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Free, mixed and forced convection film boiling on a horizontal cylinder in a saturated or subcooled liquid
is studied theoretically using a single model based on a two-phase laminar boundary layer integral
method. The vapour flow is described accurately by including the inertia and convection terms in the
momentum and energy equations, in order to study convection film boiling in the cases of very high
superheat. Different film boiling cases are then analysed with this model. The case of high superheat
and low subcooling was first analysed by comparing the model with an experiment consisting in the
quenching of wires with very high superheat: the model was able to predict the measured heat transfer
from the cylinder with errors less than 30%, performing better than previous models or correlations.
Additional calculations in other high superheat conditions have also been performed and compared with
a model which does not include the inertia and convection terms in order to have a more quantitative
idea of their effects on the heat transfers. The case of low superheat and high subcooling is then analysed
by comparing the model with other forced convection experiments with cylinders at lower temperatures.
By analysing different experiments, it is found that there are in fact two different forced convection film
boiling sub-regimes characterised by relatively ‘‘low” or ‘‘high” heat transfers, and that the existence of
these sub-regimes is probably linked with the stability of the vapour film during film boiling. The model
results compare quite well with the experimental data which belong to the ‘‘stable” sub-regime but, on
the other hand, the model largely underestimates the heat transfer for experimental data which belongs
to the ‘‘unstable” sub-regime. Finally, the model is compared to some free convection experimental data.
The model was able to predict the measured heat transfers from the cylinder with errors less than 30%
both in saturated and subcooled cases.

� 2009 Published by Elsevier Ltd.
1. Introduction

Film boiling is a heat transfer mode which occurs when there is
a very high temperature difference between a liquid and the sur-
face of a hot body. The rate of vapourisation of the liquid is so high
that a continuous vapour sheet entirely encloses the hot body, pre-
venting direct contact between the liquid and the hot surface. In
this configuration, the heat transfer is relatively low compared to
other heat transfer regimes such as nucleate or transition boiling
due to the presence of the vapour film insulating the hot body.

The film boiling regime is of important concern in nuclear se-
vere accident analysis in the case of a core meltdown. The fast
interaction between the very high temperature drops or particles
of melt and the cooler liquid coolant may lead to what is called a
vapour explosion, which is generated by a very intensive vapouri-
sation of the coolant. In order to evaluate the total amount of cool-
ant vapour generated and the heat transferred to the liquid
coolant, the mechanisms of mass and heat transfer between each
Elsevier Ltd.
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hot drop or particle and the coolant at various temperatures, pres-
sures and relative velocities must be understood.

However, previously developed models for forced convection
film boiling may not be suitable to study physical phenomena with
such high temperatures. This is due to the common assumption
that heat transfer in film boiling is mainly due to conduction
through the vapour film, an assumption that is made for simplicity
reasons because it allows the use of a linear temperature profile in
the vapour film. But in the cases of very high superheat and low
subcooling, this assumption is probably no more valid. Moreover,
some previous models developed for free convection on horizontal
cylinders [15] or on vertical flat [16] plates included the convective
and inertial terms in the vapour flow in order to better predict
some experimental data corresponding to film boiling of cryogenic
fluids.

Also, in the opposite case of low superheat and high subcooling,
previous forced convection film boiling models for horizontal cyl-
inders or spheres do not give satisfactory results because they al-
ways seem to underestimate the heat transfer at the body surface.

In this paper, a theoretical analysis of the convection film boil-
ing past an horizontal cylinder based on a two-phase laminar
boundary layer model is first described which is similar to the
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Nomenclature

Cp heat capacity at constant pressure
d cylinder diameter
Fr Froude number, Fr ¼ u2

1=gr
g gravity acceleration
hLV latent heat of evaporation
k thermal conductivity
_m rate of vapourisation
_M dimensionless rate of vapourisation, _M ¼ _m= _m�

P pressure
Pr Prandtl number, Pr = m/a
r cylinder radius
Re Reynolds number, Re = u1r/mL

T temperature
DTsub liquid subcooling, DTsub = Tsat � T1
DTsup surface superheat: DTsup = Ts � Tsat

u tangential velocity
U dimensionless tangential velocity, U = u/u1
v radial velocity
W dimensionless tangential velocity, W = u/ue

x distance from front stagnation point
y distance from cylinder surface
a thermal diffusivity
dV vapour film thickness
DV dimensionless vapour film thickness, DV ¼ dV=d

�
V

dLm liquid momentum boundary layer thickness

DLm dimensionless liquid momentum boundary layer thick-
ness, DLm ¼ dLm=d

�
Lm

dLt liquid thermal boundary layer thickness
DLt dimensionless liquid thermal boundary layer thickness,

DLt ¼ dLt=d
�
Lt

l dynamic viscosity
m kinematic viscosity
q density
h angle from front stagnation point

Subscripts
1 free stream
e external flow (liquid potential flow outside the liquid

boundary layer)
i vapour–liquid interface
L liquid
m momentum
s cylinder surface
sat saturation
t thermal
V vapour

Superscript
* characteristic value

4732 E. de Malmazet, G. Berthoud / International Journal of Heat and Mass Transfer 52 (2009) 4731–4747
Shigeshi and Ito models (see [1,2]) but includes the convection and
the inertia terms to fully describe the flow inside the vapour film.
This model is suitable for describing natural, mixed or forced con-
vection film boiling in the cases of high liquid subcooling, low li-
quid subcooling and also saturated liquid. The model is then
compared to some experimental data and to other theoretical
models.

2. Model description

Fig. 1 shows the configuration of convection film boiling past a
horizontal cylinder. We consider the problem of a hot horizontal
cylinder of radius r and of constant and uniform temperature Ts

past an upward liquid flow of velocity u1, temperature T1 and
pressure P1. The gravity is not neglected in order to take into ac-
count buoyancy effect at small velocities. The problem is studied
Fig. 1. Physical model, flow configuration and system of coordinates.
using a system of coordinates where x represents the distance from
the forward stagnation point and y the distance from the surface.
The forced convection film boiling model is based on a steady state
two-phase boundary layer theory approach where the flow inside
the vapour film is described as a boundary layer, as well as the
adjacent liquid flow. dV, dLm and dLt are the thicknesses of the va-
pour film, the liquid momentum boundary layer and the liquid
thermal boundary layer, the boundaries of which are located,
respectively, at the distances yi = dV, ym = dV + dLm and yt = dV + dLt

from the surface. The two-phase boundary layer approximation
is valid if ym/r� 1 and yt/r� 1. We also make the following
assumptions:

1. The flow in the vapour film and in the liquid boundary layer is
laminar and incompressible.

2. The flow outside the liquid boundary layer is described by
potential flow over a cylinder.

3. The pressure and temperature differences at the interface due
to surface tension and thermodynamic non-equilibrium are
neglected.

4. Due to the boundary layer approximation, the pressure along
the y axis is constant in the vapour and liquid phases. Using
hypothesis 3, this implies that the pressure in the liquid and
vapour phases is equal to the pressure outside the liquid bound-
ary layer.

5. The variation of the saturation temperature at the interface cor-
responding to the variation of the pressure in the free stream is
neglected. The constant saturation temperature, Tsat, is the one
corresponding to P1.

6. The physical properties of the liquid and the vapour are con-
stant. The physical properties are evaluated at (Tsat + T1)/2 for
the liquid and at (Ts + Tsat)/2 for the vapour.

7. Radiation heat transfer is not considered.

Based on these assumptions, the flow around the cylinder is de-
scribed by the following equations:
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– Outside the liquid boundary layer (tangential velocity and
pressure gradient equations for potential flow past a
cylinder):

ue ¼ 2u1 sinðhÞ ¼ 2u1 sinðx=rÞ ð1Þ
dP
dx
¼ �qLue

due

dx
� qLg sinðhÞ ¼ �qLue

due

dx
� qLg sinðx=rÞ ð2Þ

– Inside the liquid boundary layer (mass, momentum and energy
equations):

@vL

@y
þ @uL

@x
¼ 0 ð3Þ

vL
@uL

@y
þ uL

@uL

@x
¼ ue

due

dx
þ mL

@2uL

@y2 ð4Þ

vL
@TL

@y
þ uL

@TL

@x
¼ aL

@2TL

@y2 ð5Þ

– Inside the vapour film (mass, momentum and energy
equations):

@vV

@y
þ @uV

@x
¼ 0 ð6Þ

vV
@uV

@y
þ uV

@uV

@x
¼ ðqL � qV Þ

qV
g sinðhÞ þ qL

qV
ue

due

dx
þ mV

@2uV

@y2 ð7Þ

vV
@TV

@y
þ uV

@TV

@x
¼ aV

@2TV

@y2 ð8Þ

– At the liquid–vapour interface (tangential velocity, mass,
momentum and energy interfacial balance equations):

uL ¼ uV ¼̂ui¼̂Wiue ð9Þ

qL uL
dyi

dx
� vL

� �
¼ qV uV

dyi

dx
� vV

� �
¼ _m ð10Þ

lL
@uL

@y
¼ lV

@uV

@y
ð11Þ

hLV _m ¼ �kV
@TV

@y
þ kL

@TL

@y
ð12Þ
In Eq. (9), ui and Wi represent, respectively, the dimensional and
dimensionless tangential interfacial velocity.

The boundary layer model that will be described in this pa-
per is based on an integral method, which was already used in
similar previously developed models [1–3]. It basically consists
in integrating the liquid and vapour equations along the y axis
by using polynomial velocity and temperature profiles in the
boundary layers, thus eliminating the y dependent variables. In
the previous models, by neglecting the inertia and convection
terms in the vapour flow, it was possible to obtain an expres-
sion of dLm(x) as a function of the variables dV(x), dLt(x) and
the interfacial dimensionless tangential velocity Wi(x), and then
a linear system of three ordinary differential equations verified
by the three previous variables which was solved numerically.
However, if inertia and convection terms are added, it is still
possible to find a simple numerical solution of the problem
using an integral method by just introducing an additional var-
iable which is the rate of vapourisation _mðxÞ. We show that a
linear system of five ordinary differential equations verified by
the five variables can be obtained. This is the major improve-
ment of the present model: there is no need to neglect terms
in the vapour flow for simplicity reasons, because the numerical
solution of this model is as simple as the previous ones. The
model is now described.
For a given value of x, we assume polynomial functions of y for
uL(y,x), uV(y,x), TL(y,x) and TV(y,x) and integrate the boundary layer
equations with respect to y. In order to take into account the iner-
tia terms in the vapour momentum equation and the convection
terms in the vapour energy equation, polynomial functions of at
least order 3 are needed for uV and TV. For uL and TL, only quadratic
functions of y are used. We assume the following expressions for
uL, TLuV and TV:

uL ¼ ue A0L þ A1L
y� yi

dLm

� �
þ A2L

y� yi

dLm

� �2
 !

