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A B S T R A C T

This study addresses the critical need for a reliable database for the minimum heat flux (MHF) point in saturated 
pool boiling of cryogens. Relying on a comprehensive review of the relatively sparse published literature, a key 
objective of the study is to amass a MHF database, which is then used to investigate influences of various pa-
rameters on MHF, assess the accuracy of published correlations, and develop new correlations specifically 
tailored to cryogenic fluids. By applying stringent point-by-point evaluation criteria, 165 data points for MHF 
point temperature (Tmin) and 158 data points for MHF point heat flux (q”min) are aggregated, comprising this 
study’s “Consolidated Database” for MHF. This database includes data for liquid helium (LHe), liquid argon 
(LAr), liquid hydrogen (LH2), and liquid nitrogen (LN2) and boiling from clean as well as treated (coated or 
oxidized) surfaces. A total of 9 correlations for Tmin and 10 for q”min are evaluated for accuracy against the new 
Consolidated Database. Leveraging insights from prior correlation results and trends from the new Consolidated 
Database, new universal correlations are formulated for both Tmin and q”min. The new correlation for Tmin features 
Mean Absolute Errors (MAEs) of 9.05 % for clean surfaces and 7.7 % for treated surfaces. Similarly, the new q”min 
correlation shows MAEs of 21.50 % for clean surfaces and 25.22 % for treated surfaces. While the new corre-
lations represent a significant advancement in the development of predictive tools for cryogens, this study points 
to a need for more comprehensive experimental investigation of heat transfer aspects of cryogens, which will 
undoubtedly further improve the robustness and accuracy of the new correlations.

1. Introduction

1.1. Cryogens and their applications

The term “cryo” refers to extreme “cold” or “frost” and the science 
dealing with such extremely low temperatures and its application is 
called cryogenics. Cryogenic fluids are a unique class of substances 
characterized by extremely low saturation temperatures, which set them 
apart from common fluids like water and refrigerants. This distinction is 
visually depicted in Fig. 1, wherein REFPROP 10 [1] is used to establish 
the saturation temperatures of the different fluids. Furthermore, a 
comprehensive comparative analysis conducted by Ganesan et al. [2] 
across different coolant classes has revealed significant disparities in 
several properties of saturated liquids. They include liquid density (ρf), 
specific heat of liquid at constant pressure (cp,f), liquid thermal 

conductivity (kf), liquid viscosity (μf), liquid Prandtl number (Prf). Aside 
from the cryogens having low values of μf, they also feature low values of 
vapor density (ρg), latent heat of vaporization (hfg), and surface tension 
(σ), but elevated values of specific heat of vapor (cp,f). These unique 
thermophysical attributes distinguish cryogenic fluids, especially liquid 
helium (LHe), from conventional fluids. This underscores the distinct 
transport characteristics of cryogens as well as the difficulty predicting 
these characteristics using predictive methods developed for common 
fluids.

The unique physics of cryogens helps explain their broad range of 
applications in important and often challenging environments. For 
instance, cryogens find extensive use in the medical field, where they are 
employed to generate extremely low temperatures for various purposes, 
including tissue freezing, storing of reproductive cells, and preservation 
of biological samples. Cryogens also play a crucial role in the develop-
ment and operation of superconductors, many of which can only 
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function at cryogenic temperatures, which highlights the indispensable 
role of cryogens in this area. And the exceptional energy density of 
cryogens such as liquid oxygen (LO2) and liquid hydrogen (LH2) render 
them ideal choices in rocket fuels for space exploration missions. Their 
properties enable spacecraft to achieve high thrust and energy effi-
ciency; both are crucial for long-distance missions. In summary, the 
versatility and unique transport characteristics of cryogens renders them 
indispensable across a wide range of disciplines and applications.

1.2. Background physics of pool boiling

Pool boiling is a simple and effective method for efficient two-phase 
cooling. It is widely used across both low-temperature and high- 
temperature cooling applications. Examples of the low-temperature 
applications include cooling of electronic and power devices and su-
perconductor coils. These applications leverage the high latent heat 
capacity of a coolant to efficiently dissipate large amounts of heat while 
maintaining relatively low, safe surface temperatures. On the other 
hand, in high-temperature applications, pool boiling is commonly used 
to quench metal alloy parts during heat treating processes in pursuit of 
superior mechanical properties.

Researchers use the boiling curve to understand the different phases 
of pool boiling, derived via one of two methods: steady-state heating and 
transient cooling (quenching). The steady-state method is preferred for 
its more accurate heat transfer measurements, which aids the compre-
hensive understanding of pool boiling mechanisms.

Fig. 2(a) shows a boiling curve constructed using the steady-state 
heating method, which is conducted in two separate phases. The first 
phase involves gradually increasing the wall heat flux from zero in small 
steps and recording wall temperature after reaching steady state. This 
allows capture of several key regions and transition points of pool 
boiling: single-phase liquid region, onset of nucleate boiling (ONB) 
point, nucleate boiling region, critical heat flux (CHF) point, and upper 
portion of the film boiling region. The second phase involves decreasing 
the heat flux in small steps starting in film boiling. This allows capture of 
the lower portion of the film boiling region, minimum heat flux (MHF) 
point, nucleate boiling region, and eventually the single-phase liquid 

Nomenclature

A atomic number
cp specific heat at constant pressure [J. kg-1. K-1]
g gravitational acceleration [m. s-2]
hfg latent heat of vaporization [J. kg-1]
kw thermal conductivity of heated surface [W. m-1. K-1]
kc thermal conductivity of coated material [W. m-1. K-1]

Lb bubble length scale [m], Lb =

[
σ

g(ρf − ρg)

]1
2

N number of data points
Nug Nusselt number for vapor; Nug = hLb

kg

p pressure [N. m-2]
p∗ reduced pressure; p∗ = p/pc
pc critical pressure [N. m-2]
Pr Prandtl number
qʹ́ heat flux per unit surface area [W. m-2]
q˝min minimum heat flux [W. m-2]
Rg Specific gas constant [J. kg-1. K-1]
Sq surface characteristics multiplier for new minimum heat 

flux correlation
ST surface characteristics multiplier for new minimum 

temperature correlation
T temperature [K]
Tc critical temperature [K]
Tmin minimum film boiling temperature [K]
Tsat saturation temperature [K]
ΔTsat wall superheat, Tw − Tsat [K]
Tw heated wall temperature [K]
v specific volume [m3. kg-1]

Greek symbols
α percentage of predictions within ±30% of the data

β percentage of predictions within ±50% of the data
δ thickness of surface coating [m]
θ orientation angle of heated surface [∘]
λ wavelength [m]
μ dynamic viscosity [Pa. s]
ρ density [kg. m-3]
σ surface tension [N. m-1]

Subscripts
c critical point
exp experimental (measured)
f saturated liquid
g saturated vapor
min minimum
pred predicted (calculated)
sat saturation
w heating wall

Acronyms
CHF critical heat flux
HTC heat transfer coefficient
MHF minimum heat flux
LAr liquid argon
LCH4 liquid methane
LH2 liquid hydrogen
LHe liquid helium
LN2 liquid nitrogen
LO2 liquid oxygen
MAE mean absolute error
NASA National Aeronautics and Space Administration
ONB onset of nucleate boiling
PU-BTPFL Purdue University Boiling and Two-Phase Flow 

Laboratory

Fig. 1. Classification of coolants into water, refrigerants, and cryogens based 
on variation of saturation temperature with reduced pressure.
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region. However, lacking in the heating method is ability to capture the 
transition boiling region.

Fig. 2(b) shows the temperature-time cooling curve acquired using 
the alternative quenching method. Here, the surface is initially pre-
heated to an elevated temperature well within the film boiling region, 
which is followed by transient cooling (quenching), which allows 

capture of all the boiling regions, including transition boiling, as well as 
all transition points of the boiling curve. Unlike the heating method, the 
corresponding boiling curve using the quenching method is highly 
dependent on the wall thermal mass and requires use of the lumped 
capacitance method to determine the relationship between wall heat 
flux and wall temperature across each boiling region.

The present study is in systematic continuation of efforts at the 
Purdue University Boiling and Two-Phase Flow Laboratory (PU-BTPFL) 
dating back to the mid-1980s and encompassing boiling characteristics 
of virtually every type of boiling configuration or scheme: capillary [3], 
pool [4], falling film [5], macro-channel [6], micro-channel [7], jet [8], 
and spray [9], as well as hybrid methods combining two or more 
schemes [10,11]. These studies involve the use of advanced experi-
mental methods to acquire comprehensive databases, construct 
high-accuracy empirical correlations, as well as develop theoretical, 
computational, and machine learning models. Boiling of cryogenic fluids 
constitutes a major but relatively recent thrust for PU-BTPFL whose aim 
is to develop reliable predictive methods for cryogens like those devel-
oped earlier for common coolants.

1.3. Minimum heat flux (MHF) point

In the stable film boiling phase depicted in Fig. 3, a continuous vapor 
film acts to thermally insulate the heating surface. As the wall heat flux 
is decreased towards the MHF point, liquid gradually approaches the 
heating surface but without making direct contact. Further reduction in 
heat flux eventually leads to the MHF condition, when the combined 
downward buoyancy force (caused by the heavier liquid residing above 
the lighter vapor) and pressure force (induced by interfacial curvature), 
which push the interface towards the surface, just surpass the combined 
upward surface tension force and stagnation pressure force of newly 

Fig. 2. (a) Pool boiling curve, generally measured using the steady-state heating method. (b) Pool quench curve, generally measured using the transient 
(quench) method.

