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A B S T R A C T

Constructing a complete and continuous boiling curve is a very challenging endeavor because correlations have 
historically been developed in individual studies only for specific boiling regimes or transition points, often using 
different fluids and operating conditions. The present study tackles systematically the complexities of this 
endeavor by relying on predictive correlations recently developed by the present authors for all individual pool 
boiling curve regimes and transition points for cryogenic fluids. It is shown how, by integrating the previous 
correlations and correcting for any discontinuities between correlations, a continuous saturated pool boiling 
curve can be constructed across the entire range of wall superheats and heat fluxes for all cryogens. The predicted 
boiling curves are validated against experimental data for key cryogens such as liquid helium, liquid hydrogen, 
and liquid nitrogen across varying pressure ranges. The critical heat flux is shown to decrease with increasing 
surface orientation angle, measured from horizontal upward facing, and this effect becomes more pronounced 
with increasing pressure. The heat transfer coefficient in both the nucleate boiling and film boiling regions in
creases with increasing pressure, but this trend, especially for nucleate boiling, is less evident at very high 
pressures. Reinforcing published trends, the decrease in the nucleate boiling heat transfer coefficient near the 
critical heat flux point is clearly captured, especially for cryogens with relatively high saturation temperatures, 
such as liquid oxygen and liquid methane. Additionally, the presented methodology shows the wall superheats 
for the critical heat flux and minimum heat flux points decrease with increasing pressure, excepting very high 
pressures. Overall, the methodology for generating the complete boiling curve for cryogens is validated over 
broad pressure ranges, up to 75 % of critical pressure (p = 0.75pc).

1. Introduction

1.1. Significance of thermal management to space applications

In 2024, the Space Technology Mission Directorate (STMD) of Na
tional Aeronautics and Space Administration (NASA) conducted a sur
vey to identify 187 technological gaps—key areas needing advancement 
to support scientific research, future exploration, and other mission 
objectives. The survey aimed to prioritize the most urgent challenges in 
the field, helping shape the direction of future space technology in
novations and investment strategies. While the majority of the responses 
(769) came from NASA’s internal departments, 462 additional responses 

were gathered from external stakeholders, including federally funded 
research institutions, universities, non-profit organizations, professional 
societies, and other government agencies. The findings were published 
in a report titled "Civil Space Shortfall Ranking July 2024" [1], high
lighting thermal management systems as one of the top areas needing 
more focus due to increasing demands in space applications.

Researchers worldwide have dedicated significant effort to 
advancing thermal management techniques to meet the evolving needs 
of various industries. Among these efforts, Purdue University’s Boiling 
and Two-Phase Flow Laboratory (PU-BTPFL) has been a leading 
contributor over the past four decades. Using a variety of experimental, 
theoretical, correlation-based, computational, and machine learning 
methods, investigators at PU-BTPFL have explored a wide range of 
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cooling schemes aimed at enhancing heat dissipation. They include 
capillary [2], pool [3], falling-film [4], channel flow [5,6], 
micro/mini-channel [7], jet [8], and spray [9], as well as hybrid 
methods combining the merits of multiple schemes [10,11]. Each 
technique offers distinct advantages and limitations, with its applica
bility determined by the specific cooling requirements of different 
industries.

In many scenarios, pool boiling proves to be an optimal cooling 
method due to its compact and simple design, low operational costs, and 
passive functionality. As a result, extensive research has focused on 
understanding the behaviour of pool boiling under various conditions, 
leading to the development of models and correlations that accurately 
predict its performance in numerous applications. However, these pre
dictive tools are predominantly tailored for room-temperature fluids 
such as water and dielectric coolants. With modern industries, particu
larly in space exploration, increasingly relying on cryogenic fluids that 
operate at extremely low temperatures, the effectiveness of these pre
dictive tools is suspect, given the drastic differences between the fluid 
physics of cryogens and those of room-temperature counterparts. 
Consequently, applying these tools to cryogenic fluids can lead to highly 
inaccurate or unreliable results. To address this knowledge gap, new 
models and correlations need to be developed specifically for cryogenic 
fluids to enable accurate predictions and efficient thermal management.

Recently, a series of studies conducted jointly by a team from PU- 
BTPFL, and NASA’s Glenn Research Center has culminated in new cor
relations for cryogenic fluids across the different regions and transition 
points of the pool boiling curve, including nucleate boiling [12], tran
sition boiling [13], film boiling [14], critical heat flux point (CHF) [15], 
and minimum heat flux (MHF) point [16]. This study aims to build upon 
these efforts by integrating the different correlations to construct a 
complete and continuous boiling curve for cryogenic fluids.

1.2. The boiling curve

In pool boiling experiments, the boiling curve is generated in one of 
two ways: heat-flux-controlled and temperature-controlled. Depicted in 
Fig. 1 (a), a heat-flux-controlled experiment is conducted by gradually 
increasing the heat flux in small increments, followed each by an 
adequate waiting period to ensure the attainment of steady state data. 
Starting with a very low heat flux corresponding to liquid natural con
vection (NC), increasing the heat flux increases the surface temperature 
as well as temperature of near-surface liquid until the point of onset of 
nucleate boiling (ONB) where the nucleation commences. Increasing the 
heat flux further increases the surface-to-fluid temperature difference 
(wall superheat), promoting more bubble formation, growth, and de
parture within the nucleate boiling (NB) region. Approaching the CHF 

Nomenclature

C Constant in natural convection correlation [dimensionless]
cp Specific heat at constant pressure [J. kg-1. K-1]
g Earth gravitational acceleration [m. s-2]
h Heat transfer coefficient [W. m-2. K-1]
hfg Latent heat of vaporization [J. kg-1]
k Thermal conductivity [W. m-1. K-1]
Lb Laplace constant or bubble length [m]; Lb =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅σ
g(ρf − ρg)

√

Lx Characteristic length of heating surface [m]
N Number of data points used to develop a correlation 

[dimensionless]
Nu Nusselt number [dimensionless]
n Exponent in natural convection correlation 

[dimensionless]
p Pressure [N. m-2]
p∗ Reduced pressure; p∗ = p

pc 
[dimensionless]

pc Critical pressure [N. m-2]
Pr Prandtl number [dimensionless]
qʹ́ Hheat flux [W. m-2]
Ra Rayleigh number [dimensionless]
Rag Rayleigh number for film boiling based on bubble length Lb 

[dimensionless]
RaL Rayleigh number for natural convection based on 

characteristic length Lx [dimensionless]
Tc Critical temperature [K]
Tsat Saturation temperature of fluid [K]
ΔTsat Wall superheat [K]; ΔTsat = Tw − Tsat
ΔTsub Liquid subcooling [K]; ΔTsub = Tsat − Tf