¼̂ueWL ð13Þ

TL � T1 ¼ ðTsat � T1Þ B0L þ B1L
y� yi

dLt

� �
þ B2L

y� yi

dLt

� �2
 !

ð14Þ

uV ¼ ue A0V þ A1V
y
dV

� �
þ A2V

y
dV

� �2

þ A3V
y
dV

� �3
 !

¼̂ueWV ð15Þ

TV � Tsat ¼ ðTs � TsatÞ B0V þ B1V
y
dV

� �
þ B2V

y
dV

� �2

þ B3V
y
dV

� �3
 !

ð16Þ

The coefficients are calculated using the following boundary
conditions:

- Liquid tangential velocity uL:

uLðyi; xÞ ¼ uiðxÞ ð17Þ
uLðym; xÞ ¼ ueðxÞ ð18Þ
@uL

@y
ðym; xÞ ¼ 0 ð19Þ

- Liquid temperature TL:

TLðyi; xÞ ¼ Tsat ð20Þ
TLðyt; xÞ ¼ T1 ð21Þ
@TL

@y
ðyt; xÞ ¼ 0 ð22Þ

- Vapour tangential velocity uV:

uV ð0; xÞ ¼ 0 ð23Þ
lV

qV

@2uV

@y2 ð0; xÞ ¼ �
qL � qV

qV

� �
g sinðx=rÞ � qL

qV
ueðxÞ

due

dx
ðxÞ ð24Þ

uV ðyi; xÞ ¼ uiðxÞ ð25Þ

lV
@uV

@y
ðyi; xÞ ¼ lL

@uL

@y
ðyi; xÞ ð11Þ

- Vapour temperature TV:

TV ð0; xÞ ¼ Ts ð26Þ

aV
@2TV

@y2 ð0; xÞ ¼ 0 ð27Þ

TV ðyi; xÞ ¼ Tsat ð28Þ

kV
@TV

@y
ðyi; xÞ ¼ � _mhLV þ kL

@TL

@y
ðyi; xÞ ð12Þ
These boundary conditions lead to the following expressions for
the coefficients:

A0L ¼Wi ð29Þ
A1L ¼ �2ðWi � 1Þ ð30Þ
A2L ¼Wi � 1 ð31Þ
B0L ¼ 1 ð32Þ
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B1L ¼ �2 ð33Þ
B2L ¼ 1 ð34Þ
A0V ¼ 0 ð35Þ

A1V ¼
3
2

Wi þ
1
4

FV þ AV ð36Þ

A2V ¼ �
1
2

FV ð37Þ

A3V ¼ �
1
2

Wi þ
1
4

FV � AV ð38Þ

with

FV ¼
qL

lV
d2

V
due

dx
þ 1

2
qL � qV

qL

� �
g

u1

� �
and AV ¼

lL

lV
ðWi � 1Þ dV

dLm

B0V ¼ 1 ð39Þ

B1V ¼ �
3
2
þ 1

2
BV ð40Þ

B2V ¼ 0 ð41Þ

B3V ¼
1
2
� 1

2
BV ð42Þ

with

BV ¼
hLV

kV ðTs � TsatÞ
dV _mþ 2

kLðTsat � T1Þ
kV ðTs � TsatÞ

dV

dLt

Now the integration of the boundary layer equations is possible.
This is done by first integrating the liquid and vapour mass equa-
tions. Integrating (3) over the liquid momentum and energy
boundary layers, and integrating (6) over the vapour film gives:

vLðym; xÞ ¼ �
d
dx

Z ym

yi

uLðy; xÞdyþ uLðym; xÞ
dym

dx
�

_m
qL

ð3imÞ

vLðyt ; xÞ ¼ �
d
dx

Z yt

yi

uLðy; xÞdyþ uLðyt; xÞ
dyt

dx
�

_m
qL

ð3itÞ

vV ðyi; xÞ ¼ �
d
dx

Z yi

0
uV ðy; xÞdyþ uV ðyi; xÞ

dyi

dx
ð6iÞ

Using Eqs. (3im) and (3ii) we integrate the liquid momentum and
energy equations, respectively, over the liquid momentum and en-
ergy boundary layers, and using Eq. (6i) we integrate the vapour
momentum and energy equations over the vapour film thickness.
This is done by using auxiliary dimensionless functions called F1L,
F2L, GL, F1V, F2V and GV defined as follows:Z ym

yi

ðue � uLÞdy¼̂uedLmF1L ð43Þ
Z ym

yi

uLðue � uLÞdy¼̂u2
edLmF2L ð44Þ

Z ym

yi

uLðTL � T1Þdy¼̂ueðTsat � T1ÞdLtGL ð45Þ
Z yi

0
uV dy¼̂uedV F1V ð46ÞZ yi

0
u2

V dy¼̂u2
edV F2V ð47ÞZ yi

0
uV ðTV � TsatÞdy¼̂ueðTs � TsatÞdV GV ð48Þ

Using these functions and integrating the boundary layer equations,
we get:

ueF2L
ddLm

dx
þuedLm

dF2L

dx
¼ðWi�1Þ

_m
qL
�2F2LdLm

due

dx
�dLmF1L

due

dx
þ mL

dLm
A1L

ð4iÞ
ueGL
ddLt

dx
þ uedLt

dGL

dx
¼ �

_m
qL
� dLtGL

due

dx
� aL

dLt
B1L ð5iÞ

ueF2V
ddV

dx
þ uedV

dF2V

dx
¼Wi

_m
qV
� 2dV F2V

due

dx
þ qL

qV

due

dx
dV

þ 1
2

qL � qV

qV

gdV

u1
þ mV

dV
ð2A2V þ 3A3V Þ ð7iÞ

ueGV
ddV

dx
þ uedV

dGV

dx
¼ �dV GV

due

dx
þ aV

dV
ð2B2V þ 3B3V Þ ð8iÞ

The auxiliary functions, as well as the polynomial coefficients,
can be expressed as functions of x and of the five variables Wi, dV,
dLm, dLt and _m. The derivatives of the auxiliary functions can be ex-
pressed as functions of the previous variables and their derivatives.
For example, we can rewrite Eq. (4i) using the following expression
for the derivative of F2Lðx;WiðxÞ; dV ðxÞ; dLmðxÞ; dLtðxÞ; _mðxÞÞ:

dF2L

dx
¼ @F2L

@x
þ @F2L

@Wi

dWi

dx
þ . . .þ @F2L

@ _m
d _m
dx

ð49Þ

In order to obtain a linear system of five ordinary differential
equations verified by the five variables Wi, dV, dLm, dLt and _m, we
need an extra differential equation. This is possible by rewriting
the integrated vapour mass equation (6i) using (10) and (42) in
the following form:

ueF1V
ddV

dx
þ uedV

dF1V

dx
¼

_m
qV
� dV F1V

due

dx
ð6i0 Þ

Eqs. (4i), (5i), (7i), (8i) and (6i
0
) form a linear system of five or-

dinary differential equations which can easily be solved numeri-
cally. At x = 0, the system is also defined if we use a symmetry
argument: due to the symmetry of the problem, the derivative of
the five variables with respect to x at the forward stagnation point
is 0 (this means that the right member of each equation divided by
ue converges to 0 when x ? 0). The initial values of Wi, dV, dLm, dLt

and _m are calculated by simply writing Eqs. (4i), (5i), (7i), (8i)
and (6i

0
) at x = 0, where the left member of each of the five equa-

tions is equal to 0 because ue(0) = 0. This leads to a system of five
equations verified by the initial values of the five variables,
Wi(0), dV(0), dLm(0), dLt(0) and _mð0Þ, which is also solved
numerically.

Instead of directly solving the previous differential system, it is
better to write it in a fully dimensionless form using. First we eval-
uate the characteristic values of the five main variables Wi, dV, dLm,
dLt and _m, which will be defined here as W�

i ; d�V ; d�Lm; d�Lt and _m�,
and which depend on the studied flow configuration. This is done
by using the following characteristic values for the other variables:
u�e ¼ u1 and x* = r. It is also interesting to use the characteristic va-
lue of the dimensionless tangential vapour velocity WV = uV/ue,
which is obtained using the integrated vapour mass equation (6i)
rewritten in the following form:
_m

qV
¼ d

dx

Z yi

0
uV ðy; xÞdy ð6i00Þ

From (6i00) we get:

W�
V ¼

_m�r
qVd�V u1

ð50Þ

We then define the dimensionless variables W 0
i ¼

Wi=W�
i ; DV ¼ dV=d

�
V ; DLm ¼ dLm=d

�
Lm; DLt ¼ dLt=d

�
Lt and _M ¼ _m= _m�.

