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6 quai Watier, 78401 Chatou Cedex, France
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Abstract

The present paper is an attempt to summarize the results obtained on the modelling of the shoulder of flux phenom-

enon in the case of impinging jets on very hot plates. First, the phenomenon of shoulder of flux is described through

literature results. Then, a physical approach of this phenomenon is given. The modelling of the shoulder of flux is based

on the assumption of the existence of periodic bubble oscillations at the wall surface due to the jet hydrodynamic frag-

mentation. The modelling is carried out for the shoulder of flux region as well as for the first minimum and for the

minimum film boiling points. These two points mark the beginning and the end of the shoulder of flux region.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Controlling the mechanical properties of steel prod-

ucts by means of a controlled cooling with a jet impinge-

ment on a very hot plate of steel is essential in particular

in the metal processing industry. After being laminated,

the steel strip has a temperature of about 1073–1273 K

and is then cooled with water jets impinging on the mov-

ing strip. The basic mechanisms are not yet well under-

stood. Indeed, well instrumented boiling experiments
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with impinging jet on very hot plates are difficult to per-

form because of technological problems.

However, some experiments of impinging jets on very

hot plates have been carried out by a few authors. These

experiments give precious informations on local phe-

nomena occurring on the plate for the different boiling

regimes: forced convection, nucleate boiling, transition

boiling and film boiling.

Experiments have been performed in the configura-

tion of an impinging jet on a hot plate show a character-

istic behaviour of the boiling curve in the transition

boiling regime. This phenomenon, called shoulder of

flux, is characterized by a constant heat flux over a wide

range of wall temperatures in the transition boiling re-

gime (Fig. 1). Only few studies are available in the liter-

ature on boiling heat transfer in the configuration of an

impinging jet on a hot plate and they mostly concern

nucleate boiling and the critical heat flux (CHF). Thus,
ed.
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Nomenclature

Cp liquid specific heat (kJ/(kgK))

d nozzle diameter (m)

D bubble diameter (m)

E effusivity (J2/(K2m4s))

F force (N)

F a aerodynamic force (N)

F c gravity force (N)

g gravitational acceleration (m/s2)

h distance between the jet and the heated plate

(m)

hlg latent heat of vapourization (J/kg)

Ja Jacob number (Eq. (28))

K 0 a constant

K00 a constant

k thermal conductivity (W/(mK))

M* non-dimensional number

P pressure (Pa)

Q flow rate of liquid displaced by instabilities

(m3/s)

q heat flux (W/m2)

R bubble radius (m)

S surface (m2)

T temperature (K)

t time (s)

v liquid velocity (m/s)

v�g critical vapour velocity (m/s)

V jet velocity (m/s)

y vertical coordinate (m)

Greek symbols

a thermal diffusivity (m2/s)

DT temperature difference (K)

DP pressure difference (Pa)

d film thickness (m)

c jet induced acceleration (m/s2)

ctot total acceleration (m/s2)

q density (kg/m3)

r surface tension (N/m)

s period (s)

Subscripts

A point A

B point B

crit critical

g gas, vapour

i interface

j at the impingement point

l liquid

n nozzle exit

MFB miminum film boiling

sat saturation

sh shoulder

sub subcooling

tot total

w wall

Fig. 1. Exchanged heat flux for different locations from the stagnation point of a planar water jet (Robidou [1] Vj = 0.8 m/s and

DTsub = 16 K).
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only few authors [1–5] reported observations on the

shoulder of flux phenomenon and neither developed a

phenomenological approach.

Only two steady-state studies on shoulder of flux are

available in the literature. In these studies the heat flux

is measured with constant wall temperature. Robidou

et al. [6,7] carried out steady-state experiments along

the entire boiling curve. The plate is cooled by an imping-

ing vertical planar (1 · 9 mm2) subcooled (5–16 K) water

jet. The heater consists of eight modules of 10 · 10 mm2

in order to avoid conduction heat transfer in longitudinal

direction. The authors determine local boiling curves for

different distances from the stagnation line of the planar

jet, different jet velocity and different liquid subcooling.

