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Abstract: The vaporization velocity is one of the most important concepts in the study of the spread and vaporization of a flammable 

liquid pool because the pool spread and the pool vaporization interact with each other, and the vaporization velocity is the link. The 

numerical modeling of the vaporization velocity is determined by the heat flux into the liquid pool from the ground, and the heat flux 

can be determined by three models: the Inverse Heat Conduction Method (IHCM), the Boiling Regime Correlations (BRCs), and the 

assumption of Perfect Thermal Contact between the liquid and the ground surface (PTC). However, these methods have not been 

thoroughly validated against experimental results and compared with each other. In this work, the methods mentioned were validated 

against experimental results for a non-spreading pool on concrete ground, including the temperature inside the ground and the surface 

heat flux. It was found that (і) the IHCM can give a reliable prediction if the input and the time step are properly chosen, and (ii) the 

estimated heat flux based on the PTC generally agreed well with the experimental results, while that based on BRCs underestimated 

the results. This study might be beneficial for the development of spreading and vaporization models. 
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Nomenclature 
𝐶𝐶𝑝𝑝 specific heat 

𝑔𝑔 gravitational acceleration 

𝑘𝑘 thermal conductivity 

𝑁𝑁 number of time steps 

�̇�𝑚 
mass-loss rate of the liquid pool due to the 

heat from the ground 

∆𝑚𝑚 vaporized liquid mass 

𝑃𝑃 pressure of the liquid 

𝑞𝑞 heat flux 

𝑅𝑅 radius of the cylindrical ground 

𝑇𝑇 temperature 

Δ𝑇𝑇 
temperature difference between the liquid 

and the ground surface 

𝑡𝑡 time 

𝑈𝑈 expanded standard uncertainty 

𝑢𝑢 combined standard uncertainty 

𝑍𝑍 sensitivity matrix 

𝑧𝑧 coordinate for depth in the ground 

Greek symbols 

𝛼𝛼 thermal diffusivity 

𝜆𝜆 latent heat of vaporization 

𝜇𝜇 dynamic viscosity 

𝜈𝜈 kinematic viscosity 

𝜌𝜌 density 

𝜎𝜎 surface tension of the liquid 

Subscripts 

𝑎𝑎 ambient 

𝑏𝑏 boiling 

𝑓𝑓 film 

𝑙𝑙 liquid 

𝑛𝑛 nucleate 

𝑣𝑣 vapor 

𝑡𝑡 transition 

𝐶𝐶𝐶𝐶𝐶𝐶 critical heat flux 

𝑀𝑀𝐶𝐶𝐶𝐶 minimum heat flux 
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1. Introduction
The spread and vaporization of a flammable cryogenic liquid 

due to its accidental release on solid ground may result in a pool 

fire, an explosion, or a hazardous vapor cloud. The study of the 

spread and vaporization of cryogenic liquid pools is an important 

part of the risk assessment of cryogenic liquid storage facilities. 

The spreading pool is more probable than the non-spreading pool 

when a cryogenic liquid is released due to an accident. The pool 

spread and the pool vaporization are the major characteristics of 

the spreading pool. They closely interact with each other, with 

the vaporization velocity being the link. Numerical models that 

can predict the vaporization velocity of the spreading pool have 

been based on the non-spreading pool. The models are composed 

of the one-dimensional unsteady heat conduction equation with 

some conditions. The purpose of the modeling is to find the heat 

energy transferred into the liquid pool from the ground, which is 

the major heat source for pool vaporization. 

It is known that at cryogenic temperature, the sensitivity of 

heat flux sensors significantly decreases. Therefore, it is impos-

sible to use heat flux sensors to measure directly the heat flux at 

the ground surface. Instead, the surface heat flux and surface tem-

perature can be obtained based on the measured temperature his-

tory inside the ground by using the Inverse Heat Conduction 

Method (IHCM) [1][2]. The IHCM is a popular method to esti-

mate the surface heat flux or temperature when direct measure-

ments are not possible. Several works [3]-[7] used the IHCM to 

calculate the heat energy transferred into a liquid nitrogen pool 

from solid substrates. However, the solutions were not compared 

with the experimental results. 