Fig. 3. (a) Schematic representation of initiation of the MHF condition by 
decreasing heat flux from film boiling. (b) Force balance for the half wavelength 
trough region of a unit interface cell.

F. Ahmad et al.                                                                                                                                                                                                                                  International Journal of Heat and Mass Transfer 234 (2024) 126099 

3 



formed vapor beneath, which tend to lift the interface away from the 
surface. This causes the liquid-vapor interface to contact and wet the 
surface, leading to intense boiling and vapor production in the wave 
trough. By examining the interface’s half wavelength trough region, Cai 
et al. [12] suggested the MHF condition occurs when these four forces 
reach equilibrium.

1.4. Parameters influencing MHF point

MHF plays a significant role in pool boiling because it marks sig-
nificant changes in heat transfer effectiveness between the inefficient 
film boiling and more efficient transition boiling. Extensive research has 
been conducted to explore the various factors influencing MHF, 
including system pressure, surface material, surface treatment, and 
surface orientation, contributing to a mechanistic understanding of this 
important phenomenon.

For instance, Sakurai et al. [13] examined the impact of system 
pressure on both MHF point surface temperature, Tmin, and MHF point 
heat flux, q”min, for water across a broad pressure range from 20 kPa to 2 
MPa. They reported the values of both MHF parameters increased 
monotonically with increasing pressure. However, while these increases 
were appreciable at lower pressures (<1.1 MPa), they were far less so at 
higher pressures (>1.1 MPa). The weaker changes at high pressures 
suggested the experimental results do not align with theoretical for-
mulations of MHF based on the Taylor instability. Kozlove et al. [14] 
conducted experiments with LH2 on three different surfaces: copper, 
aluminum, and stainless steel, over a pressure range of 7.2–130 kPa. 
Their findings aligned with those of Sakurai et al. [13], namely that 
values of both Tmin and q”min increase with increasing pressure. In 

contrast, Deev et al. [15], who conducted experiments with LHe over 
relatively high pressures corresponding to reduced pressures of p* =
0.445–0.98, found a monotonic decreases in both Tmin and q”min with 
increasing pressure; they also reported similar trends for the CHF point, 
where both TCHF and q”CHF also deceased with increasing pressure. 
Similar MHF trends were reported for LHe by other investigators 
[16–19]. At first glance, these findings may seem contradictory to those 
from studies involving other cryogens. However, upon closer examina-
tion, it becomes evident that the impact of pressure on Tmin and q”min is 
multifaceted and varies across different pressure ranges. Specifically, for 
lower pressures, increasing system pressure increases the values of both 
Tmin and q”min. However, this positive trend is either slowed significantly 
or reversed altogether at higher pressures.

Another factor influencing boiling phenomena in general is surface 
material, a facet that has not received sufficient systematic investigation 
in previous MHF literature. Nonetheless, there are a few noteworthy 
studies that provide evidence of this influence. For instance, Grigoriev 
et al. [20] compared the boiling characteristics of LHe on copper and 
stainless steel surfaces and reported that stainless steel exhibited higher 
values of both Tmin and q”min. Furthermore, they noted that stainless 
steel transitioned directly from nucleate boiling to film boiling, 
bypassing the transition boiling region. This behavior of stainless steel 
was attributed to its inferior thermophysical properties, particularly 
thermal conductivity. Similar experiments by Kozlov et al. [14] 
corroborated these findings by comparing MHF results for copper, 
aluminum, and stainless steel. They too reported that increasing the 
thermal conductivity of the heating surface decreases the values of both 
Tmin and q”min. In general, changing the solid-fluid combination is ex-
pected to always influence boiling behavior.

Table 1 
Prior models and correlations for MHF temperature (Tmin).

No. Year Author(s) Correlations Remarks

1 1961 Berenson [28] Tmin = Tsat +

0.127
ρghfg

kg

[g
(
ρf − ρg

)

ρf + ρg

]2
3
[

σ
g
(
ρf − ρg

)

]1
2
[

μf
(
ρf − ρg

)

]1
3

• First author to calculate Tmin by using his q”min correlation
• Adopts Taylor instability to model the vapor film thickness

2 1963 Spiegler et al. [27] Tmin =
27
32

Tc
• Simplest correlation in the literature based exclusively on Tc.
• This formulation was criticized by other researchers for failing to account 

for pressure effects
3 1973 Baumeister & Simon 

[29]
Tmin =

27
32

Tc

⎧
⎪⎨

⎪⎩
1 − exp

⎛

⎜
⎝ − 0.52

⎡

⎣
104

(ρs
A

)4
3

σ

⎤

⎦

1/3⎞

⎟
⎠

⎫
⎪⎬

⎪⎭

• Uses concept of surface energy to account for heating surface effects
• First to account for the solid surface effects

4 1974 Henry [30] Tmin = Tmin, B + 0.42
(
Tmin, B −

Tf
)
( kf ρf cp,

kwρwcp,w

) 3
10
[

hfg

cp,w
(
Tmin, B − Tf

)

]3
5

• Author mentions that Berenson’s correlation underestimates the value of 
Tmin because of failure to account for surface-fluid interaction

• Incorporated properties of both solid and fluid

where Tmin,B is Tmin based on Berenson’s correlation [28]
5 1975 Kalinin et al. [31]

Tmin = Tsat + (Tc − Tsat)

[

0.16 + 2.4
( kf ρf cp,f

kwρwcp,w

)1
4
] • Accounts for effects of both pressure and wall properties

• One of the most accurate correlations in literature
• Validated for cryogens

6 1976 Lienhard [32]
Tmin = Tsat + Tc

(

0.905 −

(
Tsat

Tc

)

+ 0.095
(

Tsat

Tc

)8
)

• Utilizes Van der Waals’ equation along with Maxwell’s criteria for 
correlation development

7 1984 Sakurai et al. [13] For 3-mm diameter heating surface: • Developed for water and inapplicable to other fluids
• Entirely empirical and not based on any physical mechanismTmin = 480+ 9e1.92p, p ≤ 1.1 MPa

Tmin = 480+ 80e0.27(p− 1.1), p > 1.1 MPa
For 1.2 mm and 2 mm diameter heaters:
Tmin = 480+ 10e(2.2p) , p ≤ 0.94 MPa
Tmin = 480+ 80e0.34(p− 0.94), p > 0.94 MPa

8 1990 Schroeder-Richter & 
Bartsch [33]

hg
(
Tg
)
− hf (Tmin) = 0.5

[
vg
(
Tg
)
− vf (Tmin)

][
psat(Tmin) −

psat
(
Tg
)]

• Utilizes Clausius-Clapeyron equation
• Implicit formulation compromises adoption of this correlation

9 2018 Aursand et al. [34]

Tmin =
1
3
Tsat +

2
3
Tsat

⎡

⎢
⎢
⎣1 +

9σ

4 +
μf

μg

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2πRgTsat

√

kgf(ε)

⎤

⎥
⎥
⎦

1
2 • Uses thermocapillary instability in the correlation’s formulation

• Difficult to use due to use of unknown evaporation effect function f(ε)

where f(ε) is a function of evaporation coefficient ε
10 2021 Cai et al. [12]

Tmin = Tsat + 0.1223
(ρf

ρg

)− 0.2029 ρghfg

Nugkg

[
σ3

gρ2
g
(
ρf − ρg

)

]1
4 • Based on Cai et al.’s q”min correlation [12], which is combined with 

Klimenko’s [42] Nusselt number correlation
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Moving beyond surface material, based on findings from numerous 
past investigations, surface treatment emerges as another parameter that 
can significantly influence Tmin and q”min. For example, Butler et al. [17] 
conducted experiments with LHe to investigate the influence of surface 
treatment on heat transfer characteristics on a copper surface in super-
conducting magnet applications. They reported surface treatment via 
coating increased both Tmin and q”min (also q”CHF), with q”min being 
fourfold higher for a treated surface compared to a plain copper surface. 
Ogata and Mori [21] investigated the influence of coating a copper 
surface with epoxy resin on boiling behavior of LHe. They showed that 
increasing the thickness of coating increased the values of both Tmin and 
q”min. Chandratilleke et al. [22] confirmed these trends for LHe but also 
examined the effect of thermal conductivity of coating material, 
increasing which was shown to decrease the values of both Tmin and 
q”min. They further found that the effect of thickness of coating material 
is more pronounced with an insulating Teflon coating compared to a 
stainless steel (SUS 304) coating. Similar to the surface coating, 
oxidizing the heated surface was shown by Iwamoto et al. [23] to also 
increase values of both Tmin and q”min for LHe.

Orientation of the heating surface is yet another parameter whose 
impact on the MHF point has received attention in prior literature. 
Iwamoto et al. [23] investigated this effect for LHe across orientation 
angles ranging from horizontal upward-facing (θ = 0◦) to horizontal 
downward-facing (θ = 180◦). They reported a weak impact on q”min 
despite a slight increase from θ = 0◦ to 90◦ followed by a slight decrease 

Table 2 
Prior models and correlations for minimum heat flux (q”min).

