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Vapor film formation and growth due to contact of a hot body and other liquids arise in some 
industrial applications including nuclear fuel rods, foundry and production of paper. The 
possibility of a steam explosion remains in most of these cases which could result in injuries 
and financial damage. Due to the importance of such phenomenon, this study deals with vapor 
layer forming, growth, and its internal pressure. A mathematical model of a molten spherical 
droplet immersed in water has been developed, and the results of the numerical solution are 
discussed. The effects of changing various characteristics (e.g. hot body size, temperature, and 
hydrostatic effects, as well as the temperature of bulk fluid) were investigated. These 
parameters affect the vapor layer size, vapor internal pressure, and the saturated 
temperature at the interface between vapor and liquid phases. Finally, conclusions indicate 
that the internal vapor pressure jumps, being up to several times larger than that of the initial 
condition. These pressure pulses and related vapor layer thickness variations could cause 
thermal fragmentation of the droplet which in turn results in strong pressure shock build-up 
due to small pieces of the droplet in contact with the water, which could then escalate to 
become a propagating large-scale vapor explosion. The vapor explosions could be hazardous 
and threaten the system safety. 
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1. Introduction    

It is important to study the heat transfer process in 

bubbles or vapor layers formed at the surfaces of hot 

objects immersed in liquids sincethis phenomenon might 

occur in the nuclear energy industry, metal melting, 

glazing, and also when magma falls into the sea [1, 2]. 

Sometimes, vapor layer growth may bring a catastrophe. 

As an instance, melted nuclear fuel rod pieces can fall into 

the reactor coolant that may cause the vapor explosion to 

occur like what happened in Ukraine's Chernobyl power 

plant in 1986 [3]. 

The vapor explosion phenomenon arises from the 

extreme heat exchange between a hot body (a droplet of 

warmish metal) contact with a relatively volatile material 

(e.g. water), wherein the molten metal undergoes fine 

fragmentation. Consequences of extreme heat exchange 

and Rapid Phase Transition (RPT), vapor film pressure 
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around a finely fragmented hot body enlarges sharply in a 

short time and can result in a vapor layer internal shock 

wave which weakens the coolant casing [1]. There are 

beneficial utilizations of vapor film explosions. For 

example, at an ink-jet printer, small vapor bubble 

explosions are used to carry the ink out of the cartridge [4]. 

The acoustical lithotripsy for kidney stones and laser 

surgical operations is another file which forms and 

explodes vapor bubbles [1]. 

Some of the important relevant research works are 

summarized as follow. 

As the pioneers in vapor explosions field, Nelson and 

Duda [5], surveyed vapor layer formation and initiation of 

a vapor explosion when molten iron oxide immersed in 

water. They found that the permeation of non-condensable 

gases into the vapor layer formed around the molten drop 

prevented the onset of spontaneously vapor explosion. 

http://journals.sagepub.com/doi/full/10.1177/0954408916685589


112 A. Jahangiri / JHMTR 5 (2018) 111-120 

 They also showed that a specified characteristic of the 

system (including the molten drop and its film) is its 

symmetry because this process occures at entire drop area. 

Cao et al. [6] studied the interplay between the molten 

materials and cooling fluid. They also considered the 

effect of a sudden pressure change applied on the system 

from the external environment on the mechanism of 

fragmentation during a vapor film explosion. They showed 

that, after vapor film destruction and contact between 

cooling fluid and molten material surface, a pressure wave 

was formed at the surface of the molten material. This 

resulted in formation of a new bubble, rapidly growing on 

the molten surface, with this recently formed bubble also 

collapsing. Finally, their results were compared with 

experimental observations of Ciccarelli and Frost [7], and 

it was found that the vapor layer growth on the surface of 

molten material obtained in the calculation was similar to 

the results obtained from their experiments. 

By experimental study on the situation that can occur 

in a nuclear reactor, Abe et al. [8 , 9] assessed the 

triggering part of vapor explosion. Employing a high speed 

camera which produces 40500 digital frames/second to 

capture images of the contact between cooling fluid and 

molten material surface, transient vapor layer collapsed 

and changes in its pressure were recorded. 

In another research by Gubaidullin and Sannikov [10], 

the kinetic treatment and transport phenomena of vapor 

films created on the surface of hot copper spheres was 

investigated numerically. Applying two numerical 

simulations in spherical coordinate and considering that 

vapor thermal conductivity varies linearly, they obtained 

dimensionless vapor layer radius versus time. They proved 

that the dependency of blobs radius to the radius ratio of 

particles with no dimension does not differ for all blobs 

having a different level of radii.  