Greek symbols
α Percentage of predictions within ±30 % of the data
β Percentage of predictions within ±50 % of the data
θ Orientation angle of heating surface [∘]
μ Dynamic viscosity [Pa.s]
ρ Density [kg.m-3]
σ Surface tension [N.m-1]
σb Stefan-Boltzmann constant [5.67 × 10–8 W/m².K⁴]

φ Weighting function used in transition boiling correlation 
[dimensionless]

Subscripts
CHF Critical heat flux
Exp Experimental (measured)
f Saturated liquid
fb Film boiling
g Saturated vapor
l single phase liquid
min Minimum heat flux
nb Nucleate boiling
nc Natural convection
Pred Predicted (calculated)
sat Saturation
sub Subcooling
tb Transition boiling
w Heating wall

Acronyms
CHF Critical heat flux
FB Film boiling
HTC Heat transfer coefficient
LAr Liquid argon
LCH4 Liquid methane
LHe Liquid helium
LH2 Liquid hydrogen
LN2 Liquid nitrogen
LO2 Liquid oxygen
MAE Mean absolute error
MHF Minimum heat flux
NASA National Aeronautics and Space Administration
NB Nucleate boiling
NC Natural convection
ONB Onset of nucleate boiling
PU-BTPFL Purdue University Boiling and Two-Phase Flow 

Laboratory
STMD Space Technology Mission Directorate
TB Transition boiling
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point, effectiveness of the nucleation process diminishes because of 
appreciable coalescence of large vapor masses which hinder ability of 
the bulk liquid to replenish the surface. The degradation of nucleate 
boiling reaches peak value at CHF, at which the surface temperature 
escalates uncontrollably even while the heat flux stays constant. The 
surface temperature ceases to rise once film boiling (FB) is reached and 
any further increase in the heat flux captures the upper region of film 
boiling. Within FB, the surface is encased in a continuous, thermally 
insolating vapor layer. Here, heat from the surface must traverse the 
vapor layer and, given the poor thermal conductivity of the vapor, the 
heat transfer is highly compromised and the surface temperature attains 
very high values. Starting from film boiling, the heat-flux-controlled 
experiment is continued by decreasing the heat flux, once again in 
small increments. This causes the wall temperature to decrease until 
reaching the MHF point upon which partial breakup of the vapor layer 
culminates in a sudden heat transfer enhancement. This is accompanied 
by a rapid unsteady decline in the surface temperature even while the 
heat flux stays constant. This allows the system to transition back into 
the NB region. A further reduction in heat flux brings the system back to 

the single-phase liquid NC region.
Alternatively, as depicted in Fig. 1 (b), the boiling curve can be 

generated using a temperature-controlled experiment. In contrast to the 
heat-flux-controlled experiment, the temperature-controlled experiment 
sets surface temperature as the primary input, and the system adjusts the 
heat flux to achieve this target surface temperature. Also, unlike the heat 
flux-controlled method, the heat flux fluctuates appreciably as the sys
tem aims to maintain the desired surface temperature, which renders the 
experiment quasi-steady rather than perfectly steady-state. This method 
allows the experiment to proceed by either increasing or decreasing the 
surface temperature, depending on the choice of the operator. A major 
advantage of the temperature-controlled method is the ability to capture 
the transition boiling (TB) region, which cannot be captured in a heat- 
flux-controlled experiment, thereby generating a complete boiling 
curve. Overall, despite differences between the two methods, the 
resulting boiling curves should ideally align except for the TB region, 
which is only captured by the temperature-controlled experiment.

Fig. 1. Boiling curve obtained from (a) heat-flux-controlled experiments and (b) temperature-controlled experiments.
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1.3. Objectives of the present study

In the two-phase heat transfer literature, investigators provide 
findings from pool boiling experiments conducted under different 
operating conditions in pursuit of useful correlations. A key challenge 
when attempting to use such correlations is that most are based on data 
for room-temperature fluids such is water and dielectric coolants, which 
is why they are known to yield appreciable predictive errors when 
applied to the much lower temperature cryogenic fluids. Moreover, 
correlations from most published works focus are often presented for a 
specific fluid and more importantly, specific boiling region, often using 
different assumptions and physical interpretations. This renders the 
ability to generate a complete boiling curve by stitching together cor
relations for the different boiling regions from different sources a 
formidable challenge.

To overcome these challenges, a collaborative effort between PU- 
BTPFL and NASA Glenn Research Center since 2018 has been focused 
on generating new correlations that are specific to cryogenic fluids. The 
ultimate goal of this endeavor is to develop high-accuracy heat transfer 
correlations to serve as predictive tools for both design and performance 
assessment of cryogenic systems under different operating conditions 
and both terrestrial gravity and microgravity. To achieve this goal, over 
10,000 datapoints from 80 different papers were amassed and meticu
lously scrutinized, culminating in 4809 usable data points. These data
points were first analyzed based on available correlations for mostly 
room temperature fluids. Based on both useful fluid physics insights 
from the performance of prior correlations (despite their less than 
satisfactory predictive accuracy) and the parametric trends from the 
new cryogenic database, new correlations were developed for NB [12], 
CHF point surface temperature and heat flux [13,15], TB [13], MHF 
point temperature and heat flux [16], and FB [14]. It is noteworthy that 
these initial correlations are intended for only steady-state saturated 
pool boiling and terrestrial gravity. Effects of other factors, such as 
microgravity, subcooling, and surface size and material, will be deferred 
to future work, relying on new cryogenic pool boiling experiments to be 
conducted in both terrestrial gravity and microgravity. With the new 
data, the available correlations will be updated, if needed, to broaden 
their applicability and account for any missing effects. It must be noted 
that the present study is the first of its kind in terms of generating a 
complete boiling curve for different cryogens, including liquid helium 
(LHe), liquid hydrogen (LH2,) liquid nitrogen (LN2), liquid argon (LAr), 
liquid oxygen (LO2), and liquid methane (LCH4), under broad ranges of 
operating conditions.

In summary, the primary objectives of this study are as follows: 

i. Summarize previously developed cryogenic correlations for 
different regions and transition points of the saturated pool 
boiling curve along with their predictive performance.

ii. Combine the correlations in a MATLAB code wherein fluid, 
pressure, surface orientation angle, and heat flux are input to 
calculate the corresponding wall superheat. The complete boiling 
curve is constructed by combining predictions for all regions and 
transition points of the pool boiling curve.

iii. Investigate overall shape and trends of the boiling curve and 
update the correlations where needed. Also, incorporate blending 
functions where discontinuity in the curve occurs.

iv. Construct final complete and continuous boiling curves for 
different operating conditions and determine the validity range 
for the code.

v. Validate the final boiling curves against experimental boiling 
curves from the literature.