No. Year Author(s) Correlations Remarks

1 1959 Kutateladze 
[35] q˝min = C hfg

(

gρg
ρf + ρg

ρf

)1
2
[σ
(
ρf − ρg

)

ρg

]1
4 • Pioneering work for q”min

• Uses equations of motion to develop the correlation

where C is an empirical constant
2 1959 Zuber [36]

q˝min = 0.17658 ρghfg

[
σg
(
ρf − ρg

)

(
ρf + ρg

)2

]1
4 • Another pioneering work for q”min

• Utilizes Rayleigh-Taylor instability to derive the correlation

3 1961 Berenson [28]
q˝min = 0.09 ρghfg

[g
(
ρf − ρg

)

ρf + ρg

]1
2
[

σ
g
(
ρf − ρg

)

]1
4 • Utilizes Taylor-Helmholtz instability to formulate the q”min correlation, which then used 

develop the develop correlation for Tmin

• Based on hypothesis that the heat is transferred across a thin vapor layer via conduction
4 1962 Morozov [37]

q˝min = 0.0267 ρghfg

[
σg
(
ρf − ρg

)

ρ2
g

]1
4 • Based on dimensional analysis

5 1966 Padilla [38]
q˝min = 0.14 ρghfg

[
σg
(
ρf − ρg

)

(
ρf + ρg

)2

]1
4 • Based on Zuber’s [36] formulation

• Adjusts coefficient value based on data for film boiling of potassium on horizontal 
stainless-steel surface

6 1967 Kesselring et al. 
[39] q˝min = 0.1282 ρghfg

σg
(
ρf − ρg

)

(
ρf + ρg

)2

• Developed for strips
• Shows q”min depends on strip width for widths smaller than 2 times dangerous 

wavelength
7 1975 Kalinin et al. 

[31] q˝min = 0.18 ΔTmin

[
cp,gk2

g

μg
ρgg
(
ρf − ρg

)
]1

3 • First correlation for Tmin which accounts for solid-fluid contact
• Tmin correlation is used to derive the q”min correlation
• Accounts for effects of wall properties, rendering it more superior than most other 

correlationswhere

ΔTmin = (Tc − Tsat)

[

0.16 + 2.4
( kf ρf cp,f

kwρwcp,w

)1
4
]

8 1980 Lienhard & Dhir 
[40] q˝min = 0.091 ρghfg

[
σg
(
ρf − ρg

)

(
ρf + ρg

)2

]1
4 • Based on assumptions very similar to Zuber’s [36]

• Assumes MHF point is outcome of the collapse of the vapor film

9 1987 Shoji & Nagano 
[41]

For 
ρg

ρf
> 0.005 : q˝min =

0.00189 ρghfg

(ρg

ρf

)− 0.73
[

σg
(
ρf − ρg

)

(
ρf + ρg

)2

]1
4

• Uses Zuber’s formulation [36] as base
• Incorporates density ratio effects
• Different correlations recommended for different ranges of density ratio

For 
ρg

ρf
< 0.005 : q˝min =

0.0212 ρghfg

(ρg

ρf

)− 0.26
[

σg
(
ρf − ρg

)

(
ρf + ρg

)2

]1
4

10 2021 Cai et al. [12]
q˝min = 0.01947

(ρf

ρg

)− 0.2029
ρghfg

[
σg
(
ρf − ρg

)

ρ2
g

]1
4 • Formulation based on force balance on a unit cell of the wavy liquid-vapor interface over 

a flat horizontal surface
• Based on hypothesis that the interface is dominated by the Taylor instability, wherein 

the distance between two wave peaks equals the critical Taylor wavelength and any 
wave exceeding this wavelength would lead to vapor rupture

Fig. 4. Number of correlations published per decade.
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until θ = 180◦. Similarly, Chandratilleke et al. [22] found that Tmin for 
LHe was rather unaffected by surface orientation angle.

1.5. Inferences drawn from literature review

Based on the authors’ review of prior literature, several crucial in-
sights and inferences can be drawn regarding parametric trends of MHF:

1. Different trends regarding the effects of system pressure on Tmin 
and q”min have been reported. However, upon closer examination, it 
becomes evident that the impact of pressure on MHF parameters is 
multifaceted and varies across different pressure ranges. Specifically, 
for lower pressures, increasing system pressure increases the values 
of both Tmin and q”min. However, this trend diminishes and even 
reverses at high pressures. This underscores the need for a more 
thorough investigation of system pressure effects over the entire 
pressure range for multiple cryogens.
2. Previous investigators have consistently reported that increasing 
the thermal conductivity of the heating surface has a positive impact 
on heat transfer effectiveness across different boiling regions. 
Increasing the thermal conductivity has also been show to decrease 
values of both Tmin and q”min.
3. Prior studies indicate that surface treatments and coatings do not 
affect the heat transfer coefficient within film boiling, where the 
surface is shielded from liquid contact via a continuous insulating 
vapor layer. However, as discussed later, our analysis does show that 
coatings and surface oxidation do increase values of both Tmin and 
q”min. This is especially the case for thicker and non-metallic 
coatings.
4. Published works point to surface orientation having significant 
influence on heat transfer effectiveness in certain boiling regions, 
especially at CHF and within film boiling, while the impact on Tmin 
and q”min is comparatively small.

1.6. Objectives of the present study

The present study constitutes a crucial part of a U.S. initiative aimed 
at developing predictive tools for design and thermal performance 
assessment of cryogenic systems employed in space exploration mis-
sions, including fuel storage, transfer, and utilization. Particular 
emphasis is being placed on supporting the objectives of in-situ resource 
utilization (ISRU) as outlined by the National Aeronautics and Space 
Administration (NASA), encompassing a wide range of applications, 
scales, and environments relevant to upcoming missions to the Moon 
and Mars. The ongoing studies at PU-BTPFL aim collectively to develop 
new heat transfer correlations for each segment and transition point of 
the boiling curve for cryogens. The present work is a follow-up to recent 
joint studies by PU-BTPFL and NASA’s Glenn Research Center, which 
were centered on prediction of pool boiling CHF [24], nucleate boiling 
heat transfer coefficient (HTC) [25], and film boiling HTC [26] for 
cryogens.

The present study will delve into developing similar predictive cor-
relations for MHF in terms of both Tmin and q”min. This targeted analysis 
encompasses saturated pool boiling from flat surfaces with surface ori-
entations ranging from horizontal upward-facing to horizontal 
downward-facing. The key objectives of the study can be summarized as 
follows:

Table 3 
Summary of number of cryogenic MHF datapoints acquired from published 
sources and those excluded from consideration, along with reasons for the 
exclusions.

No. Year Author(s) No. of 
Acquired 
Datapoints

No. of 
Excluded 
Datapoints

Reasons for Data 
Exclusion

1 1960 Class et al. [44] 17 17 • These points 
were 
determined to 
be the lowest 
points of the 
film boiling 
region and not 
MHF points

2 1965 Wayner & 
Bankoff [45]

3 3 • Porous plate 
data

2 1966 Cummings & 
Smith [46]

1 0

3 1967 Clark et al. [47] 7 0
4 1969 Price [48] 6 6 • These points 

were 
determined to 
be the lowest 
points of the 
film boiling 
region and not 
MHF points

4 1969 Buttler et al. 
[17]

2 0

5 1970 Merte [49] 22 6 • Duplicate data
6 1972 Sauer & 

Ragsdell [50]
5 5 • MHF point was 

not clearly 
mentioned

7 1974 Jergel and 
Stevenson [51]

3 0

7 1975 Swanson & 
Bowman [52]

1 0

8 1977 Deev et al. [15] 32 0
9 1977 Grigoriev et al. 

[20]
2 0

10 1977 Ogata & 
Nakayama [53]

3 0

11 1981 Ogata [54] 1 0
12 1982 Kleminko & 

Shelepen [55]
3 1 • MHF point was 

not clearly 
mentioned

13 1982 Schiewe & 
Hartmann [56]

4 0

14 1986 Nishio [57] 2 0
15 1989 Chandratilleke 

et al. [22]
16 0

16 1989 Nishio & 
Chandratilleke 
[58]

1 0

17 1992 Kozlov & 
Nozdrin [14]

11 1 • Tmin value was 
not given in the 
table

18 1993 Ogata & Mori 
[21]

9 0

19 1994 Iwamoto et al. 
[59]

12 8 • 2- and 3-mm 
channels under 
heated plate: in 
two-thirds of 
the experi-
mental results, 
the boiling sur-
face had cool-
ing channels to 
investigate 
their influence 
on MHF and 
CHF

20 1996 Iwamoto et al. 
[23]

24 0

21 1998 Iwamoto et al. 
[60]

24 0

Table 3 (continued )

No. Year Author(s) No. of 
Acquired 
Datapoints

No. of 
Excluded 
Datapoints

Reasons for Data 
Exclusion

22 2009 Jin et al. [61] 1 0
Total 209 44
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i. Conduct an exhaustive literature survey to identify all factors 
influencing MHF.
ii. Compile previously published correlations for both Tmin and q”min.
iii. Collect and organize MHF data from literature sources available 
across the globe.
iv. Examine the amassed data on a point-by-point basis, and apply 
systematic data exclusion criteria to culminate in a new Consolidated 
Database encompassing LHe, LH2, LN2, and LAr, cryogens for which 
MHF data are available
v. Assess the predictive performance of all gathered correlations 
against the Consolidated Database.

vi. Synthesize the findings from the literature review with the in-
sights gained from the evaluation of existing correlations and para-
metric trends of the Consolidated Database to construct new 
correlations for Tmin and q”min for cryogens that outperform the prior 
correlations.