In the vicinity of the stagnation region the unusual shape

of the boiling curve given by Fig. 1 has been observed. In

transition boiling, for wall temperature greater than the

CHF temperature, heat flux decreases as in a classical

pool boiling system. A first heat flux minimum is reached

for different wall temperatures depending on the distance

to the stagnation line. Then, heat flux levels raise with

increasing wall temperatures and reach different values

depending on liquid subcooling, jet velocity and on the

distance to the stagnation line. In the shoulder region,

heat fluxes are then remarkably constant over a wide

range of wall temperatures (500–700 K). The transition

region ends with the film boiling regime at the miminum

film boiling temperature. Miyasaka et al. [3], who meas-

ured the heat transfer from a very small surface (1.5 mm

in hydraulic diameter) to an impinging planar jet of

water (10 · 30 mm2), observed an increase of heat flux
Fig. 2. Heat flux at the stagnation point for different liquid su
with temperature after the CHF. Experiments were car-

ried out at a jet temperature of 288 K and for jet veloci-

ties ranging from 1 to 15.3 m/s. The boiling curve in the

transition region, after the CHF, could be divided into

two transition regimes. The first one is characterized by

a small increase of the heat flux with the surface temper-

ature, whereas the second one exhibits an almost con-

stant heat flux.

The other studies with impinging jets in transition

boiling regime have been limited to transient quenching.

Hall et al. [4] performed experiments under transient

conditions starting from very high wall temperatures.

The velocity of the circular water jet (5.1 mm in diame-

ter) is 3 m/s at the nozzle exit and the liquid subcooling is

DTsub = 75 K. Ishigai et al. [2] investigated the influence

of liquid subcooling (5–55 K) and jet velocity (1–3.17

m/s) on the boiling curves. Heat flux shoulders are

shifted to higher heat fluxes and wall temperatures as

the liquid subcooling and jet velocity increase. Finally,

Ochi et al. [5] carried out quenching experiments with

a constant jet velocity (3 m/s) but with different liquid

subcoolings (5–80 K) and nozzle diameters (5–20 mm).
2. Model developed for the heat flux in the ‘‘shoulder

regime’’

Starting from the analysis of Robidou�s [1] experi-

mental data presented in Fig. 2, we notice that the heat

flux corresponding to the shoulder is in first approach

proportional to liquid subcooling. This observation
bcoolings (DTsub = Tsat � Tl, Robidou [1] Vj = 0.8 m/s).



Fig. 3. Sketch of a jet impinging perpendicularly to a heated

plate.
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leads us to the following interpretation: heat transfer in

the shoulder region is mainly related to the heating up of

the liquid and not to its vapourization. According to

Engelberg-Forster and Greif [8], who carried out studies

in nucleate boiling regime, the main heat transfer is ob-

tained in this boiling regime by warming up of sub-

cooled liquid. The displacement of hot liquid due to

the production of vapour seems to be the predominant

heat transfer mechanism in this boiling regime. By anal-

ogy, the idea was that the heat flux shoulder could arise

from an unsteady phenomenon during which subcooled

liquid is heated when it comes into contact with the hot

plate and is then displaced into the bulk flow by bubble

growth. As the heat flux corresponding to the shoulder

decreases with the distance to the stagnation line (Fig.

1), instabilities, which are at the origin of such phenome-

non, are thought to be related to the local jet hydro-

dynamics. The physical modelling considers the

Rayleigh–Taylor instabilities at the liquid/vapour inter-

face which originate in the deceleration region of the

jet flow. The instabilities lead to vapour spots fragmen-

tation and to periodic rewetting of the heated plate. This

explanation of boiling mechanism in the heat shoulder

region is supported by the interpretation of Robidou

et al. [6,7]. Beyond CHF, the boiling is characterized

by small vapour spots that result from bubble coales-

cence. Hence, the overall heat flux decreases towards

the first minimum heat flux with the increasing wall tem-

perature because of increasing size of vapour spots.

Robidou et al. assume that in this boiling region, the

jet is not strong enough to break the vapour spots. They

think that vapour spot fragmentation suddenly happens

at the first minimum: the break down of vapour spots

would create a better––spray type––wetting of the sur-

face leading to higher heat fluxes. This explanation is

supported by the fact that the region between the

CHF and the first minimum disappears with increasing

jet velocity and, hence, with the jet force which leads

to vapour spot breaking.

In a first subsection, the origin of such vapour spots

fragmentation is described and the main features of this

phenomenon (average vapour spot radius, oscillation

period) are given. In a second subsection relation for

the heat flux shoulder is derived from this physical

approach.

