LN2), liquid methane (LCH4), and liquid hydrogen (LH2). In 
contrast to the new saturated HTC correlation, which exhibited robust 

predictive capability across different cryogens without any modifica
tions, the new subcooled HTC correlation for LN2, Eq. (23), necessitated 
the incorporation of an additional term to achieve improved accuracy in 
representing subcooled HTC for other cryogens. To account for the 
distinct characteristics of different cryogenic fluids, a simple, yet 
powerful correction factor based on molecular weight ratio (ratio of the 
molecular weight of LN2 to the molecular weight of the specific cryogen) 
is proposed, 

hsc

hsc,LN2

=

(
M̄LN2

M̄

)m

(24) 

The impact of molecular weight on the heat transfer coefficient has 
been proposed by Cooper [69] based on empirical observations of 
experimental data, without providing a specific theoretical explanation 
for the observed relationship. In Cooper’s pool boiling HTC correlation 
[59], he suggested inverse proportionality between hPB and M̄, and 
postulated a functional relation of the form hPB ∼ M̄− 0.5. This inverse 
proportionality has also been observed within the current subcooled 
HTC database for cryogens. To gain a theoretical understanding of the 
experimentally observed relationship between the two-phase heat 

Fig. 16. htp,pred/htp,meas ratio versus thermodynamic equilibrium quality for 
three different seminal correlations [28,31,33] against demarcated subcooled 
HTC data for LN2. 

Fig. 17. Performance of the new subcooled flow boiling HTC correlation 
against the demarcated (a) 1-ge subcooled HTC data for LN2, and (b) µg sub
cooled HTC data for LN2. 
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transfer coefficient, htp, and molecular weight, M̄, bubble nucleation 
theory and kinetic theory of gases were employed to derive a theoretical 
functional relationship. A detailed derivation of the theoretical func
tional relationship can be found in Appendix A. The analysis, both 
qualitatively and quantitatively, validates the need for the additional 
term presented in Eq. (24). It should be noted that Eq. (24) is non
dimensionalized by incorporating the molecular weight of LN2, M̄LN2. 

Hence, the universal subcooled HTC correlation can be expressed 
using Eqs. (23) and (24). Additional regression analysis for the power 
factor, m, yields 

hsc

hsp
= 6.58

(
q″

Ghfg

)0.68(

0.1+
cp,f ΔTsub

hfg

)− 1.3(ρg

ρf

)− 0.4(cp,f μf

kf

)0.46(M̄LN2

M̄

)0.42

= 6.58Bo0.68(0.1+Ja**)
− 1.3
(ρg

ρf

)− 0.4(
Prf
)0.46

(
M̄LN2

M̄

)0.42

(25) 

As depicted in Fig. 18, the new universal subcooled HTC correlation 
exhibits an overall MAE of 21.29 % against the entire subcooled HTC 
database, as also listed in Table 6. This finding underscores the universal 
applicability of the newly established correlation, extending its effec
tiveness not only to LN2 but also to other cryogenic fluids. 

5. Conclusions 

The present study was motivated by the absence of reliable, error- 
free saturated and subcooled flow boiling HTC correlations which 
are essential needs for future cryogenic space applications. Databases 
for saturated and subcooled HTC were consolidated including 
experimental data from previous studies of the present authors and 
historical data extracted from open literatures. Based on the 
consolidated databases, new HTC correlations were developed and 
validated for reliability and applicability across a comprehensive 
range of operating conditions, flow orientations, and cryogenic 
fluids. Key conclusions from the study are:  

(1) Assessment of prior seminal saturated HTC correlations for the 
terrestrial LN2 saturated database revealed predictive MAEs 
ranging from 28.89 % to 52.44 %. Amongst all, Ganesan et al.’s 
[27] performed the best, with an overall MAE of 28.89 %. 

However, for the microgravity dataset, Ganesan et al.’s resulted 
in an overall MAE of 52.59 %, leaving no viable saturated HTC 
correlation applicable to both 1-ge and microgravity.  

(2) A new saturated HTC correlation was proposed based on 
comprehensive analysis of the suggested functional form, 
addressing the effects of suppression of nucleate boiling, gravi
tational effects on nucleate boiling, and reliance of convection 
boiling on the phase separation parameter. The overall MAEs for 
the new saturated HTC correlation are 23.84 % and 16.73 % for 
1-ge and microgravity saturated HTC, respectively. The correla
tion was further assessed against multiple cryogens under 
terrestrial gravity condition and proved its universality with an 
overall MAE of 24.01 %.  