By also using the dimensionless variables X = x/r = h and Ue = ue/
u1 = 2sin(X) = 2sin(h) and the dimensionless numbers Re = u1r/
mL, PrL = mL/aL and Fr ¼ u2

1=gr (respectively the Reynolds, the liquid
Prandtl and the Froude numbers), the differential system can be
written in the following dimensionless form, for h > 0:
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F2L
dDLm

dh
þ DLm

dF2L

dh
¼ 1

Ue

_m�d�Lm

lL

r2

Red�2Lm

W�
i W 0

i � 1
� �

_M

 

�ð2F2L þ F1LÞDLm
dUe

dh
þ r2

Red�2Lm

A1L

DLm

!
ð4IÞ

GL
dDLt

dh
þ DLt

dGL

dh
¼ � 1

Ue

_m�d�Lt

qLaL

r2

PrL Red�2Lt

_M þ DLtGL
dUe
dh

 

þ r2

PrL Red�2Lt

B1L

DLt

!
ð5IÞ

1
W�

V
F1V

dDV

dh
þ DV

dF1V

dh

� �
¼ 1

Ue

_M � 1
W�

V
DV F1V

dUe

dh

� �
ð6IÞ

1
W�2

V

F2V
dDV

dh
þDV

dF2V

dh

� �
¼ 1

Ue

1
W�

V
W�

i W 0
i

_M� 2
W�2

V

F2VDV
dUe

dh

 

þ 1
W�2

V

qL

qV
DV

dUe

dh
þ 1

2W�2
V

qL�qV

qV

1
Fr

DV

þ lV

d�V _m�
1

W�
V

1
DV
ð2A2V þ3A3V Þ

�
ð7IÞ

1
W�

V
GV

dDV

dh
þ DV

dGV

dh

� �
¼ 1

Ue
� 1

W�
V
DV GV

dUe

dh

�

þaVqV

d�V _m�
1
DV
ð2B2V þ 3B3V Þ

�
ð8IÞ

This is the most general form of the system which is solved
numerically. An example of scaling analysis used for forced con-
vection will be given here. In the case of forced or mixed convec-
tion in which Fr is not � 1; W�

i is assumed to be of order 1
ðW�

i ¼ 1Þ, so we have W 0
i ¼Wi. In fact, in most of the cases studied

in this paper, the calculated vapour and liquid tangential velocities
showed that the vapour moves faster than the boundary layer li-
quid, which in turn moves faster than the liquid in potential flow,
meaning that Wi > 1. On the other hand, we never get very high
values for Wi, and the calculated values presented in this paper
for forced convection were always such as Wi < 3. For d�Lm, the same
characteristic value as in case of liquid single phase forced convec-
tion over a cylinder is used:

d�Lm ¼ r Re�1=2 ð51Þ
d�Lt is calculated using the liquid mass and energy equations (3) and
(5). In both the cases d�Lt � d�Lm or d�Lt � d�Lm, we have Wi � 1 and
uL � u1. This implies that in both cases we have the same character-
istic value for vL, which is ðd�Lt=rÞu1. This finally gives for d�Lt:

d�Lt ¼ r Pr�1=2
L Re�1=2 ð52Þ

To evaluate d�V and _m�, we first use the momentum balance (11) at
the liquid–vapour interface. Using (11) and (50) yields:

_m� ¼ lLqV u1
lV r

d�2V

d�Lm
ð53Þ

Two extreme cases, named case 1 and case 2, may be distin-
guished using the energy balance equation at the liquid–vapour
interface (12). In case 1, there is low superheat and high subcool-
ing. Most of the heat received by the interface from the vapour side
is used to heat the liquid and we have:

hLV _mðxÞ � �kV
@TV

@y
ðyi; xÞ ) �kV

@TV

@y
ðyi; xÞ � �kL

@TL

@y
ðyi; xÞ

This condition gives an expression of d�V as a function of d�Lt in case 1:

d�Vc1 ¼
kV ðTs � TsatÞ
kLðTsat � T1Þ

d�Lt ð54Þ

_m�c1 is then calculated using (53).
Case 2 corresponds to situations where there is high superheat
and low subcooling. Most of the heat received by the interface from
the vapour side is used to vapourise the liquid and we have:

�kL
@TL

@y
ðyi; xÞ � �kV

@TV

@y
ðyi; xÞ ) �kV

@TV

@y
ðyi; xÞ � hLV _mðxÞ

This condition gives a second equation verified by d�V and _m� for the
case 2:

_m�c2 ¼
kV ðTs � TsatÞ

hLVd�Vc1
ð55Þ

And we deduce the values of d�V and _m� for case 2 by the following
relations:

d�3Vc2 ¼
lV

lL

rkV ðTs � TsatÞ
u1qV hLV

d�Lm ð56Þ

_m�c2 ¼
kV ðTs � TsatÞ

hLVd�Vc2
ð57Þ
3. Forced convection film boiling for ‘‘high’’ surface superheat

In this part, the model results will first be compared to the re-
sults of an experimental apparatus called TREPAM, which descrip-
tion, results and analysis are detailed in [4]. This experiment
consists in the quenching of thin wires preheated at very high tem-
peratures (wire diameters from 10 to 250 lm and wire initial tem-
peratures from 1350 to 2900 K) immersed into water at various
pressures (from 1 to 210 bar), temperatures (water subcooling
from 0 to 350 K) and at different velocities (from 0.2 to
46 m s�1), in order to investigate heat transfer between small hot
particles and a cold liquid during a vapour explosion. The main fea-
ture of TREPAM compared to many other existing quenching
experiments is that it investigates convection film boiling within
parameters much closer to the physical conditions of a vapour
explosion, i.e. at much higher temperatures and pressures. In such
physical conditions, it is expected that including the influence of
the inertia and convection terms in the description of the vapour
flow is necessary to properly evaluate the heat transfer from the
hot wire.

The TREPAM tests can be modelled using the present model be-
cause although the temperatures reached are very high (>2000 �C),
the radiation heat transfer is minimised by using tungsten wires.
Due to the low emissivity of tungsten, the radiative contribution
is at maximum 5% of the measured heat flux. Also, the pressure
jump at the interface due to surface tension is always negligible
in the TREPAM tests, even when considering the thinner wires at
the lower pressures. For example, for one test where d = 8.61 lm
and P1 = 1 bar, the pressure jump due to surface tension is
DP = 2r/d � 0.137 bar, only 13.7% of P1. In fact, if only the relevant
tests are considered (the tests where the boundary layer approxi-
mation is valid), DP is much smaller, usually less than 1% of P1.

3.1. Typical TREPAM test run and typical model calculation

In each test run, a water filled tank is moved upward at a given
constant speed in order to immerse a stationary preheated hot
wire. By continuously measuring the temperature dependent elec-
tric resistance of the wire during the quenching, it is possible to
evaluate its temperature temporal evolution Ts(t), and thus the
instantaneous surface averaged heat flux qexp(t) evacuated from
the wire and the instantaneous heat transfer coefficient hexp(t) de-
fined as hexp(t) = qexp(t)/(Ts(t) � Tsat). Typically, during each test run
(see [4]), the heat flux qexp(t) will rapidly rise when the wire begins
its immersion reaching a maximum value qpeak,exp shortly after its
full immersion at t = tpeak, and then will begin to decrease slowly,



Table 1
TREPAM tests classification. No. 3–17: case 1.1 tests, no. 25–5: case1.2 tests, no. 45–
69: intermediate case tests, no. 72–74: case 2 tests.

Test no. P1 (bar) d (lm) u1 (m s�1) DTsup (K) DTsub (K) qpeak,exp

(MW m�2)

3 1.0 94.59 1.7 1785 80 17.5
28 1.0 8.95 2.2 1727 80 35.0
29 1.0 8.61 2.2 1627 80 36.0
27 1.0 8.77 2.2 1427 80 26.0
57 1.2 232.80 0.2 972 85 5.4
59 1.2 242.11 0.2 1472 81 6.8
40 1.2 230.91 2.0 1317 88 11.0
53 1.2 100.00 2.0 1401 84 13.9
54 1.2 95.78 2.0 1922 85 18.0
61 1.2 46.63 0.2 1922 75 16.0
60 1.2 47.50 0.2 1252 82 8.7
62 1.2 45.01 0.2 1007 40 6.0
48 1.2 37.60 2.0 1752 87 24.0
36 1.2 46.61 2.0 1145 81 16.1
65 1.2 23.45 0.2 1422 77 14.5
64 1.2 23.81 0.2 898 77 10.9
71 10.0 94.53 2.0 1888 160 30.6

8 25.0 237.29 1.6 1971 204 26.0
19 50.0 92.90 1.9 2083 244 45.8
20 50.0 46.28 1.9 1913 244 64.9

7 75.0 228.43 1.4 1753 271 25.7
6 100.0 226.55 1.4 1583 291 24.4

15 100.0 87.26 1.5 2276 291 48.0
11 150.0 234.40 1.1 1747 322 28.3
21 150.0 94.52 1.3 1935 322 48.0
33 160.0 46.79 1.4 2080 327 68.0
22 200.0 230.10 1.2 1461 346 22.8
16 200.0 87.23 1.1 1711 346 46.5
30 200.0 45.75 1.2 1011 346 60.0
17 210.0 94.59 1.2 1307 350 43.3
25 1.0 236.11 1.3 2177 80 14.7

2 1.0 233.00 1.7 2157 80 15.0
12 1.0 237.97 1.8 2327 80 17.3
75 1.0 232.42 11.5 2002 80 26.3
77 1.0 232.31 11.0 2027 80 27.0
78 1.0 237.09 21.4 1977 80 40.0
76 1.0 229.26 22.7 1894 80 35.0
79 1.0 229.46 46.0 1896 80 58.1

1 1.0 95.81 2.0 2087 80 24.0
4 1.0 95.72 1.6 2409 80 28.7

26 1.0 46.57 2.3 2427 80 35.5
58 1.2 238.49 0.2 1922 85 8.3
42 1.2 234.47 2.0 2251 75 14.8
10 5.0 234.40 1.6 2125 132 23.0
68 10.0 219.48 1.4 2062 115 18.3

9 10.0 235.14 1.6 2133 160 25.6
5 50.0 229.43 1.6 1688 244 28.2

45 1.2 238.60 2.0 1317 13 4.2
46 1.2 237.20 2.0 2322 15 12.0
55 1.2 98.95 2.0 1522 17 9.0
63 1.2 45.37 0.2 1239 20 8.5
51 1.2 36.05 2.0 1542 17 13.7
50 1.2 39.40 2.0 1147 18 10.4
67 10.0 221.92 1.4 2051 70 15.1
69 10.0 93.30 1.6 1879 19 20.0
72 6.0 45.57 1.5 1548 1 20.6
66 10.0 228.00 1.2 2208 1 14.9
70 10.0 93.24 2.0 2048 1 22.4
73 30.0 46.03 2.0 1335 1 21.3
74 42.0 227.69 1.8 2011 1 15.4
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almost linearly, as the wire temperature decreases. We consider
that in this region, the film boiling heat transfer can be studied
using a quasi-steady approach, which is suitable for the present
model. In practice, for each test, qpeak,exp will be compared to the
value qpeak,theo calculated with the present model using the wire
temperature Ts(tpeak).