2. Review of prior models and correlations for MHF point

In contrast to the considerable attention given to nucleate boiling, 
film boiling, and CHF, studies addressing MHF are relatively sparse. One 
possible explanation for this disparity is limited understanding of the 

Table 4 
Summary of consolidated database.

Reference Acceptable 
datapoints

Heater 
geometry

Heater size: Width x 
Length [mm2] or diameter 
(Thickness) [mm]

Heater material Surface condition Pressure 
[MPa]

Inclination 
angle

Boiling 
state

LN2

Clark et al. (1967) 
[47]

7 Circular 76.2, (20.64) Copper Clean 0.097-0.5 0◦, 90◦, 180◦ Saturated

Swanson & Bowman 
(1975) [52]

1 Circular 12.7 (not mentioned) Copper Clean 0.10133 0◦ Saturated

Nishio (1986) [57] 2 Circular 22 (170) Copper Clean 0.10133 0◦ Saturated
Merte (1970) [49] 11 Circular 76.2, (20.64) Copper Clean 0.0986 0◦, 90◦, 180◦ Saturated
Kleminko & 

Shelepen (1982) 
[55]

1 Circular 40 (20) Copper Clean 0.10133 0◦ Saturated

Schiewe & Hartmann 
(1982) [56]

4 Rectangular - Copper Clean 0.10133 0◦, 90◦ Saturated

Jin et al. (2009) [61] 1 Square 60 × 60 (17.5) Stainless steel Clean 0.1 0◦ Saturated
27 acceptable datapoints for LN2

LHe
Cummings & Smith 

(1966) [46]
1 Circular 15.24 (50) Copper Clean 0.10133 0◦ Saturated

Butler et al. (1969) 
[17]

2 Rectangular 10 × 50 (5) Copper Clean 0.10133 0◦ Saturated

Gergel (1974) 3 Circular 15 (10) Al 69 Clean 0.10133 0◦, 90◦, 180◦ Saturated
Grigoriev et al. 

(1977) [20]
2 Circular 8 (40) Copper M-1, 

stainless steel 
X18H9T

Clean 0.10133 0◦ Saturated

Deev et al. (1977) 
[15]

32 Square 30 × 30 Copper (99.993%) Clean 0.103 – 
0.22

0◦, 90◦ Saturated

Ogata & Nakayama 
(1977) [53]

3 Square, 
Circular

15 × 15, 6.1 Copper Clean 0.10133 0◦ Saturated

Ogata et al. (1981) 
[54]

1 Square 15 × 15 Copper Clean 0.10133 0◦ Saturated

Chandratilleke et al. 
(1989) [22]

16 Circular 20 (30) Copper Polished, PTFE 
coating, SUS 304 
coating

0.10133 0◦, 90◦, 175◦ Saturated

Nishio & 
Chandratilleke 
(1989) [58]

1 Circular 20 (30) Copper Clean 0.10133 90◦ Saturated

Ogata et al. (1993) 
[75]

9 Square 15 × 15 (8) Copper Clean, Coated 0.10133 0◦, 90◦ Saturated

Iwamoto et al. 
(1994) [59]

4 Rectangular 76 × 18 (7.5) Copper Clean 0.10133 0◦, 30◦, 90◦, 
165◦

Saturated

Iwamoto et al. 
(1996) [23]

24 Rectangular 76 × 18 (7.5) Copper Polished, oxidized 0.10133 0◦, 30◦, 90◦, 
165◦

Saturated

Iwamoto et al. (1998) 
[60]

24 Rectangular 18 × 10 (7.5), 18 × 18 
(7.5), 18 × 40 (7.5), 18 ×
76 (7.5)

Copper Clean 0.1013 0◦, 90◦ Saturated

122 acceptable datapoints for LHe
LH2

Merte (1970) [49] 6 Circular 76.2 Copper Clean 0.1023 – 
0.1027

0◦, 90◦, 180◦ Saturated

Kozlov & Nozdrin 
(1992) [14]

9 Circular 30 (8, 18, 12) Stainless steel, 
aluminum alloy, 
copper

Clean 0.016 – 
0.13

0◦ Saturated

15 acceptable datapoints for LH2

LAr
Kleminko & 

Shelepen (1982) 
[55]

1 Disk 40 (20) Copper Not mentioned 0.10133 0◦ Saturated

1 acceptable datapoint for LAr
165 acceptable data points for all four cryogens
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MHF phenomenon. Upon thorough examination of published literature, 
it became apparent that researchers have predominantly pursued two 
distinct approaches in developing predictive tools for the MHF point. 
The first, known as the thermodynamic or temperature-controlled 
approach, has shown less frequent adoption compared to the second, 
hydrodynamic or heat flux-controlled approach.

The initial groundwork for the first approach was established by 
Spiegler et al. [27] in 1963. They introduced a straightforward yet im-
pactful correlation for predicting Tmin which involved a thermodynamic 
analysis based on the Van der Waals equation. They postulated that 
solid-liquid contact will occur when the temperature at the interface 
falls below the “foam” limit, which represents the maximum tempera-
ture the liquid can reach before film boiling initiates. Spiegler’s corre-
lation, Tmin= 27 Tc / 32, which relies solely on the critical temperature 

(Tc) of the boiling fluid, stands as one of the simplest MHF correlations to 
date. While this approach faced criticism for lacking the effect of system 
pressure, it nonetheless marked a significant starting point for a new 
methodology that was subsequently refined by numerous researchers, as 
illustrated in Table 1. A similar strategy was adopted by Lienhard [32], 
who merged the Maxwell’s criteria with the Van der Waals equation. 
Unlike Spiegler et al. [27], however, Lienhard incorporated the pressure 
effect via the fluid saturation temperature (Tsat). But despite considering 
effects of both the fluid critical temperature and system pressure, 
Lienhard’s [32] correlation still fell short in addressing solid-liquid 
contact effects. Kalinin et al. [31] pursued an approach like Lienhard’s 
while also accounting for thermal properties of the liquid and the 
heating surface: density, specific heat, and thermal conductivity, in-
clusion of which enabled predictions against available experimental 

Fig. 5. Distribution of Consolidated Databases of Tmin and q”min based on cryogen, surface orientation, and surface condition.
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Fig. 6. Assessment of predictive accuracy of prior Tmin correlations for clean surfaces.
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Fig. 7. Assessment of predictive accuracy of prior Tmin correlations for treated (coated and oxidized) surfaces.
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Fig. 8. Assessment of predictive accuracy of prior Tmin correlations for all surfaces.
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data with an error margin of approximately ±20 %.
The other prevalent method for predicting MHF is the hydrodynamic 

instability approach, also known as the heat flux-controlled approach. This 
methodology, widely embraced within the research community, centers 
on the equilibrium of various forces, taking into consideration both 
interfacial instability and bubble dynamics. The cornerstone of this 
approach was laid by Kutateladze [35] in 1952. He utilized the equa-
tions of motion for the vapor film for both film boiling and transition 
boiling and postulated that film boiling would cease due to destruction 
of the continuous vapor layer, which he attributed to limited availability 
of vapor supply. He proposed that, at the MHF point, inertial forces 
acting on the vapor film surpass frictional forces, leading to the 
destruction of the vapor film. This assumption implies that the velocity 
of liquid in contact with the vapor is much smaller than the average 
velocity of the vapor layer. Subsequent to Kutateladze’s work, Zuber 
[36] introduced another method to derive a correlation for q”min. He 
suggested that vapor release from the heating surface can be approxi-
mated by spheres with a radius R equal to one-fourth the Taylor wave-
length, which remains constant under constant pressure. He concluded 
that q”min is solely a function of bubble release frequency.

Building upon the pioneering work of Zuber [36], numerous re-
searchers endeavored to develop correlations for q”min using similar 
functional forms but with adjustments to constants aimed at enhancing 
predictive accuracy. Details of these correlations are provided in 

Table 2. A notable approach was undertaken by Berenson [28], who 
adopted the Taylor instability in modeling the vapor film thickness. 
Berenson postulated that heat is transferred across a thin vapor layer via 
conduction. Initially, he devised a correlation for the HTC in the film 
boiling region and subsequently utilized Newton’s law of cooling to 
formulate correlations for the MHF point, both Tmin and q”min. Henry 
[30] later noted that Berenson’s correlation underestimates Tmin. To 
correct this shortcoming, he incorporated the effects of thermal prop-
erties of both the fluid and heated surface into Berenson’s model, 
thereby achieving improved predictive accuracy.