In addition to the previous research, others have also 

referred to this phenomenon [11-16]. The time-dependent 

process for a Warmish object plunged vaporizable liquids 

has not been fully surveyed taking into account non-

equilibrium conditions and temperature changes at the 

vapor-liquid phase interface. It is difficult hence to study 

different thermophysical phenomena. For the complete 

investigation, it is necessary to provide an appropriate 

model which offers details of heat transfer in the various 

phases. The present study has focused on vapor layer size 

and its internal pressure change which can be used to point 

the system safety. 

 

2. Modeling and Methodology 

For the present study, a hot copper sphere is assumed 

to be immersed at a specific depth within water. A thin 

vapor film exists on the hot copper surface at the beginning 

of the process. To investigate the vapor film growth as a 

function of time, it is necessary to consider the governing 

equations including the continuity, the momentum and 

energy conservation for the liquid, presented in general 

form in Eqs. (1) to (3), respectively [17]. 

𝐷𝜌𝑙

𝐷𝑡
+ 𝜌𝑙 ∇⃗⃗ . �⃗� = 0 (1) 

 

𝜌𝑙

𝐷�⃗� 

𝐷𝑡
= −∇𝑃 + 𝜇∇2�⃗� + F⃗  (2) 

  

𝜌𝑙𝐶𝑙

𝐷𝑇

𝐷𝑡
= ∇⃗⃗ . (𝑘∇⃗⃗ 𝑇) + 𝑞′′′ + 𝜇∅ (3) 

 

Initial sphere and water temperatures, pressure and 

temperature at the free surface of the water, and depth of 

the sphere center below the water free surface are assumed 

to be known. Surface tension is included with a viscous 

term at the vapor-liquid interface and the occurrence of 

heat transfer through the vapor layer is intended by 

conduction only. 

The vapor layer is assumed to be spherical for the 

entire process. If the heat flux emitted by the hot copper 

surface is large enough for boiling [14, 18], the vapor layer 

growth maintains. Otherwise, the vapor condenses and the 

vapor layer would fail.  

Due to the one-dimensional geometry and the 

spherical symmetry of the phenomenon, Eq. (1) could be 

simplified into: 

 

𝑑

𝑑𝑟
(𝑟2𝑢) = 0 (4) 

It is assumed that the outside spherical shape of the 

vapor film is maintained during the process modelled 

herein. Eq. (2) is the momentum in spherical coordinates, 

wherein body forces and viscous terms are negligible, and 

can be considered as:  

 

𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑟
= −

1

𝜌𝑙

𝜕𝑃

𝜕𝑟
 (5) 

Vapor-liquid phase boundary speed is computed with 

the help of conservation of mass at the vapor-liquid 

interface as:  

 

𝑑𝑚𝑣

𝑑𝑡
= −

𝑑𝑚𝑙

𝑑𝑡
 𝑜𝑟 𝜌𝑣𝐴𝑢𝑣 = −𝜌𝑙𝐴𝑢𝑙 (5a) 

Considering related velocity between liquid and vapor 

at the vapor-liquid interface and solution of Eq. (5a), the 

inward velocity of liquid relative to the interface is given 

by −
𝜌𝑣

𝜌𝑙

𝑑𝑅𝑣

𝑑𝑡
, thus: 

𝑢(𝑅𝑣, 𝑡) =
𝑑𝑅𝑣

𝑑𝑡
+ 𝑢𝑙 =

𝑑𝑅𝑣

𝑑𝑡
−

𝜌𝑣

𝜌𝑙
 
𝑑𝑅𝑣

𝑑𝑡

= (1 −
𝜌𝑣

𝜌𝑙
)
𝑑𝑅𝑣

𝑑𝑡
 

(6) 

Integrating Eq. (4) from ‘Rv’ to r, and considering the 

vapor-liquid interface condition (Eq. (5a)) gives:  

𝑢(𝑟, 𝑡) = 𝑢(𝑅𝑣, 𝑡) (
𝑅2

𝑟2) (7) 

Then inserting Eqs. (6) and (7) into Eq. (5) yields [19]: 

1

𝑟2 (1 −
𝜌𝑣

𝜌𝑙
)