For each model calculation, there is first a simple scaling analy-
sis in order to evaluate characteristic values for each variable,
which ‘‘initial” values at the forward stagnation point are calcu-
lated. The dimensionless differential system is then integrated
from h = 0 to h = hdiv at which point the calculation diverges. There
are basically two kinds of calculation divergences, which depend
on the flow configuration. In the cases of high wire superheats
and low water subcoolings, the calculation diverges shortly after
vapour flow separation occurs. In the cases of low superheats
and high subcoolings, there is no vapour flow separation, but the
calculation diverges because the quadratic liquid tangential veloc-
ity profile becomes flat, which happens when Wi ? 1. In these
cases, the calculation divergence has no physical meaning: a higher
order velocity profile would enable the calculation to go further
and diverge only at the vapour flow separation point. Typically, hdiv

is close to p/2 in forced convection film boiling, and gets progres-
sively closer to p when the velocity decreases and approaches the
mixed and then the natural convection velocity regimes.

Because according to calculation the vapour film thickness dra-
matically increases close to the vapour flow separation point, we
suppose that it physically corresponds to the formation of a large
vapour wake behind the cylinder. In this region, we suppose that
heat transfer from the surface is negligible compared to the front
region covered with the thin vapour layer. Therefore, in order to
calculate the surface averaged heat flux q, the total linear heat flux
Q is first calculated by integrating the local superficial heat flux
from h = 0 to h = hdiv and then divided by the total area of the cyl-
inder per length unit, which is 2pr.

3.2. Comparison of the model results with the TREPAM tests and other
models

Before showing the model results for the TREPAM tests, it is
necessary to remind the results analysis given in [4]. By undertak-
ing a scaling analysis for forced convection film boiling, two ex-
treme cases were identified: the case where most of the heat lost
by the wire is used to heat the liquid (referred as ‘‘case 1”) and
the case where most of this heat is used to vapourise the liquid (re-
ferred as ‘‘case 2”). The TREPAM tests which did not fit in one of
these categories were classified as ‘‘intermediate case” tests. It
was then possible to classify all the tests using two dimensionless
numbers based on the previous analysis. Among the case 1 tests,
two sub-cases were identified based on the heat coefficient hexp

behaviour during the quasi-steady regime of the wire quenching:
the sub-case where hexp(t) will rise (case 1.1) and the sub-case
where hexp(t) will decrease (case 1.2). The TREPAM tests classifica-
tion is given in Table 1.

The main results of the model are given in Table 2. When com-
paring qpeak,exp and qpeak,th, we see that the model results are quite
good, because in most of the tests, qpeak,exp is predicted with a rel-
ative error smaller than 30%. In general, the model predicts a smal-
ler heat flux than the observed one, which is coherent with the
model hypothesis that heat transfer at the back of the cylinder is
negligible. The few tests in which qpeak,exp is not accurately pre-
dicted, as for example T27, T29, T58 or T63, correspond to the tests
with the lower speeds and the smaller diameters. In these tests, the
Reynolds number Re is very small, meaning that the boundary
layer approximation (ym/r� 1 and yt/r� 1) is not valid. Some-
times, even if Re is not very small, the vapourisation rate is so
strong that it produces a very thick vapour film, meaning that
the approximation yi/r� 1 is not valid. The calculated values of
dV, dLm and dLt at the forward stagnation point shown in Table 2
confirm this analysis. In conclusion, it can be said that the agree-
ment of the model with the experimental results is quite good,
considering the variety of physical parameters (pressure, velocity,
saturated tests, highly subcooled tests) that have been tested.

The theoretical values of qpeak calculated with two other models
are also given in Table 2. The first one is the Shigeshi and Ito model
(SI model) which consists in fact in two different models corre-



Table 2
Model main results on TREPAM.

Test no. dV(0)
(lm)

dLm(0)
(lm)

dLt(0)
(lm)

yi(0)/r ym(0)/r) yt(0)/r hdiv

(rad.)
qpeak,exp

(MW m�2)
qpeak,th

(MW m�2)
qpeak,SI

(MW m�2)
qpeak,EH

(MW m�2)
eth (%) eSI (%) eEH (%)

3 6.59 3.20 3.01 0.139 0.207 0.203 1.576 17.5 15.6 15.4 35.6 �10.91 �12.17 103.62
28 1.69 0.87 0.82 0.378 0.573 0.562 1.575 35.0 57.0 130.8 62.86 273.80
29 1.51 0.86 0.82 0.351 0.551 0.540 1.573 36.0 57.0 132.6 58.45 268.44
27 1.23 0.89 0.85 0.281 0.483 0.474 1.563 26.0 54.5 131.8 109.72 407.05
57 10.60 15.59 15.58 0.091 0.225 0.225 1.511 5.4 3.1 3.1 8.2 �42.72 �42.59 51.20
59 22.29 14.84 14.72 0.184 0.307 0.306 1.574 6.8 3.2 3.2 7.8 �52.59 �52.79 14.72
40 5.38 4.98 4.69 0.047 0.090 0.087 1.551 11.0 10.8 10.8 26.9 �1.76 �2.00 144.64
53 4.07 3.08 3.03 0.081 0.143 0.142 1.560 13.9 16.1 16.0 39.1 15.53 14.82 181.08
54 6.54 2.88 2.77 0.137 0.197 0.194 1.577 18.0 18.3 17.8 40.8 1.49 �1.11 126.60
61 15.68 6.07 6.05 0.673 0.933 0.932 1.581 16.0 7.6 7.3 16.5 �52.43 �54.56 3.15
60 7.51 6.76 6.74 0.316 0.601 0.600 1.552 8.7 7.0 7.0 17.2 �19.12 �19.43 97.90
62 9.11 5.59 6.46 0.405 0.653 0.692 1.579 6.0 3.8 3.8 9.0 �36.51 �37.33 49.52
48 3.48 1.85 1.78 0.185 0.284 0.280 1.576 24.0 28.7 28.4 65.9 19.51 18.17 174.74
36 2.05 2.13 2.15 0.088 0.179 0.180 1.540 16.1 21.8 21.7 55.4 35.11 34.66 244.26
65 6.83 4.56 4.60 0.583 0.971 0.975 1.567 14.5 9.8 9.8 23.4 �32.36 �32.76 61.31
64 3.25 4.86 5.02 0.273 0.681 0.694 1.500 10.9 8.7 8.7 23.0 �20.12 �20.37 111.35
71 3.82 2.38 3.02 0.081 0.131 0.145 1.574 30.6 32.9 32.1 75.2 7.43 4.97 145.67

8 5.98 3.85 5.47 0.050 0.083 0.097 1.576 26.0 23.8 22.9 55.6 �8.48 �11.77 113.68
19 3.24 2.06 3.17 0.070 0.114 0.138 1.669 45.8 51.6 47.8 116.0 12.60 4.45 153.22
20 2.03 1.47 2.27 0.088 0.151 0.186 1.559 64.9 68.7 65.8 163.6 5.86 1.39 152.13

7 4.30 3.72 6.02 0.038 0.070 0.090 1.513 25.7 28.0 26.9 69.6 9.07 4.59 170.67
6 3.53 3.66 6.12 0.031 0.064 0.085 1.437 24.4 28.3 27.2 74.5 15.85 11.60 205.33

15 3.47 2.09 3.46 0.080 0.127 0.159 1.601 48.0 57.5 52.9 125.9 19.77 10.23 162.28
11 4.37 4.01 6.96 0.037 0.071 0.097 1.470 28.3 28.3 26.7 72.4 0.14 �5.58 155.71
21 2.92 2.31 4.00 0.062 0.111 0.146 1.528 48.0 51.5 48.2 123.7 7.31 0.44 157.70
33 2.15 1.54 2.68 0.092 0.158 0.206 1.559 68.0 80.2 74.2 185.7 17.95 9.06 173.05
22 3.16 3.81 6.80 0.027 0.061 0.087 1.261 22.8 27.0 25.3 81.2 18.40 10.92 256.35
16 2.49 2.40 4.27 0.057 0.112 0.155 1.429 46.5 48.3 45.3 126.0 3.80 �2.49 170.87
30 0.87 1.77 3.18 0.038 0.115 0.177 1.773 60.0 72.8 71.1 183.0 21.33 18.57 204.93
17 1.75 2.46 4.43 0.037 0.089 0.131 1.032 43.3 34.9 30.7 128.1 �19.40 �29.10 195.82
25 16.14 5.59 5.18 0.137 0.184 0.181 1.582 14.7 9.4 9.1 19.9 �35.83 �38.23 35.66

2 13.83 4.86 4.51 0.119 0.160 0.157 1.581 15.0 10.8 10.4 22.9 �27.98 �30.60 52.47
12 15.18 4.71 4.35 0.128 0.167 0.164 1.584 17.3 11.5 10.9 23.5 �33.58 �36.94 35.84
75 4.75 1.89 1.77 0.041 0.057 0.056 1.578 26.3 27.1 26.4 59.3 3.06 0.53 125.44
77 4.94 1.93 1.80 0.043 0.059 0.058 1.579 27.0 26.7 26.0 58.0 �1.22 �3.89 114.86
78 3.45 1.40 1.31 0.029 0.041 0.040 1.578 40.0 36.4 35.5 80.1 �9.00 �11.18 100.23
76 3.08 1.35 1.26 0.027 0.039 0.038 1.577 35.0 37.4 36.7 83.4 6.94 4.86 138.36
79 2.17 0.95 0.89 0.019 0.027 0.027 1.577 58.1 53.3 52.3 119.0 �8.29 �10.07 104.75

1 7.78 2.89 2.69 0.162 0.223 0.219 1.580 24.0 18.0 17.4 38.5 �25.15 �27.50 60.37
4 10.73 3.15 2.90 0.224 0.290 0.285 1.586 28.7 17.5 16.5 35.2 �39.16 �42.68 22.50

26 6.31 1.83 1.68 0.271 0.350 0.343 1.586 35.5 30.2 28.4 60.3 �15.04 �20.03 69.95
58 32.59 14.39 13.81 0.273 0.394 0.389 1.585 8.3 3.7 3.6 8.2 �55.67 �56.51 �1.53
42 13.98 4.19 4.13 0.119 0.155 0.154 1.587 14.8 11.8 11.1 25.5 �20.57 �25.20 72.40
10 9.37 4.39 5.06 0.080 0.117 0.123 1.583 23.0 16.3 15.8 36.6 �28.98 �31.17 59.10
68 9.79 3.75 5.28 0.089 0.123 0.137 1.595 18.3 15.3 14.2 31.5 �16.49 �22.57 71.93