2. Overview of new universal correlations for cryogenic pool 
boiling

The authors’ recent development of new universal cryogenic pool 

boiling correlations marks a significant step toward understanding 
cryogenic fluid physics as well as constructing a continuous boiling 
curve for cryogens. As indicated earlier, the complete boiling curve 
sought in the present study is intended for flat surfaces in a saturated 
cryogenic liquid pool and terrestrial gravity, and accounts for variations 
in pressure, wall heat flux, surface orientation, and the specific cryogen 
used. To generate a continuous boiling curve by incorporating correla
tions for the different boiling regions and transition points, further 
refinement is required. This paper outlines the approach for integrating 
these correlations to construct a continuous boiling curve. Before 
delving into the methodology for merging correlations, it is crucial to 
provide a high-level overview of the key factors and parameters that 
serve as a foundation for this approach.

2.1. Natural convection (NC)

It is assumed that natural convection in cryogenic fluids follows the 
same behavior as that for room-temperature fluids. Therefore, a general 
Nusselt number correlation of the form is used [17]: 

Nunc =
hncLx

kf
= CRan

L (1) 

where hnc is the natural convection HTC [W/m2.K], Lx the characteristic 
length of the heating surface [m], kf the thermal conductivity of single 
phase liquid [W. m-1. K-1], and RaL the Rayleigh number based on 
characteristic length Lx. The constants C and n depend on both fluid state 
(laminar or turbulent) and surface orientation [18–21] as summarized in 
Table 1. RaL in Eq. (1) is defined as 

RaL =
L3

xρf
(
ρf − ρf ,w

)
g

μ2
f

(μf cp,f

kf

)

(2) 

where ρf is the density of single phase liquid calculated at liquid tem
perature [kg.m-3], ρf ,w the density of single phase liquid calculated at 
wall temperature [kg.m-3], μf the dynamic viscosity of single phase 
liquid [Pa. s], g the Earth gravity [9.8 m.s-2], and cp,f the specific heat of 
single phase liquid [J.kg-1.K-1].

2.2. Nucleate boiling (NB)

After meeting the requirements for ONB condition (ΔTsat = ΔTsat,ONB,

qʹ́ = qʹ́
ONB), bubble nucleation commences and intensifies along the NB 

region until the CHF condition is met. Heat transfer in NB region can be 
determined using our recently developed correlation [12], 

hnb = 13.3 qʹ́ 0.665
(1 + 0.52 p∗)

4.7Pr− 1.09
f ×

[
1 + 68e20(p∗ − 1.1)

1 + 0.0045 e(qʹ́ × 10− 5)

]

(3) 

where hnb is the NB HTC [W/m2.K], p* the reduced pressure (p/pcrit), q′′ 
the heat flux [W/m2], and Prf the liquid Prandtl number. Details 

Table 1 
Summary of values of C and n in natural convection correlations.

Orientation 
angle [◦]

C n Validity range Reference

θ = 0◦ 0.54 1/ 
4

104 ≤ RaL ≤ 107 ,

PrL ≥ 0.7
Lloyd & Moran [18]

0.15 1/ 
3

107 ≤ RaL ≤ 1011 Lloyd & Moran [18]

θ = 90◦ 0.59 1/ 
4

104 ≤ RaL ≤ 109 McAdams [19]

0.10 1/ 
3

109 ≤ RaL ≤ 1013 Bayley [20]

θ = 180◦ 0.52 1/ 
5

104 ≤ RaL ≤ 109 ,

PrL ≥ 0.7
Radziemska & 
Lewandowski [21]
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concerning both the development of this correlation and its predictive 
performance for different cryogens are provided in [12].

2.3. Onset of nucleate boiling (ONB) point

The ONB point is identified by conditions leading to formation of the 
first bubble on the heating surface. It is identified on the boiling curve 
via corresponding values of heat flux, qʹ́

ONB, and wall superheat, 
ΔTsat,ONB. Ideally, while the ONB point falls directly on the boiling 
curve’s NC line, a blending function is required to avoid any disconti
nuity between the ONB point and NB curve. However, the authors’ 
thorough investigation of published cryogenic pool boiling literature 
identified two main difficulties in developing an accurate correlation for 
ONB: (i) sparsity of ONB datapoint for different cryogens, and (ii) for 
available data, very low values of qʹ́

ONB and ΔTONB are often within the 
range of measurement uncertainties. To avoid this complication, the 
ONB point is identified in this study as the intersection of NC and NB 
correlations, i.e., by setting 

(
ΔTsat,nc, qʹ́

nc
)
=
(
ΔTsat,nb,qʹ́

nb
)
.

2.4. Critical heat flux (CHF) and wall temperature (Tw,CHF)

The CHF point is identified on the boiling curve by corresponding 
values for both heat flux, qʹ́

CHF, and wall superheat, ΔTCHF. Our team’s 
correlation for qʹ́

CHF was developed in [15], which can be presented as 

qʹ́
CHF =

[
0.16 − 0.104 (p∗)

10]
× [1 − 0.004(p∗)θ]

⃒
⃒
⃒
⃒cos

((
88
180

)

θ
)⃒
⃒
⃒
⃒

0.364

×

[

1+0.16
(

cp,f ΔTsub

hfg

)]

×

[

ρghfg

(
σg
(
ρf − ρg

)

ρ2
g

)1
4
]

(4) 

where θ is the orientation angle of the heating surface [◦], hfg the latent 
heat of vaporization [J.kg-1], ΔTsub the degree of subcooling of liquid 
pool [K], whose value is zero for the present saturated pool boiling 
study, and σ the surface tension of the fluid [N.m-1].

Similarly, a correlation of the CHF point wall temperature, Tw,CHF, 
was presented in our recent paper [13] as a function of the MHF point 
wall temperature, Tw,min, 

Tw,CHF = 0.775 Tw,min (5) 

Here, Tw,min is calculated using our recently published correlation 
[16] 

Tw,min = Tsat + (Tc − Tsat)

(

− 9.1+12
( kf ρf cp,f

kwρwcp,w

)0.025
)

(6) 

where Tsat is the saturation temperature and Tc the fluid’s critical tem
perature, with all temperatures in Eqs. (5) and (6) are expressed in K. 
The subscripts f and w in Eq. (6) represent fluid and heating surface 
material, respectively.