𝑑

𝑑𝑡
(𝑅𝑣

2�̇�𝑣) −
2

𝑟5 (1 −
𝜌𝑣

𝜌𝑙
)
2

𝑅𝑣
4�̇�𝑣

2

= −
1

𝜌𝑙

𝜕𝑃

𝜕𝑟
 

(8) 
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where, �̇�𝑣 =
dRv

dt
 is vapor film boundary changes with 

time but not absolute total velocity (the rate of movement 

of the interface). ul = −
ρv

ρl
 
dRv

dt
 is relative velocity (the 

inward velocity of liquid relative to the interface (phase 

transition rate)). u(Rv, t) is the absolute velocity of vapor 

film. u(r, t) is velocity profile for radial direction. Eq. (8) 

should be integrated from ‘Rv’ to ∞. For pressure 

boundary conditions, the hydrostatic pressure equation 

(P∞ = Pb + ρlgh) should be applied at the free surface and 

the pressure difference between vapor and liquid phases at 

the vapor-liquid interface should be used, which is 

obtained by Laplace’s equation and viscous shear stress at 

the vapor-liquid interface as [20]: 

𝑃𝑣−𝑃𝑙 = −2𝜇 |
𝜕𝑢

𝜕𝑟
|
𝑟=𝑅𝑣

+
2𝜎

𝑅𝑣
 (9) 

The final vapor film growth equation becomes then: 

(1 −
𝜌𝑣

𝜌𝑙
) [𝑅𝑣�̈�𝑣 + 2�̇�𝑣

2 + 4
𝜇

𝜌𝑙

�̇�𝑣

𝑅𝑣
− (1 −

𝜌𝑣

𝜌𝑙
)
�̇�𝑣

2

2
]

= −
1

𝜌𝑙
[𝑃𝑏 + 𝜌𝑙𝑔ℎ − 𝑃𝑣 +

2𝜎

𝑅𝑣
]  

 �̇�𝑣(𝑡 = 0) = 0 & 𝑅𝑣(𝑡 = 0) = 𝑅𝑤 + 𝛿(1) 

(10) 

where, R̈v =
d2Rv

dt2
 is acceleration at the vapor-liquid 

surface and since it is assumed that a thin vapor film exists 

on the sphere surface initially, δ(1) is assumed initial vapor 

film thickness. If tension of surface, viscosity and 
𝜌𝑣

𝜌𝑙
 are 

removed from recent equation, the familiar Rayleigh 

equation will be given [20]. The vapor-liquid interface 

temperature is usually considered to be the saturated 

temperature (Tsat). Its pressure and the temperature at 

saturated conditions are related by the Clausius-Clapeyron 

equation, where water vapor is assumed to be a perfect gas 

[21]. 
𝑑𝑃𝑣

𝑑𝑇𝑠𝑎𝑡
=

ℎ𝑓𝑔

(
1

𝜌𝑣
−

1

𝜌𝑙
) 𝑇𝑠𝑎𝑡

, 𝑃𝑣 = 𝜌𝑣𝑅𝐻2𝑂𝑇𝑠𝑎𝑡 (11) 

 

3. Heat exchange through the vapor 
layer  

When the layer of vapor has small internal mass, 

changes in its energy is negligible. Therefore, the flux of 

heat induced by the hot surface will be transmitted entirely 

to the vapor-liquid juncture. Fig. 1, illustrates the part of 

this transferred heat flux leads water to evaporate and the 

remaining flux is transmitted to the liquid phase. 

Commonly, the transfer of heat through the vapor 

layer, occurs simultaneously by thermal conduction and 

advection. Regarding the equivalent thermal conductivity 

(keq) which is used generally, the heat transfer is 

calculated as: 

 

𝑄𝑖 = 𝑄𝑤 ⟹ 𝑄𝑖 = 𝑞𝑖
′′(4𝜋𝑅𝑣

2) = 𝑞𝑤
′′(4𝜋𝑅𝑤

2 ) = 𝑄𝑤      (12) 

 

Given that values are calculated at average 

temperature and Gr×Pr<103, with a good approximation, 

keq can be considered as vapor thermal conductivity (kv) 

[22]. The heat flux emitted by the hot copper surface 

equals 

 

Figure 1. General geometry of problem and energy transfer at 

boundaries 

  

𝑞𝑤
′′ = 𝑘𝑣

𝑇𝑤(𝑡) − 𝑇𝑠𝑎𝑡(𝑡)

𝑅𝑣(𝑡) − 𝑅𝑤

𝑅𝑣(𝑡)