9 8.10 4.12 5.20 0.069 0.104 0.113 1.586 25.6 19.6 18.9 44.3 �23.47 �26.25 73.00
5 4.10 3.63 5.63 0.036 0.067 0.085 1.515 28.2 26.8 26.1 67.5 �5.11 �7.41 139.22

45 14.31 3.47 4.25 0.120 0.149 0.156 1.610 4.2 4.2 3.7 8.0 0.34 �13.10 90.67
46 23.52 3.29 3.94 0.198 0.226 0.232 1.629 12.0 8.5 9.1 15.1 �29.51 �24.33 25.53
55 10.04 2.24 2.70 0.203 0.248 0.257 1.611 9.0 8.0 6.8 14.7 �11.48 �24.11 63.40
63 16.75 4.96 5.99 0.738 0.957 1.002 1.600 8.5 3.1 2.8 5.8 �63.45 �66.94 �31.31
51 6.14 1.35 1.63 0.340 0.415 0.431 1.611 13.7 13.4 11.4 24.7 �2.26 �16.57 80.43
50 4.71 1.46 1.78 0.239 0.313 0.329 1.598 10.4 9.5 5.1 18.2 �8.26 �50.87 75.40
67 12.24 3.37 5.17 0.110 0.141 0.157 1.613 15.1 12.5 10.7 22.2 �16.96 �29.34 46.88
69 8.92 1.85 3.07 0.191 0.231 0.257 1.634 20.0 15.8 12.2 28.3 �21.23 �39.20 41.32
72 6.80 1.38 2.21 0.299 0.359 0.396 1.635 20.6 14.2 11.0 27.8 �31.22 �46.75 34.88
66 20.00 3.20 5.39 0.175 0.203 0.223 1.645 14.9 10.2 7.4 18.7 �31.23 �50.67 25.18
70 9.36 1.60 2.69 0.201 0.235 0.258 1.644 22.4 18.7 13.7 34.6 �16.30 �38.97 54.49
73 3.88 1.05 1.94 0.168 0.214 0.253 1.644 21.3 20.9 16.2 39.9 �1.74 �23.99 87.31
74 11.46 2.34 4.28 0.101 0.121 0.138 1.655 15.4 16.1 11.4 28.1 4.37 �26.30 82.37
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sponding to the saturated [1] and the subcooled [2] cases. The cal-
culated values qpeak,SI given in Table 2 were obtained using the SI
models, but instead of taking the fluid physical properties at Tsat

as it is done in [1,2], the fluid physical properties were taken at
(T1 + Tsat)/2 for the liquid and at (Ts + Tsat)/2 for the vapour. The
second one is the model developed by Epstein & Hauser (EH mod-
el) in [5]. In their paper, a correlation for the Nusselt number Nu
was derived from their model, from which qpeak,EH is calculated
and given in Table 2. We see that the present model and the SI
model give very similar results for the tests with high subcooling
and low superheat (case 1 tests), while for the tests with low sub-
cooling and high superheat (intermediate and saturated cases), the
SI model results diverge from the experimental results by underes-
timating the measured heat flux. This behaviour seems to confirm
the importance of the inertia and convection terms in the vapour
flow, which are considered in the present model but neglected in
the SI model. These terms get progressively more important when
the superheat is increased and the subcooling is decreased, and be-
come predominant in the saturated tests, where the SI model gets
the worst results. To have a more quantitative idea of the role



Table 3
Model analysis of TREPAM.

Test no. Wi(0) WVmax(0) A = QIL/Qvap Convection
ratio (%)

qvap(0)/qVI(0) (%)

3 1.74 8.89 91.049 2.85 3.17
28 1.70 8.25 106.615 2.51 2.89
29 1.64 7.21 139.240 1.97 2.45
27 1.52 5.34 208.612 1.15 1.68
57 1.25 2.17 374.947 0.23 0.55
59 1.56 5.62 160.579 1.49 2.08
40 1.41 3.89 258.335 0.73 1.18
53 1.49 4.76 203.393 1.08 1.62
54 1.79 9.53 65.238 3.72 3.77
61 1.88 11.06 38.706 5.07 5.20
60 1.42 3.83 239.387 0.73 1.25
62 1.60 6.20 44.169 2.41 5.34
48 1.68 7.54 113.691 2.45 2.76
36 1.36 3.20 269.218 0.52 1.00
65 1.56 5.54 151.247 1.49 2.17
64 1.24 2.10 340.738 0.22 0.59
71 1.55 3.62 58.423 3.70 3.58

8 1.50 2.84 41.246 4.95 4.27
19 1.48 2.47 36.771 6.69 4.94
20 1.41 2.17 37.543 5.15 4.18

7 1.32 1.71 40.813 4.31 3.52
6 1.23 1.42 44.820 3.45 2.92

15 1.46 2.24 25.549 9.76 5.54
11 1.25 1.46 43.664 5.28 3.00
21 1.31 1.64 38.225 6.99 3.55
33 1.35 1.75 36.122 8.63 3.79
22 1.13 1.18 78.499 3.64 1.48
16 1.21 1.36 66.690 5.58 1.91
30 0.95 0.95 46.710 1.35 0.83
17 1.07 1.08 109.853 2.77 0.99
25 1.96 13.66 36.545 5.91 5.26

2 1.95 13.40 37.886 5.73 5.15
12 2.04 15.64 28.034 7.38 6.14
75 1.86 11.44 52.361 4.40 4.28
77 1.88 11.75 49.678 4.60 4.42
78 1.85 11.13 55.590 4.20 4.15
76 1.80 10.14 68.096 3.58 3.71
79 1.80 10.16 67.739 3.59 3.72

1 1.91 12.50 43.659 5.10 4.75
4 2.08 16.75 24.719 8.24 6.63

26 2.09 17.00 24.053 8.43 6.74
58 1.80 9.58 65.065 3.73 3.78
42 2.06 15.15 21.225 8.52 7.45
10 1.73 6.04 44.029 5.27 4.58
68 1.82 5.92 14.908 10.29 9.44

9 1.66 4.58 39.761 5.66 4.76
5 1.33 1.80 46.675 3.44 3.24

45 2.16 19.96 1.295 22.99 47.10
46 2.56 32.99 0.845 41.07 56.63
55 2.23 21.42 1.631 23.91 41.64
63 2.04 15.83 2.996 14.89 29.36
51 2.24 21.72 1.602 24.35 42.03
50 2.00 15.14 2.786 14.35 30.80
67 2.01 8.18 4.404 20.99 22.15
69 2.12 10.59 0.648 39.65 62.88
72 2.13 13.19 0.036 43.43 96.77
66 2.21 13.07 0.025 54.64 97.72
70 2.18 12.45 0.026 52.45 97.62
73 1.83 5.73 0.025 42.73 97.68
74 1.91 6.25 0.018 55.68 98.27
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played by convection in the vapour flow, we may compare the
superficial heat flux going from the surface to the vapour flow,
qSV, and the superficial heat flux going from the vapour flow to
the interface, qVI (if there is no convection, we have qSV = qVI). Cal-
culated at the forward stagnation point, the previous heat fluxes
are evaluated as follows:

qSV ð0Þ ¼ �kV
@TV

@y
ð0; 0Þ; qVIð0Þ ¼ �kV

@TV

@y
ðyi; 0Þ

In fact, the region of the forward stagnation point is the most inter-
esting because it is the place where the convective effect on the
heat transfer is maximal. This is because the front stagnation point
is the place where the external tangential velocity gradient is max-
imal, and this velocity gradient is directly linked with the vapour
velocity profile by Eq. (24) and the variable FV. The higher the value
of dUe/dX and the higher the value of FV and consequently, the val-
ues of the vapour tangential velocities. The relative importance of
convection in the vapour flow is calculated by the ‘‘convection
ratio” defined here by (qSV(0) � qVI(0))/qSV(0), which is given in Ta-
ble 3 for each test. The calculated ratios confirm the previous
analysis: while the ratio is close to 0% for case 1.1 tests, it progres-
sively increases reaching values larger than 50% for the saturated
tests.

As we can see in Table 2, the EH correlation largely overesti-
mates the experimental heat fluxes, with errors of the order of
100%, and the results are worse when considering the high pres-
sure tests with overestimations sometimes higher than 200%. The
EH correlation calculated in Table 2 is in fact not based on an en-
tirely analytical model but a corrected model in which a factor 2
was added in order to fit the experimental data of Motte and Brom-
ley (MB) [6,7]. In part 4 some ideas will be developed to explain the
divergence between the EH correlation, which works well on the
MB experimental data, and the TREPAM experimental data.

3.3. Model analysis of the TREPAM tests

In this part, some additional results from the model are pre-
sented in order to analyse the TREPAM tests.

3.3.1. Variations of Wi, dV, dLm, dLt and _m with h
The variations of the five main variables with h are analysed for

the tests T40 and T45. These two tests are easily compared because
they have almost the same wire diameter, water speed and pres-
sure, but a different subcooling and superheat, meaning that T40
is a case 1 test and T45 an intermediate case test. Fig. 2(a) shows
a typical variation of yi, ym, yt with h. In all tests, the three variables
are almost constant in the front part of the cylinder, and begin to
increase rapidly near the ‘‘equatorial” region (h = p/2). Depending
on the case in which the test belongs, there are two kinds of behav-
iour when approaching the divergence point. In the ‘‘colder” tests
(case 1.1 tests), Wi ? 1 before vapour flow separation occurs (see
Fig. 2(b)): the liquid velocity profile becomes flat and consequently
dLm ?1, but dV does not diverge. In the ‘‘hotter” tests (case 1.2,
intermediate and case 2 tests), vapour flow separation occurs be-
fore Wi ? 1:dV ?1 while dLm does not diverge. In all cases, dLt in-
creases without diverging.

Some typical variations of the vapourisation rate _m are shown
in Fig. 2(c) for T40 and T45. In all tests, _m is always maximum at
h = 0 and decreases as h increases. In the colder cases, _m will de-
crease and eventually become negative, meaning that condensa-
tion occurs. In the hotter cases, _m will decrease but remain
positive even when reaching the vapour flow separation point,
and consequently condensation will only take place in the vapour
wake region. We may note a slight increase of _m at the end of the
calculation but this is due to the limitations of the present integral
method: when using order 3 polynomials for the vapour tempera-
ture profile, the profile eventually becomes concave when
approaching hdiv, as if there was some internal energy source in
the vapour flow.