These correlations were validated, and showed very good pre
dictions, against mostly lower pressure data (because of the lack of 
higher-pressure cryogen data). However, a problem arises when 
attempting to construct the complete boiling curve, caused by the fact 
that the value of Tmin decreases with increasing pressure and, above a 
certain pressure value, shifts the predicted value of TCHF to the left side 
of nucleate boiling curve, which is physically inconsistent. This problem 
was circumvented by using a different method wherein TCHF is deter
mined by the intersection of NB curve and qʹ́

CHF. Mathematically, this can 
be represented as 

ΔTsat,CHF = Tw,CHF − Tsat =
qʹ́

CHF
hCHF

(7) 

where hCHF is the HTC at the CHF point, which is calculated by 

combining Eqs. (3) and (4), 

hCHF =13.3
(
qʹ́

CHF
)0.665

(1+0.52 p∗)
4.7Pr− 1.09

f ×

[
1+68e20(p∗ − 1.1)

1+0.0045 e(qʹʹ
CHF × 10− 5)

]

(8) 

Here, qʹ́
CHF is calculated using Eq. (4), marking the upper limit of NB.

2.5. Minimum heat flux (MHF) and wall temperature (Tw,min)

The MHF point separates the TB region from the FB region. Since the 
correlation for TB, as discussed in the next section, depends on both the 
CHF and MHF points, it is necessary to present correlations for the MHF 
point before those for TB. A detailed description for predicting the MHF 
point is provided in authors’ recent paper [16], where qʹ́

min and ΔTmin are 
determined as follows. 

q˝min=0.043

[
cp,gk2

g

μg
ρgg
(
ρf − ρg

)
]0.567

×
(
− 0.107+0.38

(
ΔTsat,min

)0.39)3.094

(9) 

where μg is the dynamic viscosity of saturated vapor [Pa.s], kg the 
thermal conductivity of saturated vapor [W. m-1. K-1], cp,g the specific 
heat of saturated vapor [J.kg-1.K-1], and ΔTsat,min the wall superheat at 
the MHF point, which is expressed as 

ΔTsat,min = Tw,min − Tsat (10) 

where Tw,min is calculated using Eq. (6).

2.6. Transition boiling (TB)

Compared to the other boiling curve regimes, TB has received far less 
attention in the heat transfer literature. A detailed discussion about the 
few available prior correlations, their performance, and physics of TB 
can be found in our recent paper [13]. The same study showed a new 
systematic method for determining the TB curve. First, the wall super
heat in TB is given by 

ΔTsat,tb =
[
ΔTsat,CHF +φ

(
ΔTsat,min − ΔTsat,CHF

)]
(11) 

where ΔTsat,tb is the wall superheat [K] in TB, ΔTsat,min and ΔTsat,CHF are 
the wall superheats [K] at the MHF and CHF points, which can be 
calculated using Eqs. (10) and (7), respectively, and φ is a weighting 
function based on both the CHF to MHF points. 

φ =

⃒
⃒
⃒
⃒

(
qʹ́

tb − qʹ́
CHF

qʹ́
min − qʹ́

CHF

)0.8⃒⃒
⃒
⃒ (12) 

where qʹ́
tb is the input heat flux [W. m-2] in the TB region, and qʹ́

CHF, qʹ́
min, 

and Tw,min are calculated using Eqs. (4), (9), and (6), respectively.
An expression for the HTC in TB can be formulated using htb =

qʹ́
tb/
(
Tw,tb − Tsat

)
, which yields 

htb=
qʹʹ

tb
[
(
Tw,CHF − Tsat

)
+

⃒
⃒
⃒
⃒

(
qʹʹ

tb − qʹʹ
CHF

qʹʹ
min − qʹʹ

CHF

)0.8⃒⃒
⃒
⃒

{(
Tw,min − Tsat

)
−
(
Tw,CHF − Tsat

)}
]

(13) 

2.7. Film boiling (FB)

FB is the highest temperature regime of pool boiling, where high 
surface temperature causes bubble nucleation to fully subside, replaced 
by formation of continuous vapor blanket. A detailed description of this 
regime and its characteristics can be found in our recently published 
paper [14]. In the same study, the following new HTC correlation was 
derived from available cryogenic fluid data: 
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where hfb is the overall FB HTC [W/m2.K], accounting for both film 
boiling and radiation effects, θ the surface orientation angle measured 
from horizontal upward position [ ]ͦ, hfg the latent heat of vaporization 
[J/kg], Tw,fb the temperature of the heating surface in FB [K], and σb the 
Stefan-Boltzmann constant, 5.67 × 10–8 W/m².K⁴. In Eq. (14), Lb rep
resents the Laplace constant or bubble length [m] which can be calcu
lated using the below equation. 

Lb =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ

g
(
ρf − ρg

)

√

(15) 

Moreover, Rag is the Rayleigh number of saturated vapor, which can 
be determined as 

Rag =
L3

bρg
(
ρf − ρg

)
g

μ2
g

(μgcp,g

kg

)

(16) 

2.8. Blending function between film boiling (FB) and minimum heat flux 
(MHF) point

It is important to note that, as indicated in our prior work, that the 
above correlations provide accurate predictions for cryogens when 
applied to individual boiling curve regions and transition points. How
ever, problems arise when combining these correlations to generate a 
complete boiling curve. This is reflected by a discontinuity when 
patching together the heat flux correlations for TB and FB at qʹ́

min. An 
example of such discontinuity is shown in Fig. 2 (a) for LH2 at a reduced 
pressure of p∗ = 0.1. Guided by insights from experimentally available 
pool boiling curves, the discontinuity is corrected by devising a 
“blending function” between FB and MHF point, which, as shown later, 
proved highly effective at predicting boiling curve trends for different 
cryogens. Through iteration in pursuit of best predictions, an upper heat 
flux value for the blending function was set at 1.5qʹ́

min and, as illustrated 
in Fig. 2 (b), the blending function is given by 

ΔTsat,blend = ΔTsat,min +

⃒
⃒
⃒
⃒
qʹ́ − qʹ́

min

0.5qʹ́
min

⃒
⃒
⃒
⃒

0.5(
ΔTsat,fb

⃒
⃒
1.5qʹ́

min
− ΔTsat,min

)
(17) 

which is applied only in the range of 

ΔTsat,min ≤ ΔTsat ≤ ΔTsat,fb
⃒
⃒
1.5qʹ́

min
(18) 

For the sake of completeness and brevity, a complete summary of all 
the correlations used to construct the boiling curve, along with appli
cation range for each, is provided in Table 2.

3. Performance assessment and validation of correlations used 
to construct saturated pool boiling curve for cryogens

3.1. Performance summary of developed correlations

Our recently developed correlations for saturated pool boiling of 
cryogens have already been discussed in the previous section. Further 
details on each correlation are explained in their respective original 
papers [12–14,16]. However, to provide a comprehensive overview, this 
section summarizes the performance for all the developed correlations. 
The predictive performance is evaluated via four metrics: mean absolute 
error (MAE), number of data points used in the development of each 
correlation (N), and percentage of data that are predicted within ±30 % 

(α) and ±50 % (β). This comparative analysis, presented in Fig. 3 and 
Table 3, offers a clear perspective on the effectiveness of each correla
tion across various datasets.