(3) Assessment of prior seminal subcooled correlations for the 
terrestrial LN2 subcooled database showed MAEs ranging from 
29.83 % to 467.54 %. Amongst all, Devahdhanush and Muda
war’s [33] performed the best, with an overall MAE of 29.83 %. 

(4) A simple to use, but highly effective correlation of the dimen
sionless group type was developed for cryogenic subcooled flow 
boiling. The overall MAEs of the new subcooled HTC correlation 
are 21.24 % and 25.99 %, for 1-ge and microgravity, respectively. 
The correlation incorporates a correction factor based on mo
lecular weight ratio and was further assessed against multiple 
cryogens under terrestrial gravity condition and validated for 
universal applicability with an overall MAE of 21.29 %.  

(5) Clearly, the new saturated and subcooled HTC correlations 
outperform all prior seminal correlations, consistently providing 
excellent predictions for both terrestrial gravity and microgravity 
conditions, as summarized in Tables 4 and 6. The new HTC cor
relations can be utilized irrespective of flow orientation and 
gravity level for various cryogenic fluids. 
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Appendix A 

As discussed earlier, formulation of the new correlation for subcooled HTC for cryogens was shown to include dependence on molecular weight, M̄. 
This Appendix is intended to provide a theoretical basis for this relationship. 

A.1 Bubble nucleation 

A.1.1 Metastable superheated liquid 
To initiate the discussion on bubble nucleation, it is crucial to grasp the concept of metastable state of a vapor embryo, with the goal of determining 

whether such an embryo can maintain a stable state and continue to grow through phase change. Consider a scenario where a superheated pure 
substance liquid bath exists at Tf and Pf, within which a spherical vapor bubble embryo with a radius r is present. Relying on the definition of the 
availability function, Ψ, in Eq. (A1), which is derived from the Kelvin equation, the availability of the liquid, vapor embryo, and interface can be 
defined according to Eq. (A2). 

Ψ = U − TS + PV (A1)  

Ψ = Ψf + Ψg + Ψi (A2)  

where U, S, and V represent internal energy, entropy, and volume, respectively. Defining the availability for liquid, interface, and vapor as Eqs. (A3)– 
(A5), respectively, and employing the relation in Eq. (A6), the total availability of the embryo can be expressed as Eq. (A7). 

Ψf = mf
(
Uf − Tf Sf +Pf Vf

)
(A3)  

Ψi = 4πr2σ (A4)  

Ψg = mg
(
Ug − Tf Sg +Pf Vg

)
(A5)  

ΔΨ = Ψf + Ψg + Ψi − Ψ0 (A6)  

ΔΨ = mg
[
gg
(
Tf ,Pf

)
− gf

(
Tf ,Pf

)
+
(
Pf − Pg

)]
+ 4πr2σ (A7)  

where mf, mg, gg, and gf are mass of a liquid molecule, mass of a vapor molecule, specific Gibbs function for liquid, and specific Gibbs function for vapor, 
respectively. Replacing the term (Pf − Pg) in Eq. (A7) with the Young-Laplace relation Pg = Pge = Pf − 2σ/re, yields 

ΔΨ = mg

[

gg
(
Tf ,Pf

)
− gf

(
Tf ,Pf

)
−

2σvg

re

]

+ 4πr2σ (A8)  

where Pge and re are pressure of vapor embryo at equilibrium, and radius of vapor embryo at equilibrium, respectively. For pure substances, Gibbs free 
energies for vapor and liquid are identical. Therefore, gg and gf cancel out and, by incorporating mass and volume of vapor, mg, and vg, respectively, Eq. 
(A8) can be simplified into the following expression for availability of an embryo of any radius r. 

ΔΨ = 4πr2σ
[

1 −
2
3
(r/re)

]

(A9) 

It is clear that the condition described by Eq. (A9) leads to a state of metastable equilibrium rather than stable equilibrium. In this state, the 
removal of a molecule from the activated embryo cluster with a radius re results in its collapse, while the addition of a molecule leads to spontaneous 
growth, i.e., homogenous bubble nucleation [70]. 