2.1. Origin of vapour spot fragmentation

Rayleigh–Taylor instabilities occur at liquid/vapour

interface when the stratification is submitted to a trans-

verse pressure gradient. In Fig. 3, we consider a vapour

layer which isolates the heated wall from a subcooled

liquid layer before any instability is developed at the liq-

uid/vapour interface. At the vapour/liquid interface both

phases have low normal velocities. In pool boiling with-

out impinging jet, Rayleigh–Taylor instabilities occur
owing to gravitational acceleration which creates a force

on the heavy fluid [9]. Hence, this fluid tends to pene-

trate into the underneath light vapour layer, so destabi-

lizing the interface. In an impinging jet configuration, a

source of instabilities at the liquid–vapour interface is

added to the one due to the gravitational force. Indeed,

the liquid jet deceleration is inducing also a pressure gra-

dient which can be characterized by an equivalent accel-

eration c. This jet deceleration is approached by Eq. (1)

c ¼
V 2

j

d
ð1Þ

where Vj (m/s) is the impinging jet velocity near the stag-

nation point and d (m) the jet hydraulic diameter (Fig. 3)

which is equal to the jet diameter in the case of a circular

jet. As we consider the gravitational acceleration as well

as the acceleration due to the jet hydrodynamics, the

total acceleration becomes: ctot = c + g. We assume that

the vapour spot diameter under the jet cannot be greater

than Rayleigh–Taylor�s critical wavelength. This critical
diameter is given by Eq. (2).

Dcrit � 2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
ctotðql � qvÞ

r
ð2Þ

The relation (2) expresses a competition between forces

due to surface tension and the jet hydrodynamics. As

long as the spot is smaller than the critical value given

by Eq. (2), the surface tension force is predominant

and the jet is not strong enough to break the spot down.

But, beyond this critical value, the surface tension force

is no longer predominant and the vapour spots are frag-

mented by the jet. The diameters of the spots are sup-

posed to be constant, proportional to this critical

value. The average period (s) of vapour spot fragmenta-

tion is deduced from the observation of the following

characteristic time scales:

� The bubble oscillation time scale with driving pres-

sure (DP1) proportional to cRcritql.

s1 � Rcrit

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

ctotRcrit

s
ð3Þ

Eq. (3) is derived from a non-dimensional analysis.



Fig. 4. Sketch of local phenomena leading to the heat flux

shoulder.
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DP 1 � ql

R2
crit

s2
ð4Þ

DP1 is the pressure fluctuation created by the jet

impingement. It may be approached by DP 1 ¼ F
S, with

F (N/m2) the force exerted by the jet on a vapour

bubble and S (m2) the application surface of this

force; i.e. proportional to the bubble surface

� 4pR2
crit. F could be estimated as � pD3

critqlctot=6 by

considering the fluid acceleration in the volume occu-

pied by characteristic bubble.

� The liquid travel time scale over a distance Dcrit

associated to a characteristic acceleration ctot.

s2 �
ffiffiffiffiffiffiffiffiffi
Dcrit

ctot

s
ð5Þ

� The eviction time scale of a liquid column of height

Dcrit under a driving pressure DP 2 � r
Rcrit

.

s3 � Dcrit

ffiffiffiffiffiffiffiffiffiffiffiffi
qlRcrit

2r

r
ð6Þ

The characteristic pressure difference (DP2) is created

in a bubble of critical radius (Rcrit). This pressure dif-

ference drives the eviction of the liquid column above

the growing bubble.

We notice that these three characteristic time scales

depend on the same physical variables. It is notice worth

to mention that these three time scales are of the same

magnitude if we consider the relation (2) for Dcrit (Eq.

(7)).

s �
ffiffiffiffiffiffiffiffi
Rcrit

ctot

s
�

ffiffiffiffiffiffiffiffiffi
Dcrit

ctot

s
� Dcrit

ffiffiffiffiffiffiffiffiffiffiffiffi
qlRcrit

2r

r
ð7Þ

The fact that these three time scales are of same magni-

tude seems to be a requirement for the periodicity of

bubble oscillation for the shoulder regime to be sus-

tained. So, when a volume of liquid penetrates into the

vapour, another liquid volume may be ejected by vapour

emergence near to this location.