As shown in Fig. 3, based on availability of published data, far more 
datapoints were employed for developing the NB and FB correlations 
compared to those for other boiling curve regimes and transition points. 
Overall, the correlations show very good predictions for multiple cryo
gens. Notably, the Tw,min correlation has an 8.73 % MAE for N = 165 data 

Fig. 2. Complete boiling curve for LH2 (a) without blending function and (b) 
with blending function.

hfb = (0.148 + 0.052 sinθ) ×
kg

Lb

[

Rag⋅
(

hfg + 0.46 cp,g
(
Tw,fb − Tsat

)

cp,g
(
Tw,fb − Tsat

)

)]0.33

+
(1.7 − 0.55 sinθ) σb

(
T4

w,fb − T4
sat

)

(
Tw,fb − Tsat

) (14) 
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points, followed by the Tw,CHF correlation, 10.71 % for N = 236, hfb 

correlation, 12.94 % for N = 1209, htb correlation, 14.84 % for N = 133, 
qʹ́

min correlation, 22.42 % for N = 158, and hnb correlation, 25.36 % for N 
= 2908. Notice that certain correlations are evaluated against more 
cryogens than others; this again is based entirely on the availability of 
data for a given boiling regime or transition points.

3.2. Validation of new methodology for constructing complete pool boiling 
curve

While each individual correlation has been thoroughly tested against 
its respective datasets, Fig. 3, it is crucial to validate the complete 
boiling curve against experimental data to illustrate the robustness and 
reliability of the new methodology for the construction of complete 
boiling curve. Such validation is a key step toward demonstrating 
practical applicability of the methodology across different cryogens and 
operating conditions. To this end, the validation is conducted using data 
for the three most significant and widely used cryogens in scientific and 
industrial applications: liquid nitrogen (LN2), liquid hydrogen (LH2), 
and liquid helium (LHe).

Ideally, one should aim to validate the entire boiling curve against 
experimental data from a single source. This would provide a direct 
comparison between the predicted boiling curve and experimental re
sults across all boiling regimes for same operating conditions. Unfortu
nately, such comprehensive datasets are very rare in published literature 
since pool boiling experiments are typically conducted by different re
searchers, each focusing on specific regime and operating conditions 

based on their own research objectives. As a result, it is difficult to find a 
single source of experimental data covering the entire boiling curve.

To address this shortcoming, we took data from different studies, 
each focused on a particular boiling regime for same cryogen, which are 
then combined to validate the methodology. This allows validation 
across multiple datasets, which demonstrates broad applicability of the 
methodology. For example, Fig. 4 shows the validation for LHe using 
experimental data from five different sources [22–26] at a pressure of 
101 kPa. The results demonstrate very good capability in predicting the 
LHe data, which include both horizontal and vertical surfaces. Valida
tion of correlations for the ONB, CHF and MHF points is deferred to a 
later section.

However, some discrepancies arise in the natural convection regime, 
where predictions show some deviations from the data. This divergence 
is attributed to several factors. First and foremost is experimental un
certainty, particularly at extremely low temperatures. For LHe, wall 
superheat can be as low as 0.01 K, which would greatly accentuate 
measurement uncertainties. Another contributing factor could be limi
tations of the natural convection correlations used. These correlations 
were originally developed for mostly room-temperature fluids, and their 
applicability at such low temperatures may be somewhat compromised. 
Moreover, as shown in Fig. 4 (b), the validation for natural convection 
over vertical surfaces for LHe is incomplete due to a lack of corre
sponding experimental data. This data shortfall highlights the need for 
further experimental studies, particularly for cryogens like LHe, to 
provide a more comprehensive database that covers all boiling regimes, 
including natural convection, over a range of surface orientations.

Table 2 
Summary of correlations used to construct a complete saturated pool boiling curve (ΔTsub = 0) for cryogens.

Reference 
(s)

Region/Point Correlation(s) Application Range Remarks

[17–21] Natural convection 
(NC) region hnc =

kf

Lx
CRan

L 

RaL =
L3

xρf
(
ρf − ρf ,w

)
g

μ2
f

(μf cp,f

kf

)

ΔTsat ≤ ΔTsat,ONB Values for C and n are provided in 
Table 1

- Onset of nucleate 
boiling (ONB) point

- ΔTsat = ΔTsat,ONB Intersection point of NC and NB

[12] Nucleate boiling 
(NB) region

hnb = 13.3 qʹ́ 0.665
(1 + 0.52 p∗)4.7Pr− 1.09

f ×
[

1 + 68e20(p∗ − 1.1)

1 + 0.0045 e(qʹ́ × 10− 5)

]

ΔTsat,ONB < ΔTsat < ΔTsat,CHF ​

[13] Critical heat flux 
(CHF) point ΔTsat,CHF = Tsat,CHF − Tsat =

qʹ́
CHF

hCHF

ΔTsat = ΔTsat,CHF ​

[15]
qʹ́

CHF =
[
0.16 − 0.104 (p∗)10]

× [1 −

0.004(p∗)θ]|cos
((

88
180

)

θ
)

|
0.364

×

[

1 + 0.16
(

cp,f ΔTsub

hfg

)]

×

[

ρghfg

(
σg
(
ρf − ρg

)

ρ2
g

)1
4
]

​

[13] Transition boiling 
(TB) region

ΔTsat,tb =
[
ΔTsat,CHF + φ

(
ΔTsat,min − ΔTsat,CHF

)]

φ = |

(
qʹ́ − qʹ́

CHF
qʹ́

min − qʹ́
CHF

)0.8

|

ΔTsat,CHF ≤ ΔTsat ≤ ΔTsat,min Accuracy of this correlation is 
strongly dependent on predictions of 
the CHF and MHF points

[16] Minimum heat flux 
(MHF) point Tw,min =

[

Tsat + (Tc − Tsat)

(

− 9.1 + 12
( kf ρf cp,f

kwρwcp,w

)0.025
)] ΔTsat = ΔTsat,min This correlation accounts for surface 

material effect

[16]
q˝min = 0.043

[
cp,gk2

g

μg
ρgg
(
ρf − ρg

)
]0.567

×

(
− 0.107 + 0.38

(
ΔTsat,min

)0.39)3.094

This correlation is dependent on 
ΔTsat,min correlation

- Blending function 
between q”min and 
1.5q”min

ΔTblend = ΔTsat,min + |
qʹ́ − q˝min

0.5q˝min
|
0.5

×
(

ΔTsat,fb |1.5q˝min
−

ΔTsat,min

)