In a recent study, Cai et al. [12] employed a mechanistic approach to 
model MHF, conducting a force balance analysis on a unit cell of the 
wavy liquid-vapor interface over a flat horizontal surface. They postu-
lated that the interface is dominated by the Taylor instability. As 
depicted in Fig. 3, Cai et al. postulated that the distance between two 
wave peaks equals the critical Taylor wavelength and any wave 
exceeding this wavelength would lead to vapor rupture. Their force 
balance analysis accounted for the effects of stagnation pressure on the 
underside of the wave and surface tension; both tend to stabilize the 
interface. Acting in a direction perpendicular to, and toward the surface 
are buoyancy force and pressure force resulting from the interfacial 
curvature; both tend to destabilize the interface. The net effect of sta-
bilizing and destabilizing forces was shown to determine whether the 
system remains in the film boiling region or switches to the transition 

Fig. 9. Comparison of predictions of q”min correlations for clean surfaces.
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boiling region. The MHF point was postulated to occur when the four 
forces are in balance. Based on these postulates, Cai et al. developed a 
correlation for q”min and then utilized a HTC relation by Klimenko [42] 
to derive a correlation for Tmin.

Fig. 4 provides the number of Tmin and q”min correlations published 
per decade since 1950. As discussed above, most prior researchers 
focused on developing correlations for either Tmin or q”min but some 
opted to use their q”min correlation to derive a correlation for Tmin 
through application of Newton’s law of cooling. However, Kalinin et al. 
[31] took a distinct approach by developing a correlation for Tmin that 
incorporates effects of the thermal properties of both heating surface 
and fluid. They then employed the Tmin correlation, alongside vapor 
properties, to derive a correlation for q”min. This approach can be 
justified by the fact (as will be shown later) that available experimental 
Tmin data show far less scatter than q”min data. This is why the present 
authors have opted to use a similar methodology to develop their new 
correlations for MHF.

3. New consolidated database for MHF point for saturated pool 
boiling of cryogens

3.1. Compilation of MHF point data and criteria for data exclusions

The present study employs a systematic approach to collect globally 
available MHF data for cryogenic fluids, including LHe, LN2, LH2, and 

LAr. This study uses a methodology for amassing published pool boiling 
MHF data like one employed by Ganesan et al. [2] for flow boiling. Key 
sources for the MHF data include scholarly articles from publishers like 
Elsevier and Springer, conference papers, NASA Technical Notes, and 
theses sourced globally. The MHF data are either extracted from 
graphical representations in the published literature using WebPlotDi-
gitizer [43] or directly from tables. Some sources that were not available 
online were accessed through Purdue University’s Interlibrary Loan 
(ILL) services.

Given this study’s focus on saturated pool boiling from flat surfaces, 
deliberate exclusion criteria were applied, omitting data pertaining to 
pool boiling on spheres, tubes, cylinders, wires, or narrow channels. 
Following the initial elimination of duplicate data, further screening was 
carried out to exclude additional data that do not meet specific criteria:

1. Fluid Composition: Only data for pure cryogenic fluids are 
considered. Data for fluid mixtures or non-cryogenic fluids are 
excluded from consideration.
2. Boiling Region: Only MHF data are considered. A careful effort 
was exercised to avoid including any film boiling or transition 
boiling data.
3. Surface Heating: Any data other than for uniformly heated flat 
surfaces are excluded.

Fig. 10. Comparison of predictions of q”min correlations for treated (coated and oxidized) surfaces.
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4. Boiling State: Since the present study is focused only on steady- 
state saturated boiling, quenching and subcooled data are excluded 
from consideration.
5. Pressure Conditions: The current study is focused entirely on 
subcritical pressures; data for supercritical conditions or subcooled 
liquids are excluded from consideration.
6. Surface Orientation: While the present study is focused mostly on 
horizontal and vertical surface orientations, given the sparsity of 
MHF data, other orientations are also considered.
7. Gravity Conditions: Only MHF data acquired in Earth gravity are 
considered; data for high-gravity and microgravity will be consid-
ered in a future study.
8. Surface Characteristics: Data from smooth, coated, oxidized, and 
micro-roughened surfaces are considered, while finned surface data 
are excluded.
9.Completeness of information: Only data available with complete 
information on operating conditions, such as operating pressure, 
heat flux, wall superheat, and orientation angle are considered. Data 
missing such complete information are excluded.

Application of these criteria yielded a meticulously curated database, 
Table 3, that is conducive to comprehensive analysis and correlation 
development.

3.2. Final consolidated database for MHF point for cryogens

While aiming to acquire the maximum number of datapoints for 
MHF condition, the present authors realized that, unlike nucleate 
boiling, film boiling, and CHF, for which extensive databases are 
available, MHF data for cryogens are unusually sparse. As discussed in 
the previous section and detailed in Table 3, 209 data points were 
amassed from 22 sources, but 44 points were excluded based on the 
above-mentioned criteria. The retained datapoints constitute the 
Consolidated Database which will be used hereafter to explore para-
metric trends, assess the accuracy of prior correlations, and formulate 
new correlations for both Tmin and q”min. Detailed in Table 4, the 
Consolidated Database comprises a total of 165 data points for Tmin and 
158 for q”min, with the following distribution: LHe (122), LN2 (27), LH2 
(15), and LAr (1). Moreover, the distribution of the data relative to 
surface orientation is as follows: θ = 0◦ (70), 30◦ (11), 45◦ (4), 60◦ (4), 
90◦ (53), 135◦ (4), 165◦ (7), 175◦ (4), and 180◦ (8), where θ = 0◦ des-
ignates the horizontal upward-facing surface orientation. The database 
is also segregated based on surface condition: of 165 datapoints, 126 are 
for clean surfaces, 20 oxidized, and 19 coated. A detailed summary of 
the Consolidated Database is presented in Fig. 5 based on cryogen, 
orientation, and surface condition. It should be noted that the data 
excluded from the present study (subcooled, quenching, and non-Earth 
gravity) will be the focus of the authors’ future work.

Fig. 11. Comparison of performances of q”min correlations for all data (clean, coated, and oxidized).
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Fig. 12. Summary of statistical parameters for Tmin correlations. Fig. 13. Summary of statistical parameters for q”min correlations.
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4. Assessment of prior models and correlations

4.1. Statistical parameters and assessment methodology

The Consolidated Database stands as a crucial tool for assessing the 
predictive capability of all the above-mentioned correlations in projec-
ting the MHF point. This exhaustive evaluation entails the utilization of 
mean absolute error (MAE) which is calculated as: 

MAE =
1
N
∑ |Predicted value − Experimental value|

Experimental value
× 100% (1) 

where N is the total number of data points for which the correlations are 
evaluated, experimental value is taken from the Consolidated Database, 
and predicted value is calculated using the tested correlation. Since MAE 
is an average measure and may not capture the complete picture of how 
a correlation performs, two additional statistical parameters are also 
employed: percentage of predictions of a correlation within ±30 % (α) 
of the data, and percentage predicted within ±50 % (β).

4.2. Assessment and comparison of prior correlations

Before embarking on the development of a novel correlation for 
MHF, it is imperative to assess the accuracy of the previously published 

correlations and grasp the significance of certain parameters. In the 
subsequent sections, correlations for Tmin and q”min will be evaluated 
and compared separately.

4.2.1. Comparison of Tmin correlations
As mentioned earlier, it is necessary to segregate the Consolidated 

Database relative to surface condition, given strong impact of this 
parameter on MHF. To do so, the data for clean and unclean (coated and 
oxidized) surfaces are examined separately. Fig. 6 compares predictions 
of seven different Tmin correlations, which include both thermodynamic 
and hydrodynamic formulations, against 126 clean surface data points 
of the Consolidated Database. It can be seen that the correlation by 
Kalinin et al. [31], having a MAE of 14.33 %, outperforms all others. It is 
followed in order of best Tmin predictions by Lienhard [32], Spiegler 
et al. [27], Baumeister and Simon [29], and Cai et al. [12], having MAEs 
of 19.28 %, 24.85 %, 25.28 %, and 52.41 %, respectively. On the other 
hand, with MAEs exceeding 200 %, the correlations by Berenson [28] 
and Henry [30] lag significantly behind in ability to accurately predict 

Table 5 
Performance summary of best prior Tmin correlations compared to the new 
correlation.

Author(s) MAE 
[%]

Predictions 
within ±30 (α) 
[%]

Predictions 
within ±50 (β) 
[%]

No. of 
data 
points

Clean surfaces
1 Kalinin et al. 

[31]
14.23 88.10 100 126

2 Lienhard [32] 19.28 85.71 90.48 126
3 Spiegler et al. 

[27]
24.85 67.46 89.68 126

4 Baumeister 
and Simon 
[29]

25.28 67.46 89.68 126

5 Cai et al. [12] 52.41 63.49 80.95 126
6 Berenson [28] 201.58 3.97 7.14 126
7 Henry [30] 211.68 3.17 7.14 126
New Correlation

9.05 87.30 100 126
Treated surfaces
1 Kalinin et al. 

[31]
60.83 0 15.38 39

2 Lienhard [32] 65.18 0 5.13 39
3 Spiegler et al. 

[27]
68.17 0 2.56 39

4 Baumeister 
and Simon 
[29]

68.17 0 2.56 39

5 Cai et al. [12] 51.39 5.13 28.21 39
6 Berenson [28] 23.78 82.05 82.05 39
7 Henry [30] 27.33 74.36 82.05 39
New Correlation

7.70 97.44 100 39
All data, including clean and treated surfaces
1 Kalinin et al. 