A.1.2 Rate of bubble formation, J 
Drawing upon the stability analysis presented above, it is evident that homogeneous nucleation hinges on the net difference between the rates of 

interfacial evaporation and condensation. The rate of bubble formation per unit volume per unit time, J, was derived for both homogeneous and 
heterogenous nucleation by Blander and Katz [71], and their formulation is summarized herein. 
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Let’s consider a pure substance superheated liquid bath at Tf and Pf, where an idealized distribution of vapor embryos exists within the liquid bath. 
The number of embryos of n molecules per unit volume, Nn, for such equilibrium system can be postulated to have the form 

Nn = Nf exp
(
− ΔΨ(r)

KBTf

)

(A10)  

where the prefactor Nf is defined as the number of the liquid molecules per unit volume, and KB is the Boltzmann constant (=R̄ /NA,), R̄ and NA being 
the universal gas constant and Avogadro’s number, respectively. For equilibrium, Eq. (A11) below must be satisfied, indicating dynamic equilibrium 
between total number of evaporating molecules and total number of condensing molecules. 

NnAnjne = Nn+1An+1 j(n+1)c (A11)  

where jne is defined as the number of molecules evaporating from the interface per unit area per unit time, and jnc is the number of molecules 
condensing along the interface per unit area per unit time. Eq. (A11) indicates the dynamic equilibrium describing the condition where the rate at 
which embryos with n molecules are converted to embryos with n + 1 molecules by evaporation is equal to the rate at which embryos with n + 1 
molecules are converted to embryos with n molecules by condensation. 

However, for a real superheated liquid, ideal equilibrium cannot be expected and the difference between the evaporation and condensation rates 
will represent the net flux of the number of embryos. Therefore, Jn denotes the excess number of embryos with n molecules being converted to n + 1 by 
evaporation over the number of embryos with n + 1 molecules being converted to n by condensation, as represented in Eq. (A12). Here, N*

n denotes the 
number of embryos in this non-equilibrium situation. Combining Eqs. (A11) and (A12) yields Eq. (A13). 

Jn = N*
n Anjne − N*

n+1 An+1 j(n+1)c (A12)  

Jn = NnAnjne

[
N*

n

Nn
−

N*
n+1

Nn+1

]

(A13) 

By treating the number of molecules in the embryo, n, as a continuous variable, Eq. (A13) can be expressed as Eq. (A14). Furthermore, by assuming 
constant number distribution of embryo (∂N*

n/∂t = 0), it yields Eq. (A15), which indicates the rate of bubble formation is independent of embryo size n. 

Jn = − NnAnjne
∂
[
N*

n

/
Nn
]

∂n
(A14)  

∂N*
n

∂t
=

∂Jn

∂n
= 0 → Jn = J (A15) 

Integrating Eq. (A14) over the size distribution from n0 to n, and with N
*
n

Nn
→1 for small n, yields Eq. (A16). 

J =
N*

n

Nn
⋅

⎡

⎣
∫n=n0

n=n

[NnAnjne]
− 1dn

⎤

⎦

− 1

=

⎡

⎣
∫n=n0

n=n

[NnAnjne]
− 1dn

⎤

⎦

− 1

(A16) 

Note that the trend of N*
n can be found in [70]. 

According to Schrage et al. [72], the number of molecules evaporating from the interface, jne, can be expressed as Eq. (A17), the derivation of which 
will be discussed in detail in the following section. 

jne =
Pge

(
2πmkBTf

)1/2 (A17) 

By substituting Eqs. (A17) into (A16), and incorporating the Young-Laplace equation, the integration relation in Eq. (A16) can be re-expressed as a 
function of r. 

J =

[
3Nf

2 − Pf
/

Pge

]

⋅
[

KBTf

2πm

]1/2

⋅

⎡

⎣
∫∞

0

exp
(

ΔΨ(r)
KBTf

)

dr

⎤

⎦ (A18) 

Substituting the relation for ΔΨ(r), Eq. (A9), into (A18) yields the following relation for J: 

J = Nf

[
3σ
πm

]1/2

⋅exp

[
− 16πσ3

3kT
[
Pge − Pf

]2

]

(A19) 

Expressing Eq. (A19) by substituting the known constants, results in 

J = 1.44
(
1040)⋅

[ρf
2σ

M̄3

]1/2

⋅exp

[
− 1.213

(
1024

)
σ3

T
[
ηPsat − Pf

]2

]

(A20) 

In Eq. (A20) shows the rate of bubble formation, J, is related to molecular weight, M̄, according J ∼ M̄− 3/2. The inverse proportionality relation 
indicates a reduced likelihood of bubble nucleation for substances with high molecular weight. Conversely, it also suggests a heightened probability of 
bubble nucleation for substances with low molecular weight. Consequently, Eq. (A20), provides qualitative insight into the influence of molecular 
weight on interfacial heat transfer, which is predominantly affected by the rate of bubble formation, J. 
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A.1.3 Heterogenous nucleation 
For heterogeneous nucleation, straightforward extension of the previous analysis for homogeneous nucleation can be realized. The key factor that 

remains to be considered is the influence of cavities on the heated surface, which can vary depending on the geometry of each cavity. Cole [73] 
evaluated and provided functional relationships for various geometries, including flat surfaces, spherical projections, spherical cavities, and conical 
cavities. By incorporating these functional relations, Eq. (A19) can be redefined to account for heterogeneous nucleation according to 