ΔTsat,min ≤ ΔTsat ≤ ΔTsat,fb |1.5q˝min
FB correlation is terminated at 1.5qʹ́

min 
and the blending function is used to 
merge the FB curve with the MHF 
point

[14] Film boiling (FB) 
region hfb = (0.148 + 0.052 sinθ)×

kg

Lb

[

Rag⋅
(

hfg + 0.46 cp,g
(
Tw,fb − Tsat

)

cp,g
(
Tw,fb − Tsat

)

)]0.33

+

(1.7 − 0.55 sinθ) σb

(
T4

w,fb − T4
sat

)

(
Tw,fb − Tsat

)

ΔTsat ≥ ΔTsat,fb |1.5q˝min
Correlation also accounts for 
radiation effects
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For LHe, we were fortunate to locate experimental data for all boiling 
regimes at the same pressure, even though the data came from different 
sources. This facilitated both complete and consistent validation of the 
new methodology for LHe. Unfortunately, the same was not possible for 
other cryogens, as data available for different regimes often came from 
experiments conducted at different pressures. To address this 

shortcoming, we opted to collect data spanning a small pressure range 
rather than a single pressure value.

For instance, Fig. 5 illustrates the validation of the new methodology 
for LH2 using data from two different sources [27,28] at somewhat close 
but unequal pressures, 91 versus 102 kPa. To avoid ambiguity in plotting 
boiling curves for two distinct pressures on the same graph, the 

Fig. 3. Performance summary of the cryogenic pool boiling heat transfer correlations.
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predictions are made for an intermediate pressure of 100 kPa, while 
noting the range of experimental pressures (91–102 kPa). Fig. 5 show 
very good alignment of predictions against experimental data across the 
NB, TB, and FM regions. However, natural convection was not validated 
because of absence of experimental data for LH2 in this regime.

Similarly, the present methodology is validated in Fig. 6 against LN2 
data gathered from multiple sources [27,29–32], with a pressure range 
from 98 to 101 kPa. Here too, predictions based on an intermediate 
pressure of 100 kPa show good ability in predicting the data for LN2, 
which has appreciably higher saturation temperatures compared to 
those for LHe and LH2. This suggests that, despite some deviations in 
both the NC and NB boiling regions, the methodology is effective for 
both low temperature cryogens (e.g., LHe) as well as higher temperature 

Table 3 
Performance summary of the previously developed PU-BTPFL correlations 
against cryogenic fluid data.

Correlation MAE Number of Data Points, N Reference

hnb 25.36 % 2908 Ahmad et al. [12]
hfb 12.94 % 1209 Ahmad et al. [14]
htb 14.84 % 133 Ahmad et al. [13]
qʹ́

CHF 16.95 % 1188 Patel et al. [15]
Tw,CHF 10.71 % 236 Ahmad et al. [13]
qʹ́

min 22.42 % 158 Ahmad et al. [16]
Tw,min 8.73 % 165 Ahmad et al. [16]

Fig. 4. Validation of new pool boiling curve construction methodology against 
LHe data for (a) horizontal and (b) vertical surface orientations.

Fig. 5. Validation of new pool boiling curve construction methodology against 
LH2 data.
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(e.g., LN2, LO2, and LAr). Note, however, that the deviations manifest in 
Fig. 6 (a) for NB are artificially magnified by the logarithmic presenta
tion used, since the actual temperature deviations are less than 3◦C. 
However, more appreciable deviations are evident for NC for reasons 
similar to those presented above for LHe. Moreover, no comparisons are 
provided for NC in Fig. 6 (b) because of absence of NC data for the 
vertical orientation.

In conclusion, the new methodology for predicting the complete pool 
boiling curve shows good overall agreement with the experimental data 
for LHe, LH2, and LN2. This robust performance suggests that the model 
is likely equally effective for other cryogens as well, as each regime- 
specific correlation has already been individually validated. However, 
further work is needed to improve predictive performance, particularly 
for NC and vertical surface orientation, where experimental data are 

sparse.

4. Predictions of the continuous saturated pool boiling curve 
using the new methodology

4.1. Heat-flux-controlled versus and temperature-controlled boiling 
curves

Before delving into further details of the proposed new methodology, 
it is prudent to address the differences discussed earlier between steady- 
state boiling curves measured using heat-flux-controlled and 
temperature-controlled experiments. Shown in Figs. 7(a) and 7(b) are 
predicted heat-flux-controlled pool boiling curve and temperature- 

Fig. 6. Validation of new pool boiling curve construction methodology against 
LN2 data for (a) horizontal and (b) vertical surface orientations.

Fig. 7. Comparison of (a) heat-flux-controlled (b) temperature-controlled 
boiling curve predictions.
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controlled boiling curve, respectively, both for LHe at a reduced pressure 
of p* = 0.1. Both curves were generated using the same correlations 
discussed earlier, but a key difference stands out: the heat-flux- 
controlled curve, Fig. 7 (a), does not include the TB regime, whereas 
the temperature-controlled curve, Fig. 7 (b), does. Other than the TB 
regime, both curves are identical. Since the primary goal of the present 
study is to illustrate construction of a complete, continuous boiling 
curve, all presented boiling curves are shown including TB.

4.2. Validity range and limitations of the new methodology

In the current methodology, all correlations except for Tw,min and qʹ́
min 

are independent of the material of the heating surface. As discussed in 
our prior correlation studies, absence of the surface material effects is 

rooted entirely in lack of availability of cryogen data needed to incor
porate this effect. For this reason, the present methodology is intended 
for “baseline” prediction of the complete boiling curve. This baseline 
methodology encompasses: (i) heating surfaces constructed only from 
copper (material used in most cryogenic pool boiling experiments), (ii) 
saturated pool boiling, and (iii) terrestrial gravity. It is important to 
emphasize that we are planning to account for effects of heater size, 
material, surface roughness, subcooling, and reduced gravity after 
generating a new, more extensive database, pending experiments we 
intend to perform both in terrestrial gravity and in reduced gravity 
(aboard parabolic flight aircraft).

The primary inputs for our baseline methodology are (i) cryogen, (ii) 
surface orientation angle, (iii) pressure, and (iv) heat flux. For instance, 
Fig. 8 illustrates the complete saturated pool boiling curve predicted for 

Fig. 8. Predicted continuous boiling curves for LH2 for reduced pressures from p* = 0.1 to 0.9.
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LH2 over a horizontal copper surface at reduced pressures ranging from 
p* = 0.1 to 0.9. The figure clearly shows that, as the pressure increases, 
both ΔTsat,min and ΔTsat,CHF shift to the left (i.e., to lower values). 
However, ΔTsat,min shows greater sensitivity to pressure as compared to 
ΔTsat,CHF, which is more clearly seen in Fig. 9 for LHe. Consequently, 
ΔTsat,min and ΔTsat,CHF merge together at very high pressures, thereby 
compressing the TB region, which is well aligned with the experimental 
findings of Deev et al. [26].