The order of magnitude of the period of bubble frag-

mentation is found by introducing relation (2) into rela-

tion (7). This corresponds in fact to the characteristic

time scale associated to the Rayleigh–Taylor instabilities

[10].

s ’ r1=4

ðql � qvÞ
1=4c3=4tot

ð8Þ
2.2. Modelling of the heat flux in the shoulder region

Fig. 4 illustrates the hypothesized mechanism. At

each bubble oscillation, a constant amount of liquid

flows into the vapour and reaches the wall (sketch b in

Fig. 4). This amount of liquid spreads on the wall. It is
heated up by transient conduction (sketch c). When the

average liquid temperature nearly reaches its saturation

temperature, a part of this liquid, that directly touches

the hot plate, is evaporated. The vapour generated evicts

the hot liquid from the wall. This liquid is finally evacu-

ated to the bulk of the flow (sketch d in Fig. 4). We as-

sume that the heat transfer associated to the vapour

generation is negligible and that the heat flux is mainly

controlled by periodic ejection of heated liquid.

The heat flux transferred by this mechanism (qsh in

W/m2) is given by

qsh ¼ qlCp lDT sub

Q
S

ð9Þ

where DTsub (K) is the liquid subcooling (DTsub =

Tsat � Tl, where Tsat and Tl are the saturation and the

bulk liquid temperature respectively). Q (m3/s) is the

flow rate of liquid pushed by bubble oscillations that

reaches the heated wall. S (m2) is the considered surface

of the plate affected by bubble oscillations. We assume

that the characteristic volume of liquid displaced by a

single bubble (V) is proportional to the volume corre-

sponding to the critical diameter (Eq. (2)).

V ¼ K
pD3

crit

6
ð10Þ

with K a constant such as 0 < K 6 1. This volume is

displaced during period s such that Q = V/s. The wall

surface associated with a single bubble is taken as

S ¼ pD2
crit. Finally, by combining previous relations we

get Eq. (11) for the heat flux shoulder.

qsh � K 0qlðql � qvÞ
�1=4r1=4Cp lDT subc

1=4
tot ð11Þ

We obtain the value of K 0 from the 35 experimental data

of Robidou [1] (0.64 6 Vj 6 0.96 m/s, 5 6 DTsub 6 19

K, d = 1.8 mm). We find an average value for K 0 of 0.15

with a deviation of 0.013. Eq. (11) can be written after

adjusting K 0 on Robidou�s data at jet impingement:

qsh ¼ 0:15qlðql � qvÞ
�1=4r1=4Cp lDT subc

1=4
tot ð12Þ



Table 1

Experimental conditions and relative prediction error for the shoulder of flux at the stagnation point (fluid:water)

Data number d, mm Vj, m/s DTsub, K qshexp, MW/m2 Relative error, % Deviation, %

Robidou [1] 35 1.8 0.57–0.96 5–17 1.49–4.8 13.2 9.4

Miyasaka et al. [3] 3 10 1.4–15.3 85 30–58 22.5 19.9

Hall et al. [4] 1 5.1 3.31 75 35 34.4

Ishigai et al. [2] 10 11 1.14–3.21 5–55 2.5–12 18.2 13.9

Ochi et al. [5] 8 5–20 3.08 5–80 1.5–9 69.3 40.1
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2.3. Validation of the modelling

We compare the heat flux corresponding to the

shoulder issued from the literature studies to the heat

flux calculated with Eq. (12). In Table 1, one can observe

the different experimental data for heat flux shoulder as

well as the relative error and deviation. The calculated

heat flux (Eq. (12)) is also plotted versus the measured

heat flux in Fig. 4. By considering the results reported

in Table 1 and in Fig. 5, we conclude that Eq. (12) cor-

relates experimental results available in the literature

(obtained either in steady-state or in transient regime)

with a deviation of approximately ±20% except for Ochi

et al.�s results (Fig. 5).
As for experimental conditions reported in Table 1,

the gravitational acceleration g is negligible compared

to c, so ctot . c and relation (12) becomes:

qsh ¼ 0:15qlðql � qvÞ
�1=4r1=4Cp lDT sub

V 1=2
j

d1=4
ð13Þ

Experimental results from Ishigai et al. [2] and Ochi

et al. [5] allowed us to validate trends predicted by rela-

tion (13). Ishigai et al. [2] obtained results with variable

jet velocity, keeping the other parameters constant. We

derived from Ishigai�s data with a correlation coefficient
Fig. 5. Calculated shoulder heat flux versus measured heat flux

at the stagnation point.
of 0.9114 that qsh � V 0:43
j which is coherent with the rela-

tion issued from Eq. (13). In a similar way, Ochi et al. [5]

presented results with variable jet diameter keeping the

other parameters constant. From Ochi�s data we found,

with a quite better correlation coefficient of 0.9917, that

qsh � d�0.34 that is also coherent with relation (13). No

further verification by comparison with experimental

data can be done because of the lack of data. From

Eq. (12) a non-dimensional equation may be derived

for the heat flux shoulder (relation (14)).

qsh
qlCp lDT subV j

¼ 0:15
A
d

� �1=2 g
ctot

� �1=4

ð14Þ

with A (m), the Laplace length: A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
ctotðql�qvÞ

q
.

3. Modelling of the first minimum

The shape of the heat flux curve between the CHF

and the heat flux shoulder results from a combination

of different phenomena. Fig. 6 is a sketch of a boiling

curve with the classical boiling curve and the heat flux

shoulder. Two wall temperatures and one heat flux

equation involved in the modelling of the first minimum

have been reported on this sketch : the wall temperatures

TwA and TwB and the equation of the heat flux ex-

changed by transient conduction. In order to explain

how are determined TwA, TwB and this equation, we re-

call that beyond the CHF the heat flux decreases with

increasing wall temperature because of increasing size
Fig. 6. Sketch for the first minimum.



Fig. 7. Calculated average heat flux exchanged by transient

conduction (Eq. (18)) versus corresponding experimental heat

flux at T and at T .
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of vapour spots. TwA is the wall temperature for which

the average radius of the vapour spots reaches the criti-

cal radius (Rcrit). We have not been able to establish an

accurate equation for predicting TwA, but this tempera-

ture should be related to jet parameters such as liquid

subcooling, jet velocity, nozzle size and distance to the

surface. Indeed, as the jet velocity or the liquid subcool-

ing increase, it is observed from Robidou�s [1] data that

TwA decreases. TwA will thus be considered as a param-

eter in this study. When the temperature of the wall is

equal to TwA, vapour spots are fragmented and sub-

cooled liquid flows periodically towards the hot plate.

This amount of liquid is heated up by transient conduc-

tion before being evacuated. The average heat flux (�q)
transferred by transient conduction to the previously

estimated volume of liquid (V given by Eq. (10)) during

each oscillation depends on the wall temperature. TwB is

the wall temperature for which this heat flux �q is equal to
the heat flux corresponding to the shoulder. Beyond

TwB, the heat flux is equal to the heat flux shoulder:

we supposed that the whole volume V of liquid is heated

up to nearly the saturation temperature by transient

conduction and is then evacuated.

The equation of the average heat flux (�q) evacuated
by transient conduction in the liquid volume V at each

oscillation and the wall temperature TwB can be derived

from the heat propagation equation in this volume V

[11]. We consider a liquid film on the wall and the

following boundary conditions.

In the following, we use for clarity the notation Tw

for a wall temperature and Ti for the temperature of

the liquid/wall interface at the same point.

� The initial temperature distribution function (f(y))

is

T ¼ T i for y ¼ 0

T ¼ T l for y 6¼ 0

�
ð15Þ

The initial time (t = 0) is when the liquid reaches the

wall.

� For y = 1, T = Tl.

� For any t, on plane y = 0, temperature is set to

T = Ti.

Ti is the temperature of the liquid/wall interface. Car-

slaw and Jaeger [11] gave this temperature for a transient

contact between two semi-infinite bodies with initial uni-

form temperatures Tl and Tw (Eq. (16)).

T i ¼
ffiffiffiffiffi
El

p
T l þ

ffiffiffiffiffiffi
Ew

p
T wffiffiffiffiffiffi

Ew

p
þ

ffiffiffiffiffi
El

p ð16Þ

where El and Ew are the liquid and wall effusivities

respectively J2/(K2m4s) (relation (17)).

E ¼ q C k ð17Þ
k k pk k
with k a subscript which may be w or l. We can notice

that when the metallic wall is not oxidized, we have

Tw � Ti because the metallic wall effusivity is much more

important than the liquid water effusivity. But, when the

wall is oxidized Ti could be relatively smaller than the

corresponding Tw and the exchanged heat flux between

the liquid and the wall is also smaller than without wall

oxidation.

The equation of the average heat flux (�q) evacuated
by transient conduction during an oscillation period

(s given by Eq. (8)) is determined by considering a

semi-infinite volume of liquid [11]:

�q ¼ kl
ðT i � T lÞffiffiffiffiffiffiffiffiffi

pals
p ð18Þ

with kl the thermal conductivity of the liquid (W/(mK)),

al the liquid thermal diffusivity (m2/s). To validate Eq.

(18) of �q, we consider the experimental values of TwB

and the corresponding heat fluxes. We consider also

the experimental values of TwA and the corresponding

heat fluxes but only when TwA is the wall temperature

for which the classical boiling curve cuts the transient

conduction heat flux curve. We calculate the corre-

sponding TiA and TiB using Eq. (16) (kw = 55 W/

(mK)) and finally plot the heat flux calculated from

Eq. (18) against the experimental one. The result is

shown in Fig. 7. The experimental heat fluxes corre-

sponding to TwA are matched with a relative error of

23.61% and 33.96% of deviation by Eq. (18). Likewise

the experimental heat fluxes corresponding to TwB are

matched with a relative error of 14.14% and 14.54% of

deviation by Eq. (18).

For the prediction of TwB we consider the same heat

propagation equation between two parallel planes in a
wA wB
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liquid film of finite thickness dl. The boundary condi-

tions are the same as previously except that for y = dl
at any t the heat flux is zero: an isolated plane boundary

condition. The solution of the heat propagation equa-

tion with this boundary conditions is given by Carslaw

and Jaeger [11]:

T ¼ T i þ
4ðT l � T iÞ

p

X1
n¼0

1

ð2nþ 1Þ e
�að2nþ1Þ2p2t=4d2

l

� sin
ð2nþ 1Þpy

2dl

� �
ð19Þ

We assume that TwB is reached when the volume V of

liquid which penetrates into the vapour stores enough

energy during a period to raise its average temperature

from Tl to Tsat. The hachured area in Fig. 8 is propor-

tional to the energy stored by a liquid layer of thickness

dl during a time t = s. When this amount of energy bal-

ances that required to heat up the entire liquid layer to

saturation temperature, we haveZ dl

0

qlCp lðT � T lÞdy ¼ qlCp lðT sat � T lÞdl ð20Þ

Using the solution (19) for T and integrating versus y

yields to relation (21) for TiB:

ðT iB � T lÞ ¼
DT sub

1�
P1
n¼0

8

ð2nþ1Þ2p2 e
�að2nþ1Þ2p2s=4d2

l

ð21Þ

We evaluate the liquid thickness dl by postulating

that the liquid spreads over a section of radius equal

to b · the critical bubble radius. b is an adjustable

parameter evaluated from Robidou�s data. We found

b ’ 2/3.
Fig. 8. Sketch of the energy stored in the liquid depending on

time.
dl ¼
displaced volume of liquid

spreading surface

¼ 0:225

V j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rd

ðql � qvÞ

s
ð22Þ

To validate relation (21), we consider the five first

terms of the equation. We verify that this sum trunca-

tion led to negligible variations of about 0.2% on the

value of TiB � Tl. A good agreement with Robidou�s
[1] data has been reached. The result is reported in

Fig. 9 and the average error is about 10% with 4%

deviation. Furthermore in accordance with Eq. (16),

if we consider the temperature of the liquid/wall inter-

face TiB, the corresponding wall temperature TwB will

be higher if the metallic wall surface is oxidized than

if it is not. This trend is confirmed by experimental

data reported in Fig. 10. Indeed, we suppose that the

wall surface oxidation occurs at high temperature and

thus the surface is oxidized when the wall temperature

decreases.

This physical explanation of the boiling mechanism

between the CHF and the heat flux shoulder explains

the different shapes of boiling curve observed from

Robidou�s [1] data. A sketch of these different shapes

of boiling curves is given in Fig. 11. These shapes depend

on the value of TwA.

� If TwA P TwB, the corresponding boiling curve is the

dashed one in Fig. 11. Bubbles reach their critical

radius when the wall temperature is high enough to

heat up the liquid volume V to the saturation temper-

ature during an oscillation period. For wall tempera-
Fig. 9. Calculated temperature difference (TiB � Tl) by Eq. (21)

versus measured (TiB � Tl).



Fig. 12. Illustration of the shape described with the continuous

line of Fig. 11 (Robidou [1] Vj = 0.8 m/s and DTsub = 16 K).

Fig. 13. Illustration of the shape described with the dotted line

of Fig. 11 (Robidou [1] Vj = 0.73 m/s and DTsub = 13.5 K).

Fig. 10. Sketch of different shapes of the boiling curve between

the CHF and the heat flux shoulder (Robidou [1] Vj = 0.9 m/s

and DTsub = 13.5 K).

Fig. 11. Sketch of different shapes of the boiling curve between

the CHF and the heat flux shoulder.
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tures smaller than TwA, the average heat flux is given

by the classical boiling curve and for temperatures

higher than this temperature the heat flux corre-

sponds to the heat flux shoulder.

� If TwA 6 TwB, the corresponding boiling curves are

the continuous and dotted lines in Fig. 11 and these

cases are illustrated in Figs. 12 and 13 by Robidou�s
experimental boiling curves. When bubbles reach

their critical radius, the wall temperature is not suf-

ficient to heat up the entire liquid volume V to the

saturation temperature during an oscillation period.

For wall temperatures smaller than TwA, the aver-

age heat flux is given by the classical boiling curve

and for wall temperatures higher than TwA the heat

flux is limited by the transient conduction

phenomenon.
4. Modelling of the minimum film boiling

For wall temperatures higher than the temperature

corresponding to the minimum film boiling, the heat flux

shoulder disappears: the subcooled liquid does no longer

wet the wall and a stable vapour layer isolates the hot

plate.

In order to characterize this transition between the

heat flux shoulder and the film boiling regime, we are

looking for a criterion based on v�g. v�g is the critical

velocity of the vapour issued from the liquid evapora-

tion at the liquid/vapour interface beyond which this

interface is stable and film boiling occurs. Kutateladze

and Styrikovich [12] defined such a hydrodynamic sta-

bility criterion, but his studies on heat transfer were car-

ried out with non-condensable bubbles emitted through

a porous plate. Kutateladze and Malenkov [13] showed

that, for a regime with important mixing on the wall be-

cause of gas emergence, heat transfer due to gas emis-

sion is similar to heat transfer observed in nucleate

boiling. In the heat flux shoulder region, the main ex-

changes are also due to liquid convection and not to

evaporation. From this analysis, we assume that Kutat-

eladze�s hydrodynamic stability criterion is adapted to

our problem. Kutateladze and Styrikovich [12] showed
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that the stability of the gas layer is linked to a competi-

tion between the two following effects: the gravity force

and the aerodynamic effects of gas flowing with the

velocity vg. Similarly we write that under an impinging

jet, a stable vapour film regime exists if the force linked

to the aerodynamic effect due to the vapour flow

(F a � qvv
2
gð r

ctotðql�qvÞ
Þ1=2) is greater than the total acceler-

ation force (F c � qlctotð r
ctotðql�qgÞ

Þ). vg is the velocity of the

vapour issued from the liquid evaporation at the liquid/

vapour interface. Assuming these two forces are equal

and considering the same correlation as Kutateladze

and Styrikovich [12], we find an expression for the crit-

ical gas emergence velocity (v�g given by Eq. (23)).

v�g
ffiffiffiffiffi
qv

p

ðctotrqlÞ
1=4

’ M�2=3 ð23Þ

with M* a number analogous to the Mach number (Eq.

(24))

M� ¼

rctot
ðql � qvÞ

� �1=4

ffiffiffiffiffi
P
qv

r ð24Þ

In stable film boiling regime, the exchanged heat flux is

mainly a conduction heat flux through the vapour

layer. We assume that the liquid at the liquid/vapour

interface is mainly heated up by convection and only

a small part is evaporated to produce the vapour flow.

To establish a relation for the minimum film boiling

heat flux (qMFB), we postulate that the velocity of the

liquid heated by convection is proportional to the crit-

ical vapour velocity v�g with K00 a coefficient of propor-

tionality. The vapour is thus considered to entrain the

liquid at the interface. So, the minimum film boiling

heat flux may be written as