J = Nf
2/3Y

[
3σ

Cπm

]1/2

⋅exp

[
− 16πσ3C

3kT
[
Pge − Pf

]2

]

(A21)  

where m is mass of a single molecule and C and Y are Cole’s geometrical relations, defined as C = (2+3cosθ − cos3θ)/4 and Y = (1 + cosθ)/2, 
respectively. Note that the relation for C is derived for vapor embryo on a plane surface with a contact angle of θ. Notice the smaller prefactor, Nf

2/3, 
than that for the homogenous case, Eq. (A19). For heterogeneous nucleation, only the liquid molecules in close proximity to the solid surface are 
involved in the formation of embryo bubbles. As a result, the exponential term for the prefactor is 2/3, in contrast to the value of 1 used for ho
mogeneous nucleation. Nevertheless, by substituting the known constants, an inverse proportionality functional relationship is realized between the 
rate of heterogeneous bubble formation and molecular weight, as J ∼ M̄− 7/6, which indicates a dependence of heat transfer on molecular weight 
similar to the homogeneous bubble nucleation case. Notice that if θ is assumed to be zero and Nf

2/3 is replaced by Nf , Eq. (A21) becomes identical to 
Eq. (A19) for homogeneous bubble nucleation. 

A.2 Molecular dynamics and interfacial heat and mass transfer 

While a qualitative understanding of the relationship between molecular weight and interfacial heat transfer was provided above, it is essential to 
develop a quantitative representation of this relationship for the purpose of developing a HTC correlation that incorporates the molecular weight effect. 
To meet this requirement, interfacial evaporation and condensation should be investigated at the molecular scale, focusing on the proximity of the 
liquid-vapor interface. 

A.2.1 Kinetic theory of gases 
According to the classical kinematic theory of gases, Maxwell velocity distribution, Eq. (A22), dictates the fraction of the total number of mole

cules, n, with Cartesian velocity u, v, and w in the ranges of u+du, v+dv, and w+dw, respectively [74]. 

dnuvw

n
=

(
m

2πKBT

)3/2

⋅exp
[

−

(
m

2KBT

)
(
u2 + v2 +w2)

]

dudvdw (A22) 

This result can be utilized to determine the flux of molecules passing through an arbitrary surface for a gas that has a Maxwell velocity distribution. 
First, Eq. (A23) integrates the fraction of molecules having an x-component velocity of u with any v and w to acquire the fraction of molecules that have 
potential to traverse the arbitrary surface within a given time interval, which can be combined with Eq. (A22) to yield 

dnu

n
=

∫ ∫
dnuvw

n
(A23)  

dnu

n
=

(
m

2πKBT

)1/2

exp
[

−

(
mu2

2KBT

)]

du (A24) 

Eq. (A24) shows, for a total number of molecule n, the number of molecules with x-component velocity equal to u is dnu. The actual number of 
molecules passing through the arbitrary surface with velocity u in the x-direction per unit area per unit time, dju, can be expressed as 

dju =

(
uΔt
Lx

)

dnu

(
1

LyLz

)(
1

Δt

)

(A25)  

where Lx, Ly, and Lz are arbitrary length of imaginary cubical box for each direction, respectively. Finally, by substituting Eq. (A24) for dnu, Eq. (A25) 
can be integrated over all possible velocities u from 0 to infinity, yielding the following relation for total rate of molecules passing through the 
arbitrary surface per unit area, 

jn =

(
1
4

)(n
V

)(8KBT
mπ

)1/2

=

(
M̄

2πR̄T

)1/2(P
m

)

(A26)  

where V equals the volume of the imaginary box (= LxLyLz). 
This molecular-level understanding can be extended to phase change situations to quantify the number of molecules crossing the liquid-vapor 

interface during evaporation or condensation. Notice that Eq. (A26) shares the exact form as Eq. (A17), which describes the number of molecules 
evaporating from the interface, jne. 