In Fig. 9, LHe predictions for ΔTsat,min and ΔTsat,CHF are plotted 
against reduced pressure. Fig. 9 (a) also compares predictions to the 
experimental results of Deev et al.. Notice how Deev et al.’s results show 
ΔTsat,min and ΔTsat,CHF completely merging with one another at p* =
0.96, very close to the critical point. Interestingly, predictions of ΔTsat, 

min are precisely aligned with Deev et al.’s data. However, the predicted 
values of ΔTsat,CHF exceed the data at very high pressures, causing the 
predicted ΔTsat,min and ΔTsat,CHF to intersect at p* = 0.88, which clearly 
points to an upper pressure limit for validity of the present methodology. 
This limit will be addressed in greater detail below. While data for other 
cryogens at high pressures are scarce, the predictions for LH2, Fig. 9 (b), 
and LN2, Fig. 9 (c), exhibit trends like those for LHe, demonstrating 
effectiveness of the new methodology across different cryogens.

An interesting observation from Fig. 8 is behavior of the TB region 
with increasing pressure. The slope of the TB curve steepens with rising 
pressure and eventually becomes vertical at a certain threshold (p* =
0.75 for LH2 and LN2, and 0.88 for LHe); this is where ΔTsat,min equals 
ΔTsat,CHF. Above the threshold pressure, the slope of the TB curve turns 
positive, which seems to contradict known pool boiling curve trends 
from the literature, suggesting the existence of afore-mentioned upper 
pressure limit for validity of the new methodology. While the individual 
correlations for different boiling regimes are valid and usable at higher 
pressures, the appearance of positive slope for the TB region above the 
pressure thresholds, shows combining the correlations to construct a 
continuous boiling curve should be limited to pressures below p* = 0.75.

4.3. Effects of pressure and orientation angle on continuous pool boiling 
curve

In the previous section, Fig. 8 illustrated the effect of pressure vari
ation on the continuous boiling curve for LH2 and, along with Fig. 9, 
provided insights into the validity range of the new methodology with 
respect to pressure. In this section, we extend the discussion to examine 
the combined effects of pressure and orientation angle on predictive 
performance. For instance, in Fig. 10, the variations in orientation angle 
for LHe are analyzed for three different reduced pressures: p* = 0.1, 0.4, 
and 0.7, representing to low, intermediate, and high pressures. The 
figure shows a similar trend for both the NC and FB regions with respect 
to surface orientation, which aligns with existing literature for such 
buoyancy-driven regimes.

The effect of orientation angle is very noticeable for the NC region 
and both q”ONB and ΔTsat,ONB. In the NC region, the buoyancy-driven 
motion and the alignment of the heated surface with gravity strongly 
influence the heat transfer performance, with vertical orientation (θ =
90◦) producing the best performance, followed slightly by horizontal 
upward-facing orientation (θ = 0◦), and more appreciably by horizontal 
downward-facing orientation (θ = 180◦). However, the orientation ef
fect greatly diminishes in the NB regions, where the heat transfer is 
dominated by formation and detachment of vapor bubbles, which 
completely dwarf any buoyancy effects. These observations are sup
ported by experimental findings of Tadrist et al. [33], who reported that 
the effect of orientation on ΔTsat,ONB is minimal from 0◦ to 135◦, but 
ΔTsat,ONB decreases significantly as the orientation approaches 180◦. 
Additionally, they noted that ΔTsat,ONB decreases with increasing satu
ration temperature, which is also evident from Fig. 10 in terms of 
increasing saturation pressure.

It is important to note that our comprehensive review of published 
work showed that researchers present conflicting views on the effect of 

Fig. 9. CHF and MHF superheat predictions versus reduced pressure for (a) LHe 
(along with experimental data), (b) LH2, and (c) LN2.
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orientation angle in the NB region, with some suggesting this effect is 
negligible while others argue for its inclusion in correlations. However, 
our prior correlation for NB [8], which is based on a large database 
specifically for cryogens, shows the effect of orientation in the NB region 
is quite miniscule, which is clearly captured in Fig. 10.

Fig. 10 also shows an appreciable influence of orientation on the CHF 
point, with both qʹ́

CHF and ΔTsat,CHF decreasing with increasing orienta
tion angle, and this trend becoming more pronounced at higher pres
sures. This trend is consistent with the findings from Patel et al. [15]. On 
the other hand, according to our prior correlation for the MHF point 
[16], the orientation effect on q”min and ΔTsat,min is miniscule. Finally, 
since the CHF and MHF points serve as “anchors” for the TB region [13], 
the TB curve follows mostly the same trends relative to orientation as 
CHF, i.e., the HTC in TB decreases with increasing orientation angle, 
especially at higher pressures.

Although the model works consistently for all cryogens, presenting 
results for different fluids helps illustrate its adaptability across cryogens 
with varying properties. In the earlier sections, we explored key char
acteristics of our methodology by examining the boiling curves for LH2 
and LHe. Now, we turn our focus to LN2 to further demonstrate its 
versatility. In contrast to Fig. 10, which focuses on varying orientation at 
fixed pressures, Fig. 11 takes a different approach by fixing the orien
tation angle and examining the effect of pressure on the boiling curve. 
One of the key observations from Fig. 11 is that, while the HTC in the NC 
region is strongly influenced by orientation angle (as captured in 
Fig. 10), its dependence on pressure for a given orientation angle is 
miniscule.

However, in other regions of the boiling curve, pressure plays a more 
substantial role. Increasing the pressure causes a horizontal shift in the 
boiling curve to the left, reducing temperatures of all the boiling curve’s 
transition points: ΔTsat,ONB, ΔTsat,CHF , and ΔTsat,min. Moreover, 
increasing pressure leads to a decrease in qʹ́

ONB, while both qʹ́
CHF and qʹ́

min 
first increase with pressure up to a certain point (around p* = 0.35) 
before beginning to decrease. This behavior is well-documented in the 
literature, e.g., Patel et al. [15].

Another significant trend observed in Fig. 11 is how the CHF points 
(at different pressures and orientations) move away from one another as 
pressure and orientation angle increase. This is evident both horizon
tally for ΔTsat,CHF and vertically for qʹ́

CHF, particularly at higher 
orientation angles and pressures. However, the spread among the MHF 
points remains consistent across all orientations and pressures, indi
cating that the MHF point follows the same trend with pressure 
regardless of the surface orientation. This consistency is likely due to the 
fact that both ΔTsat,min and qʹ́

min are very weakly dependent on orienta
tion, which is well documented in the literature as discussed in our 
previous study [16].