𝑅𝑤
+ 𝑞𝑟𝑎𝑑

′′  (13) 

Due to the spherical geometry of the phenomena, the 

copper surface heat flux and the heat flux through the 

vapor-liquid interface can be related as: 

𝑞𝑖
′′ = 𝑞𝑤

′′ (
𝑅𝑤

𝑅𝑣(𝑡)
)
2

 (14) 

By combining the Eqs. (13) and (14),  the heat flux 

through the vapor-liquid interface would be calculated as: 

 

𝑞𝑖
′′ = 𝑘𝑣

𝑇𝑤(𝑡) − 𝑇𝑠𝑎𝑡(𝑡)

𝑅𝑣(𝑡) − 𝑅𝑤

𝑅𝑤

𝑅𝑣(𝑡)
+ 𝑞𝑟𝑎𝑑

′′ (
𝑅𝑤

𝑅𝑣(𝑡)
)
2

 (15) 

Since during this process, the temperature of the vapor 

layer and accordingly its thermal conductivity is not 

constant, the average temperature of the Tw (t) and Tsat 

(t) is used to specify thermophysical properties. 

In addition, due to the high copper surface 

temperature, the radiation heat transfer cannot be ignored 

(
𝑞𝑟𝑎𝑑

′′

𝑞𝑖
′′(𝑡=0)

≈ 0.2) and related radiation heat flux is calculated 

as: 

 

𝑞𝑟𝑎𝑑
′′ = 휀𝜎(𝑇𝑤

4(𝑡) − 𝑇𝑠𝑎𝑡
4 (𝑡)) (16) 

 

Wherein ε0.15 and view factor =1 [23]. 

Since the vapor layer growth progresses rapidly, the 

hot copper sphere’s temperature is calculated using the 

lumped capacity method, written as [14, 23]. 

𝑞𝑤
′′𝐴𝑤 = −𝑚𝑤𝐶𝑤

𝑑𝑇𝑤

𝑑𝑡
 (17) 

𝑞𝑤
′′(4𝜋𝑅𝑤

2 ) = −𝜌𝑤 (
4

3
𝜋𝑅𝑤

3 )𝐶𝑤

𝑑𝑇𝑤

𝑑𝑡
 

⟹
𝑑𝑇𝑤

𝑑𝑡
= −

3𝑞𝑤
′′

𝜌𝑤𝑅𝑤𝐶𝑤
 

(18) 

 

By substituting the copper surface heat flux (Eq. (13)) 

into Eq. (18), the following expression could be achieved: 

𝑑𝑇𝑤

𝑑𝑡
= −

3𝑘𝑣[𝑇𝑤(𝑡) − 𝑇𝑠𝑎𝑡(𝑡)]𝑅𝑣(𝑡)

𝜌𝑤𝑅𝑤
2 𝐶𝑤(𝑅𝑣(𝑡)−𝑅𝑤)

 (19) 

Differential Eq. (19) is solved by considering the 

initial condition (𝑇𝑤 = 1356 𝐾 𝑎𝑡 𝑡 = 0) and using a 

numerical approach (Runge-Kutta) [24]. Then, the 
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sphere’s surface cooling process which is varied with time 

would be obtained. 

An appropriate connective heat transfer coefficient ℎ̅, 

requires determining energy transferred to liquid phase 

evaporation and energy balance (Fig. 1). The heat transfer 

rate can be rewritten as follows [25].  

𝑞𝑙
′′(4𝜋𝑅𝑣

2) = 𝑄𝑖 − �̇�𝑙ℎ𝑓𝑔 

𝑞𝑙
′′ = ℎ̅(𝑇𝑠𝑎𝑡 − 𝑇∞) 

ℎ̅(𝑇𝑠𝑎𝑡 − 𝑇∞)(4𝜋𝑅𝑣
2)

= 𝑘𝑣

𝑇𝑤(𝑡) − 𝑇𝑠𝑎𝑡(𝑡)

𝑅𝑣(𝑡) − 𝑅𝑤

𝑅𝑤

𝑅𝑣(𝑡)
(4𝜋𝑅𝑣

2) − �̇�𝑙ℎ𝑓𝑔 

 

(20) 

ℎ̅(𝑊 𝑚2𝐾⁄ )) = 1.95(𝑞𝑖
′′(𝑊 𝑚2⁄ ))

0.72
(𝑃 (𝑏𝑎𝑟))

0.24
 

104(𝑊 𝑚2⁄ ) ≤ 𝑞𝑖
′′ ≤ 106(𝑊 𝑚2⁄ ) 

0.5(𝑏𝑎𝑟) ≤ 𝑃 ≤ 20(𝑏𝑎𝑟) 

(21) 

Finally, it should be noted that density of vapor phase 

[26] and latent heat of evaporation [27-30] at the interface 

are strongly affected by saturations condition. Eqs (22) and 

(23) are used to consider the variation of vaporization 

latent heat and vapor layer density as function of saturation 

conditions, respectively. The constants used in these 

equations are provided in the references [26, 27]. 