[31]
25.24 67.27 80 165

2 Lienhard [32] 30.13 65.45 70.30 165
3 Spiegler et al. 

[27]
35.09 51.52 69.09 165

4 Baumeister 
and Simon 
[29]

35.42 51.52 69.09 165

5 Cai et al. [12] 52.17 49.70 68.48 165
6 Berenson [28] 159.55 22.42 24.85 165
7 Henry [30] 168.11 20 24.85 165
New Correlation

8.73 89.70 100 165

Table 6 
Performance summary of prior q”min correlations compared to the new 
correlation.

Author(s) MAE 
[%]

Predictions 
within ±30 (α), 
[%]

Predictions 
within ±50 (β), 
[%]

No. of 
data 
points

Clean surfaces
1 Kutateladze 

[35]
57.67 22.69 42.86 119

2 Cai et al. [12] 57.86 24.37 57.98 119
3 Kalinin et al. 

[31]
69.12 5.88 19.33 119

4 Shoji and 
Nagano [41]

75.60 7.56 14.29 119

5 Zuber [36] 76.61 4.20 11.76 119
6 Morozov [37] 106.56 37.82 48.74 119
7 Berenson [28] 127.75 34.45 55.46 119
8 Lienhard and 

Dhir [40]
129.61 34.45 53.78 119

9 Padilla [38] 228.72 14.29 21.85 119
New Correlation

21.50 71.43 89.08 119
Treated surfaces
1 Kutateladze 

[35]
77.86 0 2.56 39

2 Cai et al. [12] 73.03 0 5.13 39
3 Kalinin et al. 

[31]
79.02 0 2.56 39

4 Shoji and 
Nagano [41]

94.16 0 0 39

5 Zuber [36] 42.88 46.15 76.92 39
6 Morozov [37] 47.09 17.95 56.41 39
7 Berenson [28] 40.69 28.12 71.79 39
8 Lienhard and 

Dhir [40]
40.25 30.77 71.79 39

9 Padilla [38] 31.12 53.85 87.18 39
New Correlation

25.22 58.97 79.49 39
All data, including clean and treated surfaces
1 Kutateladze 

[35]
62.65 17.09 32.91 158

2 Cai et al. [12] 61.60 18.35 44.94 158
3 Kalinin et al. 

[31]
71.57 4.43 15.19 158

4 Shoji and 
Nagano [41]

80.19 5.70 10.76 158

5 Zuber [36] 68.29 14.56 27.85 158
6 Morozov [37] 91.88 32.91 50.63 158
7 Berenson [28] 106.26 32.91 59.49 158
8 Lienhard and 

Dhir [40]
107.55 33.54 58.23 158

9 Padilla [38] 179.95 24.05 37.97 158
New Correlation

22.42 68.35 86.71 158
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the data.
A deeper investigation revealed differences in the performance of 

correlations for different surface materials (copper, stainless steel, and 
aluminum). What sets Kalinin et al.’s [31] apart from others in terms of 
predictive performance is incorporation of thermal properties of both 
the heating surface and fluid.

With 39 treated surface data points (20 for oxidized and 19 for 
coated) from the Consolidated Database, the same six correlations are 
re-evaluated, this time for treated surfaces. Fig. 7 reveals a virtual 
reversal in the order of best performing correlations. With respective 

MAEs of 23.78 % and 27.33 %, Berenson’s [28] and Henry’s [30] yiel-
ded the best performance, while those of Cai et al. [12], Kalinin et al. 
[31], Lienhard [32], Baumeister and Simon [29], and Spiegler et al. 
[27], with MAEs of 51.39 %, 60.83 %, 65.18 %, 68.17 %, and 68.17 %, 
respectively, showed more appreciable departure from the data.

To conduct an overall assessment of Tmin correlations, the data for 
both the clean and treated surfaces are aggregated, denoted as "all data," 
and the results are depicted in Fig. 8. It is evident that trends in Fig. 8
resemble those in Fig. 6 more than in Fig. 7. This is attributed to the 
clean surface Tmin data points comprising majority of the Consolidated 

Fig. 14. Parametric distribution of Consolidated Database.
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Database. Fig. 8 shows the Kalinin et al.’s [31] correlation, with a MAE 
of 25.24 %, yields best overall performance. It is followed in order by 
Lienhard [32] (30.13 %), Baumeister and Simon [29] (35.42 %), Spie-
gler et al. [27] (35.09 %), Cai et al. [12] (52.17 %), Berenson [28] 
(159.55 %), and Henry [30] (168.11 %).

The seemingly contradictory trends between Figs. 6 and 7 under-
score the significance of considering surface condition when developing 

a new correlation for Tmin.

4.2.2. Comparison of q”min correlations
In this section, a methodology like that employed for evaluating Tmin 

correlations in the preceding section is adopted. Here, focus shifts to 
comparing the outcomes of nine distinct correlations for q”min. The 
Consolidated Database utilized for this analysis comprises a total of 158 
data points, with 119 data points for cleaned surfaces and 39 for treated 
(oxidized and coated).

Fig. 15. Deviations in Tmin data for (a) LHe, (b) LH2, and (c) LN2.

Fig. 16. Deviations in q”min data for (a) LHe, (b) LH2, and (c) LN2.
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Unlike the Tmin correlations, MAEs of the q”min correlations are 
comparatively quite high, indicating difficulty of predicting q”min 
compared to Tmin. This is due to the wide distribution of values for q”min 
from experiments, which will be discussed in more detail in Section 5.

Fig. 9 shows a comparison of q”min correlations for clean surface 
data. The correlations can be loosely segregated into two groups: one 
featuring MAEs below 80 % and another above 100 %. The correlations 
of Kutateladze [35] and Cai et al. [12], with MAEs of 57.67 % and 57.86 
%, respectively, outperform all prior correlations. They are followed 
among the first group in order of predictive accuracy by the correlations 
of Kalinin et al. [31], Shoji and Nagano [41], and Zuber [36], having 
MAEs of 69.12 %, 75.60 %, and 76.61 %, respectively. The second group 
consists of four correlations: Morozov [37], Berenson [28], Lienhard and 
Dhir [40], and Padilla [38], which feature comparatively high MAEs of 
106.56 %, 127.75 %, 129.61 %, and 228.72 %, respectively.

Similar to the clean surface data, the q”min correlations are tested in 
Fig. 10 against the treated surface data, including both oxidized and 
coated surfaces, which are available only for LHe. Here too, the corre-
lations can be categorized into two groups based on MAE. Unexpectedly, 
the performance of the first group of five correlations is much better for 
treated surfaces than for clean surfaces, evidenced by all five correla-
tions having MAEs below 50 %. With a MAE of 31.12 %, the correlation 
of Padilla [38] shows best performance, followed in order by Lienhard 
and Dhir [40], Berenson [28], Zuber [36], and Morozov [37], having 
MAEs of 40.25 %, 40.69 %, 42.88 %, and 47.09 %, respectively. But, 
despite their comparatively low MAEs, these correlations show unusual 
predictions along an almost horizontal line. This implies the correlations 
provide a single predicted value corresponding a range of experimental 
values. As discussed earlier, this is reflective of the broader spread of 
q”min data compared to the Tmin data as noted by authors of several 
experimental MHF studies. Also shown in Fig. 10 are performance as-
sessments of the second group of correlations against the treated clean 
surface data. This group consists of four correlations: Cai et al. [12], 
Kutateladze [35], Kalinin et al. [31], and Shoji and Nagano [41], which 
feature comparatively high MAEs of 73.03 %, 77.86 %, 79.02 %, and 
94.16 %, respectively.

To capture a comprehensive overview, the data from both clean and 
treated surfaces are combined and referred to as "all data," comprising a 
total of 158 data points for q”min. A comparison of performances of the 
q”min correlations in provided in Fig. 11. The first group of four best 
performing correlations, having MAE values below 80 %, against all 
data encompass Cai et al. [12], Kutateladze [35], Zuber [36], and 
Kalinin et al. [31], which feature MAEs of 61.60 %, 62.65 %, 68.29 %, 
and 71.57 %, respectively. The comparatively elevated MAEs of these 
correlations can be attributed to the wide dispersion of q”min data and 
inclusion of both clean and treated surface data. The subsequent five 

correlations comprise Shoji and Nagano [41], Morozov [37], Berenson 
[28], Lienhard and Dhir [40], and Padilla [38], having MAEs of 80.19 %, 
91.88 %, 106.26 %, 107.55 %, and 179.95 %, respectively.

In conclusion, the evaluation of Tmin and q”min correlations for both 
clean and treated surfaces provides valuable insights into predictive 
capabilities in the context of saturated pool boiling of cryogenic fluids. 
While certain correlations demonstrate promising performance under 
specific conditions, others exhibit serious limitations. The significant 
discrepancies observed highlight the complexity of predicting Tmin and 
q”min and underscore the need for further refinement and development 
of new, improved correlations.