Shifting attention to the effect of pressure on the HTC, Fig. 11 shows 
that, in both the NB and FB regions, the HTC increases with increasing 
pressure. However, the rate of increase in the HTC becomes less pro
nounced at higher pressures, particularly in the NB region and, to a 
lesser extent, the FB region.

4.4. Comparison of continuous pool boiling curves for different cryogens

In the earlier sections, we have thoroughly discussed the key char
acteristics of the methodology for constructing the complete pool boiling 
curve, particularly focusing on specific cryogens like LH2, LHe, and LN2. 
In this section, the emphasis shifts toward showcasing the boiling curves 
for other cryogens. For instance, Fig. 12 presents continuous boiling 
curves for LAr, LO2, and LCH4 horizontal upward-facing orientation at 
three distinct pressures. Overall, the trends in this figure are like those of 
LH2, LHe, and LN2, which were discussed earlier, but with some 
differences.

One notable trend that is captured in Fig. 12, particularly for cryo
gens having higher saturation temperatures (LO2 and LCH4), is an 

Fig. 10. Effects of orientation angle on continuous boiling curve for LHe at 
different pressures.
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important behavior often observed in experimental pool boiling curves: 
the decrease in HTC for NB as the CHF point is approached. This 
behavior is more commonly observed in fluids with higher saturation 
temperatures, where the reduction in HTC near CHF is quite pro
nounced. However, the HTC decline is almost nonexistent for very low 
saturation temperature cryogens like LHe and LH2. Another notable 
trend that is captured in Fig. 12 is the decrease in HTC for TB as the CHF 
point is approached, especially for the higher saturation temperature 
cryogens (LO2 and LCH4). This realistic capture of important experi
mentally observed trends is further proof of the effectiveness of the 
correlations incorporated in the present methodology.

4.5. Recommendations for future work

Although the new methodology shows impressive predictive capa
bility for the continuous pool boiling curve across cryogens, there is 
room for improvement in its applicability range and, therefore, both its 
robustness and utility. Based on the insights from this study, along with 
those from our prior correlations’ studies, the following important tasks 
are identified for future work: 

i. Improving Prediction of the ONB Point: Published ONB data are 
both very sparce and plagued by high measurement uncertainty 
(mostly because of very low values of corresponding heat flux and 
wall superheat). This is why the present methodology uses the 
intersection of the NC and NB curves to predict this point. It is 
recommended that future experiments be conducted using pre
cise instrumentation to develop a database for multiple cryogens 
that is of sufficient size to enable developing a new correlation for 
ONB, similar in accuracy to those available for CHF and MHF.

ii. Extending Applicability to Higher Pressures: Currently, our meth
odology is recommended for use up to a reduced pressure of p* =
0.75. Future work, both experimental and correlation-based, 
should aim to extend its applicability to near-critical pressure, 
providing a more comprehensive range of use.

iii. Incorporating Subcooling Effect: Because of limitation of the cor
relations used, the present methodology is only valid for satu
rated pool boiling. Future experiments should be conducted to 
address the influence of subcooling for different cryogens. This 
will enable modifying the present correlations for this effect, 
which is crucial for many practical applications involving 
cryogens.

iv. Accounting for Heater Size, Material, and Surface Roughness: 
Another crucial missing aspect in our methodology is the ability 
to account for the effects of heater size, material properties, and 
surface roughness. This shortfall is the outcome of lack of avail
ability of data for different surface sizes, roughness, and mate
rials. Therefore, it is recommended that future work be conducted 
using several heater sizes, roughnesses, and surface materials 
having drastically different thermal properties.

v. Accounting for Reduced Gravity: While the current methodology 
shows excellent predictions for terrestrial gravity, there are 
several important space-related technologies demanding similar 
understanding for reduced gravity, especially Lunar and Martian 
gravities, and microgravity. This is perhaps the most challenging 
and costly endeavor, requiring performance of experiments in 
specialized reduced gravity platforms such as parabolic flight 
aircraft.

It is important to note that achieving the above tasks constitutes the 
strategy the present authors will be adopting to greatly enhance the 
applicability of the predictive methodology.

5. Conclusions

The present study is a continuation of a collaborative effort initiated 

Fig. 11. Effects of pressure on continuous boiling curve of LHe at different 
orientation angles.
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in 2018 between PU-BTPFL and NASA, aimed at developing predictive 
correlations for all regimes and transition points of the pool boiling 
curve for cryogens. To accurately construct a continuous pool boiling 
curve, careful patching of these correlations is essential to avoid dis
continuities between different regimes. This paper carefully detailed the 
methodology for patching these correlations, utilizing blending func
tions to ensure a seamless transition across boiling regimes.

Key conclusions drawn from this study are as follows: 

I. The new methodology is capable of constructing a continuous 
boiling curve spanning the entire range of wall superheats and 
heat fluxes. However, a discontinuity is detected between the FB 

region and the MHF point. This was corrected by employing a 
blending function in between.

II. The new pool boiling curve construction methodology shows 
strong agreement with experimental data for LHe, LH2, and LN2 
across varying pressure ranges. This robust performance suggests 
that the methodology would perform well for other cryogens as 
well, as each regime-specific correlation has already been indi
vidually validated.

III. The literature suggests that both ΔTsat,min and ΔTsat,CHF decrease 
with increasing pressure, approaching one another and almost 
merging together near the critical point. The new methodology 
also predicts this trend, albeit with the merging occurring a little 

Fig. 12. Predicted boiling curves for LO2, LCH4, and LAr at three different pressures.
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earlier than the critical pressure. Overall, the methodology is 
recommended for pressures up to p* = 0.75.

IV. qʹ́
CHF decreases as the orientation angle increases for a given 

pressure, and this effect is more pronounced at higher pressures. 
Similarly, for a given orientation, qʹ́

CHF first increases to peak 
value at an intermediate pressure and then decreases. Moreover, 
the variability in qʹ́

CHF increases with increasing orientation angle.
V. In the NC region, the effect of orientation is noticeable while the 

effect of pressure is almost negligible. Moreover, in both the NB 
and FB regions, the HTC increases with increasing pressure, 
however, the rate of increase is less pronounced at high pressures, 
particularly for the NB region.

VI. The new methodology is capable of predicting the decline in HTC 
preceding the CHF point, especially for cryogens having higher 
saturation temperature, such as LO2 and LCH4. In contrast, this 
reduction is nearly absent for cryogens having very low satura
tion temperatures, reinforcing findings from prior literature.
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