ℎ𝑓𝑔 = ℎ𝑓𝑔
′ [

1 − 𝑇𝑟

1 − 𝑇𝑟
′]

0.38

 

𝑇𝑟 =
𝑇𝑠𝑎𝑡

𝑇𝑐𝑟𝑖𝑡
 

ℎ𝑓𝑔
′  &  𝑇𝑟

′ 𝑎𝑟𝑒 𝑐𝑜𝑛𝑠𝑖𝑑𝑒𝑟𝑒𝑑 𝑎𝑡 100𝑜𝐶 𝑎𝑛𝑑 101.3 𝑘𝑃𝑎 

(22) 

 

𝐿𝑛 (
𝜌𝑣

𝜌𝑐𝑟𝑖𝑡
) = 𝑐1(1 − 𝑇𝑟)

2 6⁄ + 𝑐2(1 − 𝑇𝑟)
4 6⁄

+ 𝑐3(1 − 𝑇𝑟)
8 6⁄ + 𝑐4(1 − 𝑇𝑟)

18 6⁄ + 𝑐5(1 − 𝑇𝑟)
37 6⁄

+ 𝑐6(1 − 𝑇𝑟)
71 6⁄  

(23) 

 
4. Validation 

A computer algorithm was provided to calculate Eqs. 

(10), (19) and (20) simultaneously. For time step 

convergence analysis, the time steps were selected to be 

small enough to minimize the effects on obtained results 

at 10-6 range of errors. 

Also, results were compared with numerical work of 

Gubaidulin and Sanikov [10] in which modeled interaction 

between a hot (1356 K) copper sphere and liquid water at 

368 K. They obtained dimensionless radius (𝑅𝑣
∗ =

𝑅𝑣

𝑅𝑤
) 

variation of the vapor film versus dimensionless time 

(𝑡∗ =
𝑡

𝑡𝑙
) using two methods. In which, 𝑡𝑙 is the 

characteristic time (0.238 s) of heat propagation in the 

liquid phase. 

Fig. 2 has ensured the agreement of vapor layer size 

trends. Disagreement of numerical values in Fig. 2, results 

in ignorance of radiation heat flux, hfg and ρv by 

Gubaidulin and Sanikov at model No. 1 and also in 

addition to vapor bubble oscillation in the model No. 2. 

 

5. Results and discussion 

Variation of hot body size, temperature, and 

hydrostatic effects, temperature of bulk fluid and vapor 

 

 

 

 

 

 

 

 

 

Figure 2. Comparison between results for dimensionless 
vapor film radius versus dimensionless time using 3 

different methods 

Figure 3. Vapor film radius change versus time based on 
assumed initial thicknesses of the vapor film, (a): δ(1) is  less 

than 0.0003 m, (b): δ(1) is  more than 0.0004 m 

film initial thickness may lead to different results which 

are discussed in this section. 

Temperature change versus time for sphere is modeled 

using lumped capacity method. This model shows in the 

first 0.01 s, the sphere’s surface temperature decreases 

negligibly for variation of hot body size, temperature, and 

hydrostatic effects, water temperature and the vapor layer 

initial thickness. 
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5.1. The change of the vapor layer initial 
thickness 

The fact that mathematical model is not suitable for 

describing the process onset (when a hot particle fallen 

into water is not encircled with the vapor film yet), must 

assign the initial conditions arbitrarily. Therefore, current 

calculations assumed that a thin vapor film exists on the 

sphere surface initially which is indicated by δ(1). In this 

section, the effect of the initial vapor film thickness 

variation is considered for the case of contact between the 

sphere (1 mm radius at 1356 K) and water at 368 K when 

the sphere is 1 cm below the water surface. 