4.3. Summary of statistical results of prior predictive tools

In the preceding sections, we meticulously examined prediction 
outcomes for better performing prior correlations for both Tmin and 
q”min. To summarize findings from this analysis, the prior correlations 
(along those of the new correlations to be discussed in subsequent sec-
tions), are compared in terms of MAE and predictions falling within ±30 
% (α) and ±50 % (β) of the data, first for Tmin in Fig. 12 and subsequently 
for q”min in Fig. 13, with more quantitative information provided in 
Tables 5 and 6, respectively.

Figs. 12 and 13 depict comparisons of performances of the Tmin and 
q”min correlations, respectively, segregated each based on surface con-
dition. It is worth noting that superior performance is exemplified by 
lower value for MAE and higher values for both α and β. Upon careful 
examination of Figs. 12 and 13 and Tables 5 and 6, it apparent that the 
new correlations for both Tmin and q”min to be discussed in subsequent 
sections provide both the lowest MAE values and the highest α and β 
values, underscoring their superior performances.

5. New universal correlations for MHF point for saturated pool 
boiling of cryogens

5.1. Parametric distribution of consolidated database

Before embarking on the development of new correlations for Tmin 
and q”min, it is crucial to thoroughly comprehend every facet of the 
Consolidated Database. To achieve this, the Consolidated Database is 
meticulously examined based on key parameters, namely system pres-
sure, reduced pressure, heat flux, heat transfer coefficient (HTC), wall 
superheat, and surface orientation angle. Results are shown in Fig. 14.

It is apparent from Fig. 14 that majority of the data cluster around 
100 kPa, which corresponds to near atmospheric pressure. However, 
because of low critical pressure, the LHe data are associated mostly with 
higher values of reduced pressure. Additionally, the LHe data tend to 
have lower heat flux values, while the LH2 and LN2 data higher values, 
which is reflection of distinct thermophysical properties of different 
cryogens. Furthermore, far more data are available for the horizontal 
upward facing and vertical surface orientations compared to the other 
orientations. Overall, the parametric distributions in Fig. 14 serve both 
as a valuable guide for understanding available data trends and provide 
a rational basis for recommending future cryogenic fluid experiments.

5.2. Recommendations for future work

After the thorough literature review in Section 1, the insights gained 
from the Consolidated Database in Section 3, and the parametric dis-
tributions presented in Fig. 14, several important recommendations 
emerge for future researchers interested in contributing new experi-
mental work related to pool boiling MHF for cryogenic fluids:

i. Compared to nucleate boiling, CHF, and film boiling, the MHF 
point has gained very limited attention in published literature. 
Therefore, more focus needs to be devoted to this important 

Table 7 
New correlations for Tmin and q”min.

Tmin =

[

Tsat + (Tc − Tsat)

(

− 9.1 + 12
( kf ρf cp,f

kwρwcp,w

)0.025
)]

ST

where ST is the surface characteristics multiplier:
For clean surfaces: ST = 1
For oxidized surfaces: ST = 2.3

For coated surfaces: ST =

(
δ − 1.2999 × 10− 6)0.042

(0.06kc)
0.247

(θ + 0.2)0.012

q˝min = 0.043

[
cp,gk2

g

μg
ρgg
(
ρf − ρg

)
]0.567{

− 0.107 + 0.38 (ΔTmin)
0.39
}3.094

Sq

where

ΔTmin = (Tc − Tsat)

(

− 9.1 + 12
( kf ρf cp,f

kwρwcp,w

)0.025
)

and Sq is the surface characteristics multiplier:
For clean surfaces: Sq = 1
For oxidized surfaces: Sq = 2.18

For coated surfaces: Sq =

(
δ − 1.28 × 10− 6)0.1

(0.132kc)
0.43

(θ + 0.05)0.07
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phenomenon in pursuit of a more precise capture of the entire boiling 
curve.
ii. The MHF point is strongly dependent on surface characteristics 
which have received very limited attention in prior studies. Clearly, 
these effects are worthy of far more serious focus in the future to 
better understand their impact on both Tmin and q”min.

iii. The currently available MHF data are much more skewed towards 
LHe, with far fewer data points available for LH2, LN2, and especially 
LAr, and no data for LO2 or LCH4. Therefore, future researchers are 
advised to fill this data gap to ensure that future correlations will be 
universal to the entire family of cryogens.
iv. The consolidated database is also skewed towards horizontal 
upward facing and vertical surface orientations. Future experiments 
conducted in other orientations will contribute to formulating new 
correlations that will provide accurate predictions for the entire 
range of surface orientations.
v. Excepting LHe, no MHF data are available for the other cryogens 
above 0.16pc. Absence of such high-pressure data compromises the 
effectiveness of correlations at capturing MHF trends over the entire 
pressure range up to the critical point.
vi. The MHF point is strongly influenced by thermal properties of the 
heating wall. Yet, with limited relevant information from published 
works, the effectiveness of correlations in capturing this important 
influence is highly compromised and therefore far more serious 
attention is required in future work to address this influence.

5.3. Deviations in MHF point data

Before delving into the development of new correlations for Tmin and 
q”min, it is crucial to examine important deviations in both as reported in 
prior experimental works. While the parametric distributions of the 
Consolidated Database were presented in Fig. 14; however, Figs. 15 and 
16 offer clearer insight into how the Tmin and q”min data vary with 
pressure. Due to significant disparities in Tmin and q”min values among 
different cryogens (for instance, the highest q”min value for LHe is less 
than 5000 W/m2, while values for LH2 and LN2 are above 5000 W/m2), 
these variations are plotted separately for individual cryogens. Notably, 
LAr is intentionally excluded given only a single data point available for 
this cryogen as shown in Fig. 14.

Figs. 15 and 16 reveal substantial variations in values of both Tmin 
and q”min for each cryogen. As shown in Figs. 15(a) and 16(a), coated 
and oxidized surfaces are shown greatly increasing values of both MHF 
parameters for LHe compared to clean surfaces. And for LH2, Figs. 15(b) 
and 16(b) also show large variations, which are attributed consistently 
to differences in surface material, with stainless steel (least conducting 
wall material) yielding highest Tmin and q”min values, followed in order 
by aluminum and copper (most conducting material). However, other 
deviations are more challenging to justify, as there is considerable 
spread in data for the same heating surface material and pressure, which 
has not been clearly elucidated by past researchers. For instance, as 
shown in Fig. 15(c), measured Tmin values for LN2 at atmospheric pres-
sure (0.03pc) ranges from 96 to 120 K, despite the surface material 
remaining same for all corresponding data points except two. Potential 
reasons for such deviations include discrepancies in heat flux incre-
mentation or decrementation steps across different pool boiling exper-
iments or within the same experiment. Heated surface size and thickness 
may be two additional causes, which, given the limited number of 
published data points, will require additional attention in future 
experimental endeavors.

Notably, the deviations in q”min values across all cryogens are 
notably greater than those observed in Tmin values. This discrepancy is 
responsible for prior q”min correlations yielding significantly higher 
MAEs than Tmin correlations, as discussed earlier. Therefore, it is 
imperative for readers to bear this in mind when investigating prior 
predictive tools or developing new correlations for MHF point. We also 
advocate that future researchers provide more comprehensive infor-
mation about their experimental setup, instrumentation, operating 
procedure, and measurement accuracy, as this will enable other in-
vestigators to more accurately account for known and perhaps lesser- 
known influencing parameters.

Fig. 17. Assessment of predictive accuracy of the new Tmin correlation against 
data for clean surfaces, treated surfaces, and all surfaces combined.
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5.4. New universal correlation for Tmin

Development of new correlations entails a thorough investigation of 
prior experimental trends and previously published correlations. As 
discussed in Section 2, two techniques are commonly employed for 
developing correlations for Tmin: the thermodynamic approach and the 
hydrodynamic approach. After conducting a meticulous assessment of 
prior works in Section 4.2, it became evident that the thermodynamic 
approach is more suitable for the Tmin correlation. The groundwork for 
the thermodynamic approach was laid by Spiegler et al. [27], who 
introduced the following simple formulation: 

Tmin =
27
32

Tc (2) 

But, while this relation marked a significant starting point for the 
thermodynamic approach, it lacked consideration of operating condi-
tions, such as pressure, which led to criticism from many authors. 
Subsequent researchers aimed to improve this correlation. For example, 
Lienhard [32] incorporated saturation temperature to address the 
pressure effects. Kalinin et al. [31] expanded upon Lienhard’s work by 
incorporating both saturation temperature and thermal properties of 
both heating surface and fluid. Notably, the correlation proposed by 
Kalinin et al. [31] demonstrated promising performance, having a MAE 
of 14.23 % for clean surface data. Building upon this success, a regres-
sion analysis was conducted in the present study to refine the co-
efficients and exponents of Kalinin et al.’s correlation, aiming to further 
enhance its accuracy. Following is the new modified form for clean 
surfaces: 

Tmin = Tsat + (Tc − Tsat)

(

− 9.1+12
( kf ρf cp,f

kwρwcp,w

)0.025
)

(3) 

where Tc and Tsat are the fluid’s critical and saturation temperatures (K), 
and k, ρ, and cp represent thermal conductivity (W.m-1.K-1), density (kg. 
m-3), and specific heat capacity (J.kg-1.K-1), respectively, with subscript f 
representing fluid and w heating surface. It should be noted that all 
properties of solid and fluid are evaluated at the saturation temperature 
of the liquid.