A.2.2 Interfacial heat and mass transfer 
The kinetic theory of gases has been extended to phase change processes by Shrage et al. [72]. They demonstrated that when a gas flows 

perpendicular to a planar surface at a velocity of w0, the molecular flux through the plane in the direction of the bulk motion can be described by Eq. 
(A27a) for evaporation and Eq. (A27b) for condensation. 

jnw+ = Γ(a)
(

M̄
2πR̄T

)1/2(P
m

)

(A27a) 

S. Kim et al.                                                                                                                                                                                                                                      



International Journal of Heat and Mass Transfer 224 (2024) 125297

25

jnw− = Γ(a)
(

M̄
2πR̄T

)1/2(P
m

)

(A27b) 

The prefactor Γ(a) takes into account the effect of bulk motion, as defined by Eq. (A28), and is dependent on the argument a, as defined by Eq. 
(A29) below. Cooper [69] reported correlations between thermal properties such as ρg, hfg, kf , cp,f , µf and molecular weight M̄. Utilizing these relations, 
the argument a was expressed as a power function of M̄, as demonstrated in Eq. (A29). It is important to note that exponent p is introduced to represent 
the power correlation between interfacial heat flux q″

i and M̄. Furthermore, by extracting the reported values of Γ(a) from Shrage et al., the function 
Γ(a) in Eq. (A28) was approximated as a function of M̄, resulting in the relation Γ(a) ≈ exp(1.3 /M̄p+0.5

), as represented in Eq. (A28). 

Γ(a) = exp
(
a2)+ aπ1/2[1+ erf (a)] ≈ exp

(
1.3

M̄p+0.5

)

(A28)  

a =
w0

(2R̄T/M̄)
2 =

q″
i

ρghfg

(
2R̄T
M̄

)1/2

≈

(
1
M̄

)p( 1
M̄

)1/2

(A29) 

The net rate of interfacial mass transfer can be evaluated as the difference between evaporation rate and condensation rate. Shrage et al. [72], using 
Eqs. (A27a) and (A27b), expressed the net interfacial mass transfer rate as 

m″
i =

(
M̄

2πR̄

)1/2
(

Γσ̂Pg

T1/2
g

−
σ̂Pf

T1/2
f

)

(A30)  

where σ̂ is a parameter often referred to as accommodation coefficient. By simply multiplying m″
i by the latent heat of vaporization, hfg, the interfacial 

heat flux, q″
i, can be evaluated according to 

q″
i = m″

ihfg =

[(
M̄

2πR̄

)1/2
(

Γσ̂Pg

T1/2
g

−
σ̂Pf

T1/2
f

)]

⋅hfg (A31)  

which can be further represented as a function of M̄, according to 

q″
i ≈

[

(M̄)
1
2⋅exp

(
1.3

M̄p+0.5

)]

⋅(M̄)
− 1 (A32) 

Note that hfg ∼ (M̄)
− 1 is utilized as reported by Cooper [69]. 

The interfacial heat transfer coefficient, hi, can be derived by dividing the interfacial heat flux by temperature difference across the interface, as Eq. 
(A33), which still holds the same functional relation as Eq. (A32) but with the left-hand side as hi. 

hi =
q″

i

ΔT
∼

[

(M̄)
1
2⋅exp

(
1.3

M̄p+0.5

)]

⋅(M̄)
− 1 (A33) 

Generalizing this functional form, the relation between hi and M̄ can be represented according to the mathematical form 

hi ∼ (M̄)
− 0.5exp

(
1.3

M̄p+0.5

)

(A34) 

By iteratively solving Eqs. (A29) and (A32), convergence is realized with p ≈ 0.45. Using this value, results from Eq. (A34) are depicted in Fig. A1, 
which shows hi decreases with increasing M̄. Additionally, the blue curve in Fig. A1 shows LHe and LH2 are clear outliers among the cryogens, with hi 
for LHe more than three times that of LN2, and hi for LH2 more than six times that of LN2. Therefore, the quantified relationship between interfacial 
heat transfer and molecular weight just derived aligns well with the qualitative analysis of bubble nucleation presented earlier in Appendix A.1, 
indicating an inverse proportionality between the two. To incorporate the quantified effect of molecular weight into the new subcooled HTC cor
relation, a power function is used to closely approximate the relationship in Eq. (A34), emphasizing simplicity and good agreement with the date. 
Regression of the subcooled HTC data resulted in a function described in Eq. (A35), which is also illustrated by the red curve in Fig. A1, showing a close 
resemblance to the original function depicted by the blue curve. 

hi ∼

(
1
M̄

)0.42

(A35)   
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Fig. A1. Generalized functional relationship between interfacial heat transfer coefficient and molecular weight.  
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