As shown in Fig. 3(a) and 3(b), higher vapor film 

initial thickness excessing the specified maximum brings 

the vapor layer reduction rather than growth. Indeed, the 

growing of the layer considering the mathematical 

simulation of this phenomenon has a maximum amount 

about i.e. initial thickness (1.7 mm - 1 mm = 0.7 mm). 

When initial thickness (δ(1)) is more than 0.7 mm, the 

vapor layer size will be reduced. 

As shown in Fig. 4(a) and 4(b), the vapor layer 

maximum internal pressure and liquid-vapor interface 

saturated temperature decrease corresponding to an 

increase in vapor layer initial thickness. 

The main reason of decrease in the maximum internal 

pressure and the saturated temperature is reduction of the 

energy needed for the vapor layer growth to its maximum 

amount due to the assumed higher vapor layer initial 

thickness (in fact, vapor layer grows to maximum amount 

with lower heat transfer). 

In order to investigate the effects of the other 

parameters, a reasonable initial thickness of vapor layer 

should be chosen in all following analyses. Hence, for 

estimating the initial vapor layer thickness, Eq. (24) is 

considered at the beginning of the process [18]. 𝑡𝑙= 1e-6 s 

was assumed at the onset of this process. Then, the 

calculated radius is 4.5e-4 m from Eq. (24). Considering 

this computed radius makes it reasonable to choose initial 

vapor film radius as 0.0001 m [18]. 

𝑓𝑜𝑟  𝑡+ = 𝑡
𝐴2

𝐵2 ≪ 1 ⇒ 𝑅𝑣(𝑡) ≈ 𝐴𝑡 

𝐴 = [𝑏
𝜌𝑣ℎ𝑓𝑔∆𝑇𝑠𝑎𝑡

𝜌𝑙𝑇𝑠𝑎𝑡
]

0.5

, ∆𝑇𝑠𝑎𝑡 = (𝑇𝑤 − 𝑇𝑠𝑎𝑡) 

  𝑏 =
𝜋

7
, 𝐵 = [

12

𝜋
𝐽𝑎2𝛼𝑙]

0.5

, 𝛼𝑙 = [
𝑘𝑙

𝜌𝑙𝐶𝑙
] 

  𝐽𝑎 =  
𝜌𝑙𝐶𝑙∆𝑇𝑠𝑎𝑡

𝜌𝑣ℎ𝑓𝑔
  

(24) 

 

5.2. The variations of the copper hot sphere size  

The effect of the sphere radius variation is investigated 

for the case of contact between the sphere at 1356 K and 

water at 368 K, for the sphere being 1 cm below the liquid 

surface. 

 

 

 

Figure 4. (a): Saturation temperature on phase interface, (b): Vapor 

film pressure change versus time based on assumed initial 

thicknesses of the vapor film 

 

Figure 5. Vapor film radius change versus time based on various 

sphere radiuses. 

 

As mentioned previously in Section 2.1, for using the kv 

instead of keq in Eq. (12), the condition Gr×Pr < 103 should be 

satisfied. The variation radius is limited up to 5mm because the 

Grashof number will not be satisfied for radii greater than 5mm. 
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Figure 6. (a): Saturation temperature on phase interface, (b): Vapor 

film pressure change versus time based on various sphere radiuses 

 

As shown in Fig. 5, the expected film thickness growth 

is more in higher sphere temperatures which is because of 

heat generated-flux effect on copper surface. However, in 

Figs. 6(a) and 6(b), it can be seen that as the hot copper 

sphere radius increases, the heat generated-flux on copper 

surface increases. It is expected that the corresponding 

saturated temperature as well as the maximum internal 

pressure jump of the vapor layer increase.  

 

5.3. The hydrostatic effects  

In this section, the hydrostatic effects which changing 

the depth of the sphere center inside water are investigated 

for the case of contact between the sphere (1 mm radius at 

1356 K) and water at 368 K. 

The vapor film thickness is inversely proportional to 

the increased depth of the sphere in water because of the 

hydrostatic pressure increase as shown in Fig. 7(a), which 

results in slower vapor layer growth. As Fig. 7(b)) depicts, 

the maximum pressure jump of the vapor layer remains 

constant, owing to the non-variance in the phase contact 

surface heat flux with the depth increase of sphere water 

placement. 

 

 

    Figure 7. Vapor film changes versus time based on various depths                     

of the sphere’s center below the water’s free surface (a): Vapor film 

radius change, (b): Pressure inside vapor film change 

 

5.4.  Initial temperature of hot body  

This section demonstrates the effect of initial 

temperature changes of sphere for the case of contact 

between the sphere (1 mm radius) with water at 368 K 

when the sphere is 1 cm below the water surface. 