In numerical models, Boiling Regime Correlations (BRCs) 

and the assumption of Perfect Thermal Contact (PTC) have been 

widely used as the boundary conditions at the ground surface to 

determine the surface heat flux. The BRCs were analytically de-

rived for nucleate boiling [8] and film boiling [9]-[11]. The BRCs 

provide the relationship between the heat flux into the liquid pool 

and the temperature difference between the liquid and the ground 

surface. The correlations could be considered as the boundary 

condition in the heat conduction problem to obtain the transient 

surface heat flux [12][13]. However, the PTC has been com-

monly used in spreading models [13]-[17]. The PTC indicates 

that the surface temperature of the ground is kept constant at the 

boiling temperature of the liquid. Then, the surface heat flux can 

be obtained. Nguyen et al. [12] compared the predictions ob-

tained from BRCs and PTC with experimental results for a 

spreading pool. However, the results were significantly influ-

enced by the uncertainty of the pool radius measurements. A 

comparison among the heat fluxes with time into a non-spreading 

pool estimated by BRCs, PTC, and experimental results may be 

beneficial for the evaluation of the two methods. However, such 

a comparison has not been available so far. 

In the authors’ previous work [18], the vaporization of a non-

spreading liquid nitrogen pool was experimentally investigated. 

The aim of this work is to validate the methods for calculating 

the heat flux into the liquid pool from the ground, including 

IHCM, BRCs, and PTC, against the experimental results ob-

tained from the previous work. The heat flux model in the non-

spreading pool can be integrated to obtain the overall heat flux 

into the spreading pool. This study might be beneficial for the 

development of spreading and vaporization models. 

2. Several Methods to Estimate the Heat Flux
2.1 Inverse heat conduction method 

A direct heat conduction problem is to find the temperature 

distribution in a heat-conducting body with a known surface heat 

flux or surface temperature. In contrast, the determination of the 

surface heat flux or surface temperature based on transient tem-

perature measurements at inner locations is an inverse heat con-

duction problem. The solution of the inverse heat conduction 

problem can be understood based on the solution procedure of a 

direct heat conduction problem as follows [1]. 

The temperature in a semi-infinite body satisfies the following 

equations: 

𝜕𝜕2𝑇𝑇
𝜕𝜕𝑧𝑧2 =

1
𝛼𝛼
𝜕𝜕𝑇𝑇
𝜕𝜕𝑡𝑡 ; 0 < 𝑧𝑧 < +∞ 

(1) 

𝑇𝑇(𝑧𝑧, 0) = 𝑇𝑇𝑎𝑎 (1a) 

𝑇𝑇(+∞, 𝑡𝑡) = 𝑇𝑇𝑎𝑎 (1b) 

−𝑘𝑘 �
𝜕𝜕𝑇𝑇
𝜕𝜕𝑧𝑧�𝑧𝑧=0

= 𝑞𝑞(𝑡𝑡) 
(1c) 

Here, 𝑇𝑇 is temperature, 𝑡𝑡 is time, 𝑧𝑧 is the coordinate for depth 

in the ground, 𝛼𝛼 and 𝑘𝑘 are the thermal diffusivity and conductiv-

ity of the ground, 𝑇𝑇𝑎𝑎 is the initial temperature of the ground, and 

𝑞𝑞(𝑡𝑡) is the heat flux. 

The problem can be solved by using Duhamel’s theorem as 

follows [19]: 

𝑇𝑇(𝑧𝑧, 𝑡𝑡) = 𝑇𝑇𝑎𝑎 + � 𝑞𝑞(𝜏𝜏)
𝜕𝜕𝜕𝜕(𝑧𝑧, 𝑡𝑡 − 𝜏𝜏)

𝜕𝜕𝑡𝑡 𝑑𝑑𝜏𝜏
𝑡𝑡

𝜏𝜏=0
 

(2) 
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Here, ϕ is the solution of the same problem except for the unit 

surface heat flux q(t)=1. 