The above correlation was tested for both clean surfaces and treated 
surfaces (coated and oxidized), which proved that it is invalid for the 
latter because of the altered physics resulting from coating or oxidation. 
Hence, adjustments in the correlation are required to accommodate 
treated surfaces. To address this, a surface characteristics temperature 
multiplier ST is introduced, resulting in the following new correlation for 
Tmin. 

Tmin =

[

Tsat +(Tc − Tsat)

(

− 9.1+12
( kf ρf cp,f

kwρwcp,w

)0.025
)]

∗ ST (4) 

It is important to note that the multiplier is set to ST= 1 for clean 
surfaces (i.e., based on Eq. (3)) and ST= 2.3 initially attempted for all 
treated surfaces, which were shown earlier to be associated with higher 
Tmin values compared to clean surfaces. Additionally, given the small 
number of data points for treated surfaces, a single value for ST was 
initially attempted in Eq. (4) across all coated and oxidized surfaces. But, 
while the limited oxidized surface data lack obvious trends, the trends 
for coated surface data are both clearer and more physically sound, 
wherein ST shows a positive trend with increasing thickness δ of coating, 
and an inverse trend relative to both thermal conductivity kc of coating 
material and orientation angle θ of the heated surface. Further regres-
sion analysis helped correlate the dependence of ST on δ (expressed in 
m), kc (expressed in W.m-1.K-1), and θ (expressed in degrees), according 
to: 

Fig. 18. Assessment of predictive accuracy of the new Tmin correlation against data for individual cryogens.
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ST =

(
δ − 1.2999 × 10− 6

)0.042

(0.06kc)
0.247

(θ + 0.2)0.012 (5) 

where δ is expressed in m and as summarized in Table 7, ST= 1 for clean 
surfaces, ST= 2.3 for oxidized, and its value is determined using Eq. (5)
for coated. As shown in Fig. 17(a), the new correlation exhibits a 

remarkably low MAE of 9.05 % for clean surfaces, greatly outperforming 
performances of all prior correlations, Fig. 6. Moreover, effectiveness of 
the new correlation extends beyond clean surfaces, demonstrating 
exceptional performance for treated surfaces, evidenced by an impres-
sive MAE of only 7.7 %, as shown in Fig. 17(b). Here too, by comparing 
Figs. 17(b) to 7, the new correlation is proven to greatly outperform all 
prior correlations. To provide a holistic evaluation of the new correla-
tion’s performance, Fig. 17(c) merges data for both clean and treated 
surfaces. Here, the new correlation shows a remarkable MAE of 8.73 % 
across a total of 165 data points, with 100 % of predictions falling within 

±50 % of the data, and 89.7 % within ±30 %.
The performance of the new correlation for individual cryogens is 

provided in Fig. 18, which shows MAEs of 8.26 %, 0.1 %, 8.21 %, and 
14.03 % for LHe, LAr, LN2, and LH2, respectively, demonstrating the 
“universality” of the correlation across different cryogens.

However, it’s important to acknowledge that continued improve-
ments and refinements may be warranted as more data becomes avail-
able, addressing the identified gaps highlighted in the preceding section.

5.5. New universal correlation for q”min

Development of a new correlation for q”min follows a process similar 
to that discussed in the preceding section for Tmin correlation. Therefore, 
this section will primarily focus on the outcomes of the q”min correlation 
rather than its formulation. Upon scrutinizing the results of previous 
q”min correlations in Fig. 9, it became apparent that despite slightly 
higher MAE of Kalinin’s et al.’s [31] than those of the two best per-
forming correlations, formulation of the new correlation is based on 
Kalinin’s et al.’s given its effectiveness at (i) accounting for both satu-
ration temperature and thermal properties of both heating surface and 
fluid, and (ii) accurately capturing Tmin data trends. Initially, the new 
correlation was crafted for data pertaining to clean surfaces, after which 
adjustments were made for oxidized and coated surfaces through 
incorporation of a multiplier. The resulting correlation is expressed as: 

q˝min = 0.043

[
cp,gk2

g

μg
ρgg
(
ρf − ρg

)
]0.567(

− 0.107 + 0.38 (ΔTmin)
0.39
)3.094

Sq

(6) 

where Sq is a multiplier intended to account for different surface con-
ditions, and ΔTmin is the wall superheat at the MHF point, which is 
calculated using Eq. (3), 

ΔTmin = (Tc − Tsat)

(

− 9.1+12
( kf ρf cp,f

kwρwcp,w

)0.025
)

(7) 

As detailed in Table 7, the value of heat flux multiplier is set to Sq= 1 
for clean surfaces, Sq= 2.18 for oxidized, and correlated via regression 
analysis for coated surfaces according to the following relation: 

Sq =

(
δ − 1.28 × 10− 6

)0.1

(0.132kc)
0.43

(θ + 0.05)0.07 (8) 

where δ is expressed in m.
Fig. 19 shows predictive accuracy of the new correlation against data 

for clean surfaces, treated surfaces, and all surfaces combined. Notably, 
the new correlation is shown achieving MAE values of 21.5 % for clean 
surfaces data, 25.22 % for treated, and 22.42 % for combined clean and 
treated. While these values are higher than corresponding Tmin corre-
lation’s MAEs, lesser accuracy in relation to the q”min data, as discussed 
earlier, is rooted to greater discrepancies in available experimental q”min 
data compared to the Tmin data. Nonetheless, the MAE for the new q”min 
correlation is far smaller than those of all prior correlation, which 
yielded MAEs above 57.67 %, 31.12 %, and 61.60 % for clean, treated, 
and combined surfaces.

Fig. 19. Assessment of predictive accuracy of the new q”min correlation against 
data for clean surfaces, treated surfaces, and all surfaces combined.
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The performance of the new correlation for individual cryogens is 
provided in Fig. 20, which shows MAEs of 19.9 %, 39.57 %, 17.09 %, 
and 38.20 % for LHe, LAr, LN2, and LH2, respectively.

In closing it must be emphasized that cryogenic databases are in dire 
need for additional experimental work to fill the data gaps highlighted 
earlier. Once data is available for all cryogens of interest and over broad 
ranges of all relevant influencing parameters, it will be possible to 
explore the use of machine learning methods to correlate both Tmin and 
q”min data. Such methods have recently shown tremendous successes in 
predicting data for both flow boiling [62–64] and flow condensation 
[65].

6. Conclusions

This study was motivated by absence of an accurate method for 
predicting the minimum heat flux (MHF) point for cryogenic pool 
boiling. A primary reason for this deficiency is extreme sparsity of 
cryogenic MHF data. A broad database for multiple cryogens and which 
covers broad ranges of all influencing parameters is essential to 
formulating accurate predictive tools. The present study amassed from 
available literature across the globe MHF data for saturated pool boiling 
of cryogenic fluids from flat surfaces. The resulting Consolidated Data-
base was used to both assess predictive accuracy of prior correlations 
and provided a basis for formulating new superior correlations. 
Following are key findings from this study.

1. A comprehensive literature review was undertaken to explore how 
different factors and parameters influence MHF. Additionally, a total 
of 9 correlations for minimum film boiling temperature (Tmin) and 10 
correlations for minimum heat flux (q”min) were gathered from the 
literature.

2. Following the application of rigorous data rejection criteria, a 
meticulous selection process led to the aggregation of 165 data 
points for Tmin and 158 data points for q”min, collectively forming the 
new Consolidated Database for MHF, which encompasses four 
cryogens: LHe, LAr, LH2, and LN2. In addition to data for clean sur-
faces (122 points), the Consolidated Database includes data for both 
coated surfaces (19 points) and oxidized surfaces (20 points).
3. The accuracy of all prior correlations for Tmin and q”min was 
thoroughly assessed by comparing predictions against the Consoli-
dated Database. While vast majority of these correlations yielded 
unacceptably high MAE values, a correlation by Kalinin et al. [31] 
both yielded comparatively favorable predictions for clean surfaces 
and successfully accounted for vitally important influences (e.g., 
saturation temperature and thermophysical properties of both 
heating surface and fluid) which were missed by most other 
investigators.
4. Using the Consolidated Database and leveraging insights gained 
from prior correlation results, especially that of Kalinin et al., new 
correlations for both Tmin and q”min were formulated. These new 
correlations were shown to provide far superior predictive accuracy 
compared to all prior correlations. Specifically, the new correlation 
for Tmin achieved remarkable MAEs of 9.05 % for clean surfaces, 7.7 
% for treated surfaces, and 8.73 % for all surfaces combined. Simi-
larly, the new correlation for q”min demonstrated MAEs of 21.50 % 
for clean surfaces, 25.22 % for treated surfaces, and 22.42 % for all 
surfaces combined.
5. Analyzing the parametric distributions within the Consolidated 
Database and assessing the spread of MHF values highlighted several 
data gaps, which were identified as paramount deficiencies to be 
tackled in future experimental endeavors in pursuit of any further 
refinement of the new correlations.

Fig. 20. Assessment of predictive accuracy of the new q”min correlation against data for individual cryogens.
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