In order to provoke the vapor layer growth, the initial 

heat flux should be higher than the critical amount. At 

lower temperatures, the vapor film thickness is more likely 

to decrease. Fig. 8(a) shows that for the surface 

temperature lower than 730 K, not only lessens the 

possibility of increase in the vapor film growth but also 

causes collapsed. The low temperatures results in 

formation of insufficient heat transferred on the surface of 

the sphere that is not be sufficient to support the vapor film 

and its growth. As illustrated in Fig. 8(b), the heat flux that 

reaches the phase interface increases with the increasing 

initial temperature of the sphere. This results in increased 

quantity of the internal vapor layer maximum pressure. 

 

5.5. Bulk water temperature changes  

In this section, the effect of bulk water temperature 

changes is investigated for the case of contact between the 

sphere (1 mm radius at 1356 K) and water at 368 K when 

the sphere is 1 cm below the water surface. 

A significant point in Fig. 9(a) and 9(b) is the effect of 

reducing the temperature of bulk water in the vapor film 
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thickness. Accordingly, in less than 340 K change of vapor 

film radius with lower initial vapor film thickness (based 

on Eq. (24)) at times below 0.0001 seconds is increased 

slightly. However, because of less difference between 

saturation and bulk water temperatures, at higher bulk 

temperature (bulk water is closer to the saturation 

condition) vapor film grows rapidly. 

At lower water temperatures, further heat flux is 

needed for evaporation as illustrated in Fig. 10.  It can be 

seen in Fig. 10 that more heat flux is needed for 

evaporation in lower water temperature. Hence, when the 

vapor layer grows and consequently heat flux  reduces on 

phase interface surface, the corresponding saturation 

temperature and the maximum pressure pulse inside the 

vapor layer would decrease.  

 

6. Conclusions 

The aim of the present study was evaluation of the 

vapor layer generation, and growth due to contact between 

a hot spherical body and bulk water. The vapor layer initial 

thickness, hot body size, initial temperature, bulk water 

temperature, hydrostatic effects, the saturated temperature 

at the interface surface and the internal vapor layer 

pressure change, are the most effective parameters 

investigated in this article. 

 

Figure 8. Vapor film changes versus time based on various initial 

temperatures of hot sphere (a): Vapor film radius change, (b): Pressure 

inside vapor film change. 

 

 

Figure 9. Vapor film radius change versus time based on various bulk 

water temperatures (a): bulk water temperatures more than 340 K, (b): 

bulk water temperatures less than 335 K 

 

Figure 10. Pressure inside vapor film change versus time based on 

various bulk water temperatures 

 

 

The numerical solutions for contact of water and hot 

spherical body, indicate the following results. 

 If the calculated maximum vapor layer growth is less 

than the initial thickness, the thickness of the vapor 

layer will decrease. Also, it would also be confirmed 

that the vapor layer growth consistently converges to a 

certain amount.  
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 The hot sphere diameter growth could remarkably 

increase the thermal energy generation and water 

saturated temperature, so the maximum internal 

pressure of the vapor layer will be increased 

consequently.  

The vapor layer thickness reduction is addressed as 

one of the most considerable effects of the hydrostatic 

pressure changes which itself is due to a change of the 

entrance depth of hot body into the water. Thus, because 

of the prevention of vapor layer growth, the total pressure 

on the outer interface of the spherical film would increase. 

 The heat flux increased as a result of increasing the 

initial temperature of the hot body. It also increases the 

vapor layer thickness growth, its rate and vapor internal 

maximum pressure. 

 Considering bulk water temperature change, it is 

obvious that bulk temperature reduction causes vapor 

layer growth as well as vapor layer maximum pressure 

to be reduced. These phenomena can be justified as 

requiring more thermal energy to overcome the 

temperature difference of bulk water and its 

corresponding saturated temperature.   

Eventually, based on the assumed initial vapor layer 

thickness which is smaller than the equilibrium film 

thickness for given parameters, the maximum vapor layer 

pressure pulse can be abruptly increased even by 5 times. 

These pressure pulsations and related vapor layer 

thickness variations can cause the thermal fragmentation 

of a melt droplet, resulting in stronger pressure shock 

build-up due to the small fragments in contact with water, 

which could then escalate to become a propagating large-

scale vapor explosion. The vapor explosions could be 

hazardous and may affect the system safety. 