3.3.2. Velocity and temperature profiles
In almost all tests but T30, the calculated tangential velocity

profiles are as shown in Fig. 3 at different angles for test T45.
The vapour tangential velocity can be much higher than the liquid
tangential velocity due to the pressure gradient induced by the
external flow. Because the vapour density is much smaller than
the liquid one, the vapour is accelerated to much higher speeds
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for the same given pressure gradient. This is better visualised by
considering the ratio of the vapour tangential velocity by the exter-
nal tangential velocity, WV(y,x) = uV(y,x)/ue(x). For a given x, when
y increases, WV will increase until reaching a maximum value
WVmax(x) > 1, and then decrease until it reaches the interfacial tan-
gential velocity Wi(x) (excepted for test T30). Because the external
tangential velocity is maximum at the front stagnation point, the
maximum value of WVmax is attained at h = 0, and also the maxi-
mum value of Wi. To have a global idea of the tangential velocity
profiles in the TREPAM tests, the values of WVmax(0) and Wi(0)
are given for all tests in Table 3. We see that two parameters
may influence the values of WVmax(0) and Wi(0), which are the
vapourisation rate and the pressure. At a given pressure, the hotter
tests have the highest values of WVmax(0) and Wi(0). If the pressure
increases, the values of WVmax(0) and Wi(0) will decrease, which is
logical because the density ratio qL/qV decreases when the pres-
sure increases. The extreme case is test T30 where WVmax(0) =
Wi(0) < 1, meaning that the liquid moves faster than the vapour
(the vapour is dragged by the liquid).

Typical temperature profiles are shown in Fig. 4, which illustrates
two extreme cases in terms of convection ratio: T70 and T71. T71 has
a convection ratio of only 3.7% which means that convection can be
neglected in the vapour flow (see Table 3). Consequently, the tem-
perature profile in the vapour film is almost linear on most of the cyl-
inder surface, and becomes convex only when approaching the
calculation divergence point. T70 has a convection ratio of 52.6%
which means that convection in the vapour film plays a major role.
Consequently, the curvature of the temperature profile in the vapour
film is much more pronounced. The temperature profile remains al-
most unchanged when h increases, and, as in the previous case, be-
comes convex only when approaching the calculation divergence
point. This temperature profile variation with h is observed in all
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other tests: the profile is first at its maximum positive curvature at
h = 0 where the convection effects are stronger because of the max-
imum pressure gradient. Then, when h increases, the curvature will
continuously decrease until it becomes minimum and eventually
negative when the calculation diverges.
3.3.3. Heat flux partition
In order to confirm the analysis undertaken in [4], the heat flux

partition between liquid heating and liquid vapourisation was cal-
culated for each test in Table 3. The partition is evaluated by calcu-
lating the ratio A = QIL/Qvap where:



E. de Malmazet, G. Berthoud / International Journal of Heat and Mass Transfer 52 (2009) 4731–4747 4741
QIL ¼
Z h¼hdiv

h¼0
�2rkL

@TL

@y
ðyi; hÞdh ¼

Z h¼hdiv

h¼0
2rqILðhÞdh

Qvap ¼
Z h¼hdiv

h¼0
2rhLV _mðhÞdh ¼

Z h¼hdiv

h¼0
2rqvapðhÞdh

qIL and qvap represent, respectively, the superficial heat flux going
from the interface to the liquid and the superficial vapourisation
heat flux. The calculated values of A confirm the previous analysis
given in [4]. The case 1 test correspond to very high values of A
where almost all the heat is used for liquid heating, while in the
hotter tests identified as intermediate case tests we have A � 1.
For the saturated case the value of A is in theory 0, but here A is just
�1 because the calculations have been done using DTsub = 1 K. An-
other way to estimate this heat partition is to compare qvap with the
superficial heat flux going from the vapour to the interface qVI at the
forward stagnation point. The calculated ratios qvap(0)/qVI(0) are gi-
ven in Table 3 for each test.

3.3.4. Analysis of the convective effect in other conditions than
TREPAM

Some additional calculations have been done to analyse the
effect of convection in conditions that have not been investi-
gated in the TREPAM experiment. Particularly, there were very
few saturated tests in TREPAM, so it appears interesting to calcu-
late some virtual tests in additional saturated conditions. There-
fore, two cases were investigated, one corresponding to
saturated tests at P1 = 1 bar, and the other one corresponding
to saturated tests at P1 = 200 bar. For each case, we calculated
tests with ue = 1 m s�1, d0 = 1 mm, and DTsup from 500 to
3000 K. The wire diameter used is higher than the typical diam-
eters in TREPAM in order to be sure that the boundary layer
approximation is always valid. Each virtual test calculation is
compared with calculations done using the SI model and a mod-
ified SI model which is based on the method described in [3] by
Liu and Theofanous. This consists in considering the effects of
convection by using the same SI model but with a modified la-
tent heat which is called the effective latent heat and which is
defined as h0LV ¼ hLV þ 0:5CpVDTsup.

The resulting values for the mean heat fluxes are shown in
Fig. 5(a). We see that the convective effect are much more impor-
tant at the higher pressure of P1 = 200 bar. At the higher super-
heats, the heat fluxes calculated with the SI model are half of
that calculated with the present model, and even for DTsup = 500 K
the heat flux calculated by the SI model is already �30% of the
present model value. For comparison, with P1 = 1 bar the value gi-
ven by the SI model at DTsup = 3000 K is �31% of the value given by
the present model.

The modified SI model succeeds in predicting the correct heat
fluxes in both cases. The relative error with the present model is
always less than 10%. It appears that this is an interesting meth-
od to predict heat fluxes even when the convective effects are
very important. However, other important parameters will be
predicted with less accuracy using this kind of method. An exam-
ple of vapour film thickness calculations is shown in Fig. 5(b) to
illustrate this. We see that in the P1 = 200 bar case, the vapour
film thicknesses calculated from the modified SI model are quite
different from those calculated with the present model. This is
logical because the modified model uses a linear temperature
profile instead of an order 3 profile which is concave, so a similar
heat flux at the surface implies a smaller vapour thickness for
the modified SI model. The calculated _mð0Þ values shown in
Fig. 5(c) are also quite interesting. We see that the SI model
greatly overestimates the values of _mð0Þ compared to the present
model, with errors of more than 200%. The modified SI model
performs much better, but still with errors between �25 and
�30%.
4. Forced convection film boiling for ‘‘low’’ surface superheat

As already said, most of the previous convection film boiling
experiments corresponded to relatively low surface superheat
(DTsup < 1000 K for water). The present model, which is adapted
to describe film boiling at higher superheat, works well on the
TREPAM tests in which the lowest superheat is close to 1000 K,
while correlations based on other existing models which were
validated for lower superheat experiments fail to describe the
TREPAM tests, as shown in [4]. However, these models were
in fact corrected to match some experimental data: in the EH
model, a factor 2 was added to match the Motte and Bromley
experimental results, while in the Liu and Theofanous model
[3], a turbulent eddy model describing the heat transfer at
the wake region of the sphere needs to be added to the film
boiling model at the front region of the sphere to match the
experimental data. Curiously, for both experiments, the mod-
elled heat coefficients based only on the film boiling models
seem always to be much smaller (factor 2 of 3) than the exper-
imental ones in the case of forced convection film boiling, while
this do not happen to the present model when comparing to
the TREPAM results. The answer may be given by analysing dif-
ferent quenching experiments of Honda et al. presented for
example in [8,9]:

4.1. The Honda et al. quenching experiments results and analysis

The Honda et al. experiments are very similar to the TREPAM
experiment, but cover different temperature and pressure ranges.
They consist of the rapid quenching of preheated thin wires of
0.3 or 0.5 mm in diameter falling at a constant speed into a tank
filled with water or ethanol at different temperatures. All tests
were undertaken at ambient pressure and the initial wire
temperatures were lower than those in TREPAM in the case of
water (initial temperatures from 600 to 1400 �C). During the
quenching, the temporal evolution of the wire temperature is
continuously monitored, enabling the measurement of the
instantaneous surface averaged heat flux evacuated from the
wire, qðtÞ, as well as the instantaneous heat coefficient,
h(t) = q(t)/(Ts � Tsat).
4.1.1. Observation of a different film boiling regime at low surface
superheat

The boiling curves obtained from the wire cooling curves, as
for example the ones shown in Fig. 6, cover different boiling re-
gimes going from the film boiling to transient boiling and finally
to the nucleate boiling regime at the lowest wire superheats.
However, we see that these forced convection boiling curves are
different from the classical pool boiling (or natural convection
boiling) Nukiyama type curves that we would expect to obtain.
If we take the boiling curve for the DTsub = 50 K test in Fig. 6(a),
we observe the presence of two local minimum heat-flux points
(MHF points), instead of only one that would be observed in a
pool boiling curve. The first MHF point, referred as ‘‘M1” point,
is located at a relatively high wire superheat. In Fig. 6(a), the
M1 point is observed only for the tests with the lowest subcoo-
lings. The second MHF point, referred as ‘‘M2” point, is observed
in all tests and is located at a lower wire superheat. According to
the authors, the M2 point corresponds to the classical transition
point between film boiling and transition boiling but the M1
point corresponds to a transition between two different film boil-
ing sub-regimes. When the wire superheat is higher than the M1
point superheat, we have a regime called the ‘‘stable film boiling”
regime: a relatively thick vapour film entirely encloses the wire
and a large wake is observed in its rear region. When the wire
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temperature decreases beyond the M1 point, we enter a regime
called the ‘‘unstable film boiling” regime: according to the
authors, the vapour film becomes unstable leading periodically
to some liquid–solid contacts on the wire surface, a hypothesis
which seems to be confirmed in [9] by electrically measuring
these contacts.

The transition between the ‘‘stable” and ‘‘unstable” film boiling
regimes is characterised by an important increase in the heat flux.
If this transition is due to an instability growing on the vapour–li-
quid interface, this instability may induce liquid–solid contacts
and/or lead to the formation of droplets entrained in this rear re-
gion. Both mechanisms will participate to an increased heat trans-
fer: liquid–solid contacts enhances locally the heat transfer, while
the droplets in the rear region will enhance the condensation of the
vapour wake, thus increasing the heat transfer in the rear region
which is usually neglected. In fact, a modification of the vapour
wake is actually observed during the heat flux transition in [8]:
according to the authors, the large vapour sheet which is observed
in the ‘‘stable” film boiling regime seems to collapse when entering
the ‘‘unstable” film boiling regime.
Some conclusions can be made by looking at the different
quenching curves obtained in [8,9]. The ‘‘stable” low heat transfer
regime seems to be favoured by high superheat, low subcooling,
low velocities, and small diameters. For example, if we take a look
at Fig. 6(a) and (b), we see that for a given wire diameter and speed,
the M1 temperature decreases when the subcooling decreases. The
influence of the diameter is seen when comparing Fig. 6(a) and (b):
for a given speed and subcooling, the M1 point temperature is low-
er for the smallest diameter (d = 0.3 mm). And finally, the influence
of liquid velocity is obvious when looking at Fig. 7(a). This behav-
iour seems coherent with the hypothesis that the low heat transfer
region corresponds to stable film boiling. High superheat and low
liquid subcooling produce thicker and therefore more stable va-
pour films. Decreasing the diameter has the effect of decreasing
the distance an instability wave has to travel before reaching the
vapour wake: if this distance is too small, the wave will ‘‘arrive”
at the wake before it amplifies enough to approach the cylinder
surface, thus mitigating the effect of instability in the heat transfer.
And finally decreasing the liquid speed has the effect of decreasing
the amplification rate of the instability.
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4.1.2. Comparison of film boiling model results with the experimental
data

The model results on the Honda data are shown in Figs. 6 and 7.
The comparison with the experimental curves clearly shows that
the model gets quite good results when predicting the heat flux
in the ‘‘stable film boiling” regime, while it completely underesti-
mates the heat flux (by a factor 2, 3 or more) in the ‘‘unstable” re-
gion. This behaviour seems coherent with the hypothesis of the
existence of two film boiling sub-regimes. If a stable film boiling
model is absolutely unable to predict the experimental results be-
yond the M1 point, another physical mechanism should be taking
place there.

This may explain why in the EH model, a corrective factor of 2 is
needed to fit the M&B experimental data which in fact did not al-
ways correspond to the stable film boiling regime (see Section 4.2).
It may also explain why the Liu and Theofanous film boiling model
described in [3] also underestimates the experimental heat fluxes
by a factor 2 or 3 when the turbulent eddy model is not used
(see Section 4.3). In fact, in those previous experiments, it was
probably not possible to distinguish the two sub-regimes because
almost all the experimental points corresponded to the unstable
sub-regime. This can be understood by comparing Figs. 6(a) and
(b): we see that if the diameter increases, the ‘‘stable” region re-
duces and eventually disappears for the large subcooling cases,
which means that for a given liquid subcooling, increasing the
diameter will increase the M1 point temperature. In the M&B
and in the Liu experimental data, the cylinder or sphere dimen-
sions are much larger than the Honda’s wire diameter, so we can
expect the M1 point to be located at very high surface tempera-
tures which are beyond the maximum available experimental tem-
peratures, even for a low liquid subcooling.

The decrease of q observed in Fig. 7(b) for the cases u1 = 0.1 and
0.2 m s�1 near DTsup = 190 K points out some limitations of the
model which are caused by the quadratic velocity profiles used
for the liquid phase. When decreasing the cylinder superheat from
a high value, the dimensionless interfacial velocity at h = 0, Wi(0)
will decrease until it approaches 1. Because Wi(h) decreases with
h from h = 0, the closer Wi(0) is from 1, and the earlier the calcula-
tion will diverge when Wi(h) gets equal to 1, which corresponds to
a flat liquid velocity profile. Consequently, the calculated total heat
transferred from the cylinder surface decreases (because heat
transfer beyond hdiv is neglected) and therefore the surface aver-
aged heat flux q also decreases. Then, beyond a critical value of
DTsup corresponding to Wi(0) = 1, we will have Wi(0) < 1, and no
more divergence problems caused by the appearance of flat veloc-
ity profiles. As a consequence, the calculated value for q comes
back to a ‘‘normal” value close to the experimental one. In the case
of u1 = 0.2 m s�1 for example, we have Wi(0) � 1.00145 for
DTsup = 191 K: we get hdiv = 0.319 rad. and q � 0.131 MW m�2. But
for DTsup = 189 K, we have Wi(0) � 0.99987: the calculation di-
verges only at h = 1.872 rad. when the vapour film separates and
we get q � 0.656 MW m�2.
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4.2. Analysis of the Motte and Bromley experimental results

Motte and Bromley [6,7] undertook some convection film boil-
ing experiments on horizontal cylinder using four different fluids:
ethanol, hexane, carbon tetrachloride and benzene. Instead of
observing the transient cooling of a preheated hot cylinder as in
the previous experiments, the cylinder was continuously heated
with a constant power supply. First, for a given flow velocity and
temperature, the input power is increased until film boiling is
reached and the cylinder temperature stabilizes. Then, when a
steady state is reached, the heat flux evacuated from the cylinder
is simply evaluated by measuring the power supplied to the cylin-
der. This method enables a direct evaluation of the heat flux q and
the heat coefficient h = q/(Ts � Tsat) but it makes the observation of
regime transitions more difficult because for a given fluid, diame-
ter, liquid subcooling and liquid velocity there are at maximum
three or four experimental points corresponding to different cylin-
der superheats.

In order to analyse the Motte and Bromley experimental data,
all the experimental points where calculated using the present
model. The test runs are organised as follows: for a given fluid, cyl-
inder diameter and liquid subcooling, three or four tests corre-
sponding to a ‘‘high”, ‘‘medium” and ‘‘low” surface superheat are
realised for a given speed, which usually is set to five different val-
ues going from approximately 1 to 4 m s�1. Some results for etha-
nol with a 9.83 mm diameter cylinder are shown in Table 4 in
which two experimental points series are represented, the first
one (129–144) for a relatively high liquid subcooling and the sec-
ond one (145–159) for a lower liquid subcooling. hexp corresponds
to the experimental value of the heat coefficient based on the
power input at the cylinder, while hCOexp is the estimated value
of the heat coefficient without radiation heat transfer. hCOexp is
compared to the theoretical value hCOth, which is calculated using
the present model. For the low subcooling series, we see that the
model gets very good results, except for the low superheat tests
at the higher speeds (152, 155 and 158). For the high subcooling
series, the model underestimates hCOexp except for the higher
superheat tests and the low speed tests.

These kinds of results are also observed for the other diameters
and fluids and may be interpreted using the previous analysis of
the Honda experiments. If there is a stable and an unstable film
boiling regime, then for a given fluid, diameter, liquid subcooling,
and liquid velocity, there should be a critical cylinder superheat
(corresponding to a M1 point) beyond which, for a decreasing
superheat, there should be a transition between a stable film boil-
ing characterised by a relatively low heat transfer, and an unstable
film boiling regime with a much higher heat transfer. If we look for
example at tests 151–159, we see that for a given speed in which
there are always three tests, the one corresponding to the lowest
superheat has a hCO which is always underestimated by the model.
Therefore, these tests are probably in the unstable regime zone,
while the others are in the stable one. Furthermore, it is possible



Table 4
Model results for ethanol on some experimental points from Motte [9]. The highlighted lines correspond to tests in which is model prediction for hCO is less than 65% of the
experimental value. These tests are probably in the unstable film boiling regime.

Test no. u1 (m s�1) DTsup (K) DTsub (K) hexp (W m�2 K�1) hCOexp (W m�2 K�1) hCOth (W m�2 K�1) (hCOth � hCOexp)/hCOexp (%)

129 1.11 841 44.7 647.9 552.5 476.0 �13.85
130 1.11 428 44.6 1411.1 1378.2 549.4 �60.14
131 1.11 1001 43.7 777.4 642.8 492.0 �23.46
132 1.53 897 43.2 824.0 716.1 558.9 �21.95
133 1.53 412 43.8 1260.6 1228.8 649.3 �47.16
134 1.53 971 42.7 863.7 738.8 568.2 �23.09
135 2.45 624 42.8 1726.3 1668.9 693.1 �58.47
136 2.45 402 42.4 1987.5 1956.8 816.0 �58.30
137 2.45 1123 41.2 1013.1 956.3 747.9 �21.79
138 3.33 549 40.4 1984.7 1938.1 808.0 �58.31
139 3.33 439 41.3 2112.4 2078.4 888.1 �57.27
140 3.33 1204 39.8 1113.6 920.5 891.6 �3.14
141 4.19 600 38.6 2240.2 2186.3 877.3 �59.87
142 1.10 409 44.1 983.0 951.7 557.4 �41.44
143 4.17 495 40.5 2412.8 2372.5 932.8 �60.68
144 4.17 917 38.4 1805.8 1693.9 905.7 �46.53
145 1.07 670 12.6 491.8 427.0 379.4 �11.16
146 1.07 462 12.9 484.4 441.8 354.8 �19.69
147 1.07 831 12.3 525.8 432.7 406.4 �6.08
148 1.54 668 11.6 551.4 487.8 449.4 �7.87
149 1.54 440 11.4 545.1 511.1 415.0 �18.80
150 1.54 871 11.2 646.2 544.6 491.0 �9.85
151 2.07 616 11.8 800.7 745.0 510.6 �31.47
152 2.07 402 12.1 857.5 826.8 482.1 �41.70
153 2.07 885 11.1 675.8 570.7 572.6 0.33
154 3.35 702 11.5 918.8 849.5 671.1 �21.00
155 3.35 421 12.7 1175.5 1142.0 617.9 �45.90
156 3.35 885 12.1 981.3 933.0 729.6 �21.80
157 4.20 722 11.5 1097.7 1025.0 757.6 �26.09
158 4.20 396 11.7 1555.9 1525.8 682.1 �55.30
159 4.20 898 11.3 1120.4 1012.5 819.2 �19.09
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to qualitatively say if a test is in the stable or the unstable region by
comparing hCOexp and hCOth. For example, if hCOth is less than �35%
of hCOexp, the test is said to be in the unstable region. The result ob-
tained by undertaking this analysis is coherent with the hypothesis
of the existence of the two regimes in film boiling: in the previous
analysis of Honda’s experiments, it was observed that the M1 point
corresponding superheat, DTsup(M1), increases when the speed, the
liquid subcooling and the diameter increases, and this is qualita-
tively observed in Table 4. The effect of the liquid subcooling is
quite clear: for a given speed, increasing the liquid subcooling will
increase the M1 point superheat. For example, for u1 � 1 m s�1 or
u1 � 1.5 m s�1, tests with DTsup � 430 K are ‘‘stable” if the liquid
subcooling is low and ‘‘unstable” for a higher subcooling. For
u1 � 4.2 m s�1, all the highly subcooled tests are ‘‘unstable” while
for comparable values of DTsup, only test 158 is ‘‘unstable” for the
tests with low subcooling. The effect of speed is also observable
when comparing tests 129–131 and tests 141, 143–144. At u1 �
4.2 m s�1, test 144 with DTsup = 917 K is still in the unstable regime
while at u1 � 1.1 m s�1, test 129 with DTsup = 841 K is in the stable
regime. Finally, the effect of diameter is in fact quite important if
we compare the present experiment with the Honda’s tests. In
Fig. 8 of [9], it is reported for ethanol that for a speed of 1 m s�1,
wire diameters of 0.3 or 0.5 mm and liquid subcoolings of 40–
50 K, the value of DTsub(M1) is approximately 120 K. Compara-
tively, test 130, which corresponds to the same speed, the same li-
quid subcooling, but a cylinder diameter of 9.83 mm, is in the
unstable regime with DTsup = 428 K, which means that
DTsup(M1) > 428 K.

All the previous analysis is also valid for the other experimental
points corresponding to the other diameters and fluids: for a given
speed, diameter and subcooling, the model gives excellent results
when DTsup is higher than a critical value DTsup(M1), but underes-
timates the heat transfer when DTsup < DTsup(M1). The value of
DTsup(M1) seems to increase when the speed, the subcooling and
the diameter increases. Of course, this is just a qualitative analysis,
because there are too few experimental points for different values
of DTsup in order to precisely evaluate DTsub(M1) each time, but
nevertheless the same tendencies as shown in Table 4 are observed
for the four fluids. It is also to be noted that when the model pre-
dicts the heat coefficient in the stable film boiling regime, the rel-
ative error is almost always negative: the model slightly
underestimates the heat transfer, which is coherent with the mod-
el approximation of neglecting heat transfer at the rear region of
the cylinder.

In conclusion for this part, we can say that the Motte and Brom-
ley tests cover in fact two different film boiling regimes, and this
must be taken into consideration when using these experimental
points for correlations. And while there are no models capable of
predicting the heat transfer in the unstable film boiling regime, it
is at least possible, as shown in this simple example using Table
4, to say qualitatively to which sub-regime belongs an experimen-
tal point using an accurate stable film boiling model.

4.3. Liu turbulent eddy model in the case of film boiling on spheres

According to Liu and Theofanous in [3], the divergence between
their film boiling model and their experimental results in the case
of subcooled forced convection is due to the omission of the heat
transfer and the rear of the sphere. Therefore, they proposed a tur-
bulent eddy model to calculate the heat flux at the rear of the
sphere. This model is based on a previous model developed by
Theofanous to study turbulent mass transfer at a free gas–liquid
interface. Based from this model, the calculated local heat flux den-
sity at the rear of the sphere is given the following expression:

qSV ¼ 0:25DTsubqLCpL Pr�1=2
L ð4m2

L c6g3dÞ1=8ðFr=2Þn1 ð58Þ

(Fr is defined using the sphere radius). qSV is constant from h = hdiv to
h = 180�. By matching this expression with the experimental data,
the values c = 0.27 and n1 = 0.45 were used. Eq. (58) is valid only
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Fig. 8. Model results on the experimental data of Ede and Siviour [14]. (a) 3.17 mm diameter cylinder in water and (b) 3.17 mm diameter cylinder in ethanol.
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for Fr P 12. For 4/9 < Fr < 12, which corresponds to mixed convec-
tion, qSV is calculated by:

qSV ¼ qSV ;Fr¼12
Fr
12

� �n2

ð59Þ

By matching (59) with the experimental data, a value of 3/4 is found
for n2.

When including the contribution of the rear of the sphere in the
heat transfer using (58) or (59), the agreement with the experi-
mental data is much better. In general, by using this model, the
heat evacuated from the rear is approximately the same as the
front contribution. The major drawback of this model is that it does
not predict any sharp transition from a ‘‘low” to a ‘‘high” heat flux
regime: the calculated values of qSV at the rear are independent of
the sphere superheat. So an additional physical mechanism is still
needed to explain this transition. There is unfortunately no exper-
imental evidence of this transition in the spherical case, although it
would be quite surprising that convection film boiling on a sphere
will differ from the horizontal cylinder in a way such that this tran-
sition would not exist. As it was said before, the sphere diameters
in [3] (from 6.35 to 19.1 mm) are such that all the tests are proba-
bly within the unstable regime.

4.4. Conclusion

The analysis of the previous experiments shows that the exper-
imental and theoretical analysis of forced convection film boiling is
not straightforward because of the existence of two different sub-
regimes, referred here as the ‘‘stable” and ‘‘unstable” film boiling
sub-regimes, which led to some confusion when analysing the
experimental data. The main reason for that is that in some exper-
iments only one sub-regime is observable: for example, the sub-
cooled forced convection experiments on spheres of Liu seem to
be exclusively in the ‘‘unstable” sub-regime while only the ‘‘stable”
sub-regime is observable in TREPAM.

The analysis of the experimental results of Honda et al. led to
the conclusion that the appearance of the different sub-regimes
seems closely linked to the stability of the vapour film during film
boiling: the ‘‘unstable” sub-regimes corresponds to liquid–solid
contact which can be measured, and the influence of the different
experimental parameters on the occurrence of the different sub-
regimes seems also very coherent with the stability hypothesis.
The additional analysis given here with the present model seems
to confirm this hypothesis: the heat transfer in ‘‘stable” film boil-
ing can be accurately predicted with the present ‘‘stable” film
boiling model, but is largely underestimated in ‘‘unstable” film
boiling.

The next step for forced convection film boiling modelling
should be the prediction of the occurrence of ‘‘unstable” and ‘‘sta-
ble” sub-regimes, using for example a stability analysis. Some work
has already been done by Honda et al. for cylinders in [10,11], and
for spheres in [12], but additional work is needed in order to
predicted more accurately the frontiers between the two sub-
regimes.
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5. Free convection film boiling

The last case to be analysed is the one corresponding to pool
film boiling type experiments, which is the limiting case when
the external flow speed is zero. As it was pointed out in the previ-
ous part, it seems there is an important difference with forced con-
vection: the film boiling regime in forced convection is subdivided
into two sub-regimes of stable and unstable film boiling, while this
is not noticeable in pool film boiling when observing for example a
classical Nukiyama type curve. The experimental results of Honda
and Bromley have also pointed out the fact that the unstable film
boiling regime tends to progressively disappear when the external
flow speed is decreased (see Fig. 7(b)): for a given liquid subcooling
and cylinder diameter, the M1 point temperature decreases when
the speed decreases, and eventually approaches the M2 point tem-
perature, which means that there is ultimately a direct transition
between stable film boiling and transition boiling. This is coherent
with the fact that in the limiting case of free convection, no unsta-
ble film boiling regime is observed.

In fact, liquid–solid contacts do actually exist in saturated or
low subcooling pool film boiling, as shown for example in [13],
but they are believed to have a negligible effect on the global heat
transfer, which means that pool film boiling can be studied with a
stable film boiling model. Therefore, the present model was used to
calculate some pool boiling experimental points. In practice, be-
cause the speed cannot be set exactly to zero, the speed is set to
a ‘‘small” value which corresponds to a very small value of the Fro-
ude number, beyond which the calculations results do not change.

The experimental data of Ede and Siviour [14] was analysed
with the present model. In this experiment, the pool film boiling
of cylinders of different diameters in water and ethanol was inves-
tigated. In all cases, the model results were quite good, with rela-
tive errors always less than 30%. A typical result is shown in
Fig. 8. We observe that while the agreement is quite good, the
model seems always to overestimate the variation of the heat flux
with the amount of subcooling: the model underestimates the heat
flux in saturated pool film boiling but overestimates it in the case
of important subcooling. The reason for this behaviour is not very
clear. For saturated or low subcoolings, the model underestimates
the heat transfer, but contrary to the case of forced convection film
boiling, this cannot be accounted to the omission of the heat trans-
fer in the back of the cylinder because in the case of pool film boil-
ing the calculated divergence point is almost p. The
underestimation of the heat transfer observed for example for
water with a 878 �C cylinder may come from the fact that the va-
pour interface is very irregular in the case of saturated or low sub-
cooling, as observed in [13]. It is also to be noted that this is only a
2D model while in reality the pool film boiling flow may be 3D
depending on the ratio between a characteristic wavelength from
Rayleigh–Taylor instabilities that would appear in the back of the
cylinder at the liquid vapour interface and the cylinder diameter.

6. Conclusion

A film boiling model based on a classical boundary layer ap-
proach has been developed to study the forced, mixed and free
convection film boiling on a horizontal cylinder in a saturated or
subcooled liquid. The main feature of the model is to include the
convection and the inertia terms in the vapour flow equations,
which effects become important in the case of a highly super-
heated surface. This addition is found to be useful when comparing
the model results with the experimental results of TREPAM, an
experimental device dedicated to study the quenching of thin
wires at very high temperatures. This model was also compared
to a simpler model which does not include these terms in order
to have a more quantitative idea of their effects in the heat
transfers.

The model was then compared with experimental data corre-
sponding to low superheat and high subcooling in the case of
forced convection, but, as for the previous film boiling models, it
did not succeed in predicting the heat transfers in some cases.
The reason for that was carefully investigated and it was concluded
that there are in fact two different film boiling sub-regimes, one
corresponding to relatively low heat transfers at the higher super-
heats and another one corresponding to much higher heat trans-
fers which appears at lower superheats. The transition between
these two regimes can be very sharp. The existence of these two
sub-regimes is probably linked with the vapour film stability and
therefore to the possibility of liquid–solid contacts occurring with-
in the film boiling regime which may explain the sharp increase of
the heat transfer. This is quite different from free convection film
boiling case, where there are no such sub-regimes.

In the case of high temperature film boiling, further improve-
ment is needed in the present model in order to include radiation
heat transfer which becomes very important when studying film
boiling on high temperature and high emissivity surfaces. But the
case of low superheat and high subcooling shows that the even
the basic physical phenomena need still to be understood in that
case. An additional approach, different from the classical film boil-
ing models, is needed to include for example liquid–solid contacts
or to describe the heat transfer at the wake region.
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