𝜕𝜕(𝑧𝑧, 𝑡𝑡) = 𝑇𝑇𝑎𝑎 +
√4𝛼𝛼𝑡𝑡
𝑘𝑘 �𝜋𝜋−0.5exp�−

𝑧𝑧2

4𝛼𝛼𝑡𝑡�

−
𝑧𝑧

√4𝛼𝛼𝑡𝑡
erfc

𝑧𝑧
√4𝛼𝛼𝑡𝑡

� 

(3) 

The numerical approximation of Duhamel’s theorem is as fol-

lows: 

𝑇𝑇(𝑧𝑧, 𝑡𝑡𝑁𝑁) = 𝑇𝑇𝑎𝑎 + �𝑞𝑞𝑖𝑖[𝜕𝜕(𝑧𝑧, 𝑡𝑡𝑁𝑁 − 𝜏𝜏𝑖𝑖−1)
𝑁𝑁

𝑖𝑖=1

− 𝜕𝜕(𝑧𝑧, 𝑡𝑡𝑁𝑁 − 𝜏𝜏𝑖𝑖)]

= 𝑇𝑇𝑎𝑎 + �𝑞𝑞𝑖𝑖

𝑁𝑁

𝑖𝑖=1

∆𝜕𝜕𝑁𝑁−𝑖𝑖  

(4) 

The temperature vector is related to the surface heat flux vector 

as follows: 

�
𝑇𝑇1
⋮
𝑇𝑇𝑁𝑁
� = �

𝑇𝑇𝑎𝑎
⋮
𝑇𝑇𝑎𝑎
� + �

𝑍𝑍1,1 ⋯ 𝑍𝑍1,𝑁𝑁
⋮ ⋱ ⋮

𝑍𝑍𝑁𝑁,1 ⋯ 𝑍𝑍𝑁𝑁,𝑁𝑁

� �
𝑞𝑞1
⋮
𝑞𝑞𝑁𝑁
� 

or 𝑇𝑇� = 𝑇𝑇𝑎𝑎𝐼𝐼 + 𝑍𝑍𝑞𝑞� 

(5) 

Here, Z is the sensitivity matrix, 𝑞𝑞� is the surface heat flux vec-

tor, and 𝑇𝑇� is the temperature vector. 

As shown in Equation (5), the surface heat flux can be ob-

tained by solving the system of linear equations with the given 

temperature history and the initial condition. The solution can be 

obtained by using the conjugate gradient method [2]. 

The verification of the IHCM is shown in Figure 1. The 

boundary condition for the direct heat conduction problem, qexact, 

was given. Solutions of the direct problem Texact at z=2 mm and 

z=20 mm were obtained. Then, the temperature histories Texact 

were used as inputs for the IHCM. The estimated temperatures 

Testimate and surface heat flux qestimate were then obtained using the 

IHCM. It can be seen that the estimated and exact temperatures 

agreed very well with each other for both cases. However, only 

the estimated heat flux based on the temperature at z=2 mm 

agreed well with the exact heat flux. The estimated heat flux 

curve based on the temperature history at z=20 mm remarkably 

deviated from the exact curve. This is due to the ill-posed char-

acteristics of the inverse heat conduction problem caused by 

damping and lagging effects. The longer the distance from the 

measured point to the surface, the stronger the damping and lag-

ging effects [1]. 
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Figure 1: Verification of the IHCM 

Table 1: Boiling regime correlations 

Film 
boiling 

correlation 

Kalinin et al. 𝑞𝑞𝑓𝑓′′ = 0.18𝑘𝑘𝑣𝑣 �
𝑔𝑔

𝜈𝜈𝑣𝑣𝛼𝛼𝑣𝑣
�
𝜌𝜌𝑙𝑙
𝜌𝜌𝑣𝑣
− 1��

1
3
Δ𝑇𝑇 

Breen & 
Westwater 𝑞𝑞𝑓𝑓′′ = 0.37�

𝜎𝜎
𝑔𝑔(𝜌𝜌𝑙𝑙 − 𝜌𝜌𝑣𝑣)�

−0.125
�

𝜇𝜇𝑣𝑣

𝑘𝑘𝑣𝑣3𝜌𝜌𝑣𝑣(𝜌𝜌𝑙𝑙 − 𝜌𝜌𝑣𝑣)𝑔𝑔𝜆𝜆 �1 + 0.34�𝐶𝐶𝑝𝑝�𝑣𝑣∆𝑇𝑇 𝜆𝜆⁄ �
2�

−0.25

∆𝑇𝑇0.75 

Berenson 𝑞𝑞𝑓𝑓′′ = 0.425

⎝

⎛𝑘𝑘𝑣𝑣
3𝜆𝜆𝜌𝜌𝑣𝑣𝑔𝑔(𝜌𝜌𝑙𝑙 − 𝜌𝜌𝑣𝑣)

𝜇𝜇𝑣𝑣�
𝜎𝜎

𝑔𝑔(𝜌𝜌𝑙𝑙 − 𝜌𝜌𝑣𝑣) ⎠

⎞

0.25

∆𝑇𝑇0.75 

The minimum 
heat flux [21] 𝑞𝑞𝑀𝑀𝑀𝑀𝑀𝑀′′ = 0.16𝜆𝜆𝜌𝜌𝑣𝑣 �

𝜎𝜎𝑔𝑔(𝜌𝜌𝑙𝑙 − 𝜌𝜌𝑣𝑣)
(𝜌𝜌𝑙𝑙 + 𝜌𝜌𝑣𝑣)2 �

0.25

Nucleate 
boiling 

correlation 

Kutateladze 𝑞𝑞𝑛𝑛′′ = �3.25(10)−4𝑘𝑘𝑙𝑙 �
𝜎𝜎
𝑔𝑔𝜌𝜌𝑙𝑙

�
−0.5

�
�𝐶𝐶𝑝𝑝�𝑙𝑙𝜌𝜌𝑙𝑙
𝜆𝜆𝜌𝜌𝑣𝑣𝑘𝑘𝑙𝑙

�
𝜎𝜎
𝑔𝑔𝜌𝜌𝑙𝑙

�
0.5
�
0.6

�𝑔𝑔 �
𝜌𝜌𝑙𝑙
𝜇𝜇𝑙𝑙
�
2
�
𝜎𝜎
𝑔𝑔𝜌𝜌𝑙𝑙

�
1.5
�
0.125

�
𝑃𝑃

(𝜎𝜎𝑔𝑔𝜌𝜌𝑙𝑙)0.5�
0.7

𝛥𝛥𝑇𝑇�

2.5

The critical 
heat flux [8] 𝑞𝑞𝐶𝐶𝑀𝑀𝑀𝑀′′ = 0.16𝜆𝜆𝜌𝜌𝑣𝑣0.5[𝜎𝜎𝑔𝑔(𝜌𝜌𝑙𝑙 − 𝜌𝜌𝑣𝑣)]0.25 

Transition 
boiling 𝑞𝑞𝑡𝑡′′ = 𝑞𝑞𝐶𝐶𝑀𝑀𝑀𝑀′′ �1 −

Δ𝑇𝑇 − Δ𝑇𝑇𝐶𝐶𝑀𝑀𝑀𝑀
Δ𝑇𝑇𝑀𝑀𝑀𝑀𝑀𝑀 − Δ𝑇𝑇𝐶𝐶𝑀𝑀𝑀𝑀

�
7

+ 𝑞𝑞𝑀𝑀𝑀𝑀𝑀𝑀′′ �1 − �1 −
Δ𝑇𝑇 − Δ𝑇𝑇𝐶𝐶𝑀𝑀𝑀𝑀

Δ𝑇𝑇𝑀𝑀𝑀𝑀𝑀𝑀 − Δ𝑇𝑇𝐶𝐶𝑀𝑀𝑀𝑀
�
7

� 
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2.2 Assumption of perfect thermal contact 
According to the PTC, the ground surface temperature is kept 

constant at the boiling temperature of the liquid. The surface heat 

flux is given by Equation (6) for the semi-infinite ground with 

the assumption of one-dimensional heat conduction [20]. 

𝑞𝑞 =
𝑘𝑘(𝑇𝑇𝑎𝑎 − 𝑇𝑇𝑏𝑏)
√𝜋𝜋𝛼𝛼𝑡𝑡

(6) 
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Figure 2: Boiling correlations 

2.3 Boiling regime correlations 
The correlations for the film boiling were given by Kalinin et 

al. [9], Breen and Westwater [11], and Berenson [10]. The corre-

lation for nucleate boiling was proposed by Kutateladze [8]. The 

heat flux in the transition boiling was calculated by interpolation 

[9]. The correlations are shown in Table 1 and Figure 2. The 

correlations were theoretically derived. The good agreement be-

tween the correlations and experimental data for the steady boil-

ing of liquid nitrogen at atmospheric pressure with the range of 

temperature difference from 1 to 200 K can be found in the report 

by Brentari et al. [21]. In the steady boiling test, the surface tem-

perature was controlled. In transient boiling, as in this work, the 

ground surface was cooled naturally from its initial temperature 

to the cryogenic temperature. 

3. Experimental Setup
The purpose of this work was to measure both the temperature 

histories inside the concrete ground and the pool mass with time. 

The experimental apparatus included a container, cylindrical 

concrete ground, a digital balance, eight thermocouples, and a 

data acquisition system, as shown in Figure 3. 

Figure 3: Schematics of the experimental apparatus 

Liquid nitrogen was used in this study. The properties of nitrogen 

at atmospheric pressure were obtained from the U.S. National In-

stitute of Standards and Technology (NIST) computer program 

known as REFPROP, as shown in Table 2. The dimensions and 

thermal properties of the cylindrical concrete ground are listed in 

Table 3. Before the experiments, the ground temperature was 

equal to the ambient temperature at 274 K. The thickness of the 

concrete ground was large enough that the ground could be re-

garded as a semi-infinite body. Eight thermocouples were in-

stalled in the concrete ground to record the temperature histories. 

Two thermocouples were located at the same depth (Thermocou-

ples TC2_1 and TC2_2 at z=2 mm, TC20_1 and TC20_2 at z=20 

mm, TC50_1 and TC50_2 at z=50 mm, and TC135_1 and 

TC135_2 at z=135 mm). The arrangement of the thermocouples 

can be seen in Figure 4. The temperature at depth z=135 mm was 

unchanged during the experiment, which confirmed the assump-

tion of semi-infinite ground. The probe diameter and the response 

time of the thermocouples were 0.5 mm and 0.25 s, respectively. 

The sampling rate of the temperature was 100 Hz. The digital 

Table 2: Properties of nitrogen at atmospheric pressure 
𝑇𝑇𝑏𝑏, 
K 

𝜌𝜌𝑙𝑙, 
kg/m3 

𝜌𝜌𝑣𝑣, 
kg/m3 

�𝐶𝐶𝑝𝑝�𝑙𝑙,
J/kg-K 

�𝐶𝐶𝑝𝑝�𝑣𝑣,
J/kg-K 

𝜆𝜆, 
J/kg 

𝑘𝑘𝑙𝑙, 
W/m-K 

𝑘𝑘𝑣𝑣, 
W/m-K 

𝜈𝜈𝑙𝑙, 
m2/s 

𝜈𝜈𝑣𝑣, 
m2/s 

𝜎𝜎, 
N/m 

77.4 806 4.61 2041 1124 199180 0.145 0.007 2×10−7 1.2×10−6 8.9×10−3

Table 3: Thermal properties and dimension of the concrete ground [18] 
Thermal conductivity, W/m-K Thermal diffusivity, m2/s Diameter, m Thickness, m 

1.94 5.77ⅹ10-7 0.2 0.15 
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balance measured the pool mass with time. The data acquisition 

system recorded the signals from the thermocouples and the bal-

ance. A detailed description of the experimental apparatus can be 

found in the authors’ previous work [18]. 

Liquid nitrogen was stored at atmospheric pressure. The liquid 

was poured into the experimental apparatus while it was boiling. 

The data were recorded when the pouring process started. The 

pouring time was approximately 14 s. 

Figure 4: The arrangement of thermocouples 

In the experiments, the heat flux was estimated using Equa-

tion (7). Here, the heat conducted from the container wall into 

the liquid pool was negligible. It is worth noting that the heat flux 

obtained from the experiment is the average heat flux into the 

liquid pool from the entire ground surface. 

𝑞𝑞 =
�̇�𝑚𝜆𝜆
𝜋𝜋𝑅𝑅2 =

∆𝑚𝑚
∆𝑡𝑡

𝜆𝜆
𝜋𝜋𝑅𝑅2

(7) 

Here, �̇�𝑚 is the mass-loss rate of the liquid pool, ∆𝑚𝑚 is the va-

porized mass during the period of time ∆𝑡𝑡, 𝜆𝜆 is the latent heat of 

vaporization, and 𝑅𝑅 is the radius of the cylindrical ground. 

The expanded uncertainty for the heat flux was obtained by 

using the Taylor series method for the propagation of uncertainty 

as follows: 

𝑈𝑈𝑞𝑞 = 2��
𝜕𝜕𝑞𝑞
𝜕𝜕∆𝑚𝑚�

2

𝑢𝑢∆𝑚𝑚2 + �
𝜕𝜕𝑞𝑞
𝜕𝜕∆𝑡𝑡�

2

𝑢𝑢∆𝑡𝑡2  (8) 

Here, 𝑈𝑈𝑞𝑞  is the expanded standard uncertainty for the heat 

flux, and 𝑢𝑢∆𝑚𝑚 and 𝑢𝑢∆𝑡𝑡 are the combined standard uncertainty of 

∆𝑚𝑚 and ∆𝑡𝑡, respectively. 

4. Results and Discussion
The pool mass data are shown in Figure 5. The pool mass 

sharply increased from zero to the maximum value during the 

pouring of liquid nitrogen into the container. After the pouring 

process stopped, the pool mass decreased owing to vaporization. 
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Figure 5: Pool mass with time 

The heat flux obtained from an experimental run is shown in 

Figure 6. The maximum relative uncertainty of the heat flux was 

less than 15%. 
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Figure 6: Heat fluxes obtained from IHCM (z=2 mm) and exper-

iment 
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In the initial period, the liquid pool boiled violently owing to 

the large temperature difference between the ground surface and 

the liquid. From t=0 to t=50 s, the heat flux into the liquid pool 

tended to decrease with time. A vapor film, which completely 

prevented the liquid pool from having direct contact with the en-

tire ground surface, was not formed. However, a local vapor film 

was formed in some local areas. From t=50 to t=80 s, the heat 

flux slightly increased owing to the collapse of the local vapor 

film. In the remaining time, the heat flux decreased continuously. 

A detailed interpretation of the experimental results can be found 

in the authors’ previous work [18]. 

The experimental heat flux was used to validate the estimated 

heat flux obtained from the IHCM using the temperature histories 

measured at z=2 mm. Because the IHCM is extremely sensitive 

to measurement errors, the use of small time steps may cause in-

stabilities in the solution. Therefore, the time step should be suf-

ficiently large to obtain a better solution. As shown in Figure 6, 

two time step values were used to estimate the heat flux, i.e., ∆t=1 

and ∆t=3 s. The larger time step resulted in a less deviated solu-

tion from the experimental results. It should be noted that the heat 

flux curve obtained from the IHCM was the local heat flux, 

which may be different from the average heat flux obtained from 

the experiment. The heat flux curve in the case of ∆t=3 s can be 

divided into three segments along the experimental time. The 

first section is from t=0 to t=85 s, where the solution of the IHCM 

was lower than the experimental heat flux. This underestimation 

could be explained by the existence of a local vapor film. Hence, 

the local heat flux was limited and smaller than the average heat 

flux. The second section is from t=85 to t=150 s, where the solu-

tion of the IHCM surpassed the experimental heat flux owing to 

the collapse of the local vapor film. In the remaining time, the 

IHCM and experimental curves overlap well. The IHCM would 

have predicted the experimental heat flux better if the boiling re-

gime of the liquid pool had been homogeneous over the entire 

ground surface. 

In addition, an attempt was made to investigate how the selec-

tion of the input influences the reliability of the IHCM’s predic-

tion. To this end, the surface heat flux was additionally estimated 

by the IHCM using the measured temperature history at a deeper 

location, z=20 mm, as the input. As can be seen in Figure 7, the 

larger the time step, the better the estimation. A large time step, 

∆t=50 s, was required to obtain a rough estimation. This time step 

is much larger than that used in Figure 6, where the temperature 

of a point near the surface was used as the input for the IHCM. 

Because of the damping and lagging effects in heat conduction 

problems, the longer the distance from the measurement point to 

the surface, the more sensitive the IHCM is to the measurement 

errors. As a result, a larger time step is required. However, choos-

ing a large time step reduces the amount of information obtained. 

Therefore, the input of the IHCM should be taken near the sur-

face to obtain a more reliable estimation of the surface heat flux. 
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Figure 7: Heat fluxes obtained from IHCM (z=20 mm) and ex-

periment 
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Figure 9: Comparison among the predicted temperatures and the 

experimental results 

The heat fluxes estimated by IHCM (z=2 mm, ∆t=3 s), BRCs, 

and PTC were compared with each other and with the experi-

mental results. The correlations given by Kalinin and 

Kutateladze were used to draw the BRCs curve shown in Figure 

8. Although Kalinin’s correlation predicted the highest heat flux

among the three correlations for film boiling, the BRCs curve 

was lower than the experimental curve, especially in the initial 

period. The BRCs predicted that the liquid pool was in the film 

boiling during the entire experimental time. In contrast, the PTC 

curve agreed relatively well with the experimental results, except 

for the period from t=50 to t=150 s, where the collapse of the 

local vapor film occurred. After t=150 s, the IHCM, PTC, and 

experimental curves agreed well. In general, the PTC provided a 

better estimation of the heat flux compared with the BRCs in this 

work, where the conducting body was concrete with low thermal 

conductivity. 

The temperatures predicted by IHCM, BRCs, and PTC were 

validated against experimental measurements at different depths, 

as shown in Figure 9. Because the measurements near the ground 

surface (z=2 mm) were used as the input for the IHCM, the curve 

estimated by the IHCM at z=2 mm agreed well with the experi-

mental curves. However, remarkable deviations between predic-

tions and measurements occurred at deeper locations. It is worth 

noting that the change in temperature at a location inside the con-

crete was mainly dependent on the local heat flux on the surface. 

Therefore, the deviations might be caused by nonhomogeneous 

boiling. Because the BRCs underestimated the surface heat flux, 

the predictions given by the BRCs overestimated the tempera-

tures in the ground. The PTC underestimated the temperature 

during the entire experimental period at z=2 mm. This is because 

the PTC overestimated the heat flux in the initial time. As the 

PTC accurately predicted the heat flux after t=150 s, the differ-

ence between the PTC temperature curves and the experimental 

results reduced with time at deeper locations. 

5. Conclusions
In this work, several methods used to estimate the heat flux 

into a liquid pool from concrete ground, including the IHCM, 

BRCs, and PTC, were validated against experimental results. 

The IHCM utilizes the measured temperature inside the 

ground to calculate the surface heat flux. Because of the ill-posed 

characteristics, the time step must be large enough to avoid insta-

bilities in the solution of the IHCM. It was experimentally con-

firmed that the distance between the measured location and the 

ground surface should be as short as possible to obtain a detailed 

and reliable estimation. Since the IHCM estimated the local heat 

flux, the estimated curve deviated from the experimental results 

because of the nonhomogeneous boiling in the initial period. 

When nucleate boiling occurred, the solution of the IHCM agreed 

well with the experimental results. It is believed that the IHCM 

can be an effective method for estimating the surface heat flux. 

The PTC and BRCs have been used in numerical models as 
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boundary conditions at the ground surface. As validated against 

experimental results, the BRCs underestimated the heat energy 

transferred into the liquid pool. Generally, the PTC can provide 

a better prediction compared with the BRCs for the vaporization 

of a cryogenic liquid on concrete ground. 
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