 

 

Nomenclature 

Aw Hot sphere area (m2) 
A A parameter for calculating initial film   

thickness (m/s) 
b A constant used in calculating initial film 

thickness (-) 
B A parameter for calculating initial film 

thickness (m/s0.5) 
C Specific heat capacity (J/kg.K) 
Cl Specific heat capacity of liquid (J/kg.K) 
Cw Specific heat capacity of hot copper 
(J/kg.K) 
g Gravitational acceleration (m/s2) 
Gr Grashof number (-) 
𝐹  Body force weight vector (N/m3) 
h Depth of center of sphere in water (m) 
hfg Evaporation latent heat (J/kg) 
ℎ𝑓𝑔

′  Evaporation latent heat at 100 oC & 1 
bar(J/kg)      
ℎ̅ Convection heat transfer coefficient 
(W/m2.K) 
Ja Jakob Number (-) 
keq Equivalent thermal conductivity (W/m.K) 

kl Thermal conductivity of liquid 
water(W/m.K) 
kv Thermal conductivity of vapor (W/m.K) 
ml Mass of liquid phase (kg) 
mv Mass of vapor phase (kg) 
mw Mass of hot copper (kg) 
�̇�𝑙  Mass flow rate of liquid phase (kg/s) 
P Pressure (Pa) 
Pb Pressure at free surface of liquid (Pa) 
Pv Vapor pressure at vapor-liquid interface 
(Pa) 
P∞ Hydrostatic pressure (Pa) 
Pr Prandtl number (-) 
Qi Total heat transfer rate at vapor-liquid interface 
(W) 
Ql Heat transferred to liquid phase (W) 
Qw Total heat transfer rate from hot copper 

surface (W) 
𝑞𝑖

′′ Heat flux at vapor-liquid interface 
(W/m2) 
𝑞𝑙

′′ Transferred heat flux to liquid phase (W/m2) 
𝑞𝑟𝑎𝑑

′′  Radiation heat flux (W/m2) 
𝑞𝑤

′′  Heat flux at hot sphere surface (W/m2) 
𝑞′′′ Volumetric internal heat generation 
rate(W/m3)  
r Spherical radial coordinate (m) 
 𝑅𝐻2𝑂 Specific gas constant for water vapor (J/kg.K) 
Rv Vapor film radius (m) 
Rw Hot copper sphere radius (m) 
�̇�𝑣 Vapor film boundary changes with time 
(m/s) 
�̈�𝑣 Vapor film acceleration in radial 
direction(m/s2)  
𝑅𝑣

∗  Dimensionless vapor film radius (-) 
t Time (s) 
tl Characteristic time of thermal energy 

propagation (s) 
t+ Dimensionless time for initial film 
thickness(-) 
t* Dimensionless time (-) 
T Temperature (K) 
Tcrit Critical temperature of water (K) 
Tl Temperature of liquid water (K) 
Tr Reduced temperature (K) 
Tsat Saturation temperature (K) 
Tw Temperature of hot copper surface (K) 
T∞ Temperature of liquid at free surface 
(K) 
�̅� Mean temperature (K) 
𝑇𝑟

′ Reduced temperature at 100 oC & 1 bar 
(K) 
u Velocity of the liquid (m/s) 
ul Velocity of the liquid relative to vapor-

liquid interface (m/s) 
uv Velocity of the vapor relative to vapor-

liquid interface (m/s) 
�⃗�  Velocity vector (m/s) 
Z Depth of the sphere’s center below the 

water’s free surface (m) 
 
Greek symbols   
αl Thermal diffusivity of liquid water 
(m2/s) 



 A. Jahangiri / JHMTR 5 (2018) 111-120 119 

 

δ Vapor layer thickness (m) 
δ(1) Initial vapor layer thickness (m) 
μ Dynamic viscosity of liquid water
 (kg/m.s) 
ρ Density (kg/m3) 
ρv Density of vapor (kg/m3) 
ρl Density of liquid (kg/m3) 
ρcrit Critical density of water at critical 

temperature (kg/m3) 
σ Surface tension coefficient (kg/s2) 
∅ Viscous dissipation term (1/s2) 
 
Subscripts   
crit Critical state 
eq Equivalent 
l Liquid  
rad Radiate heat transfer 
sat Saturation 
v Vapor  
w Copper body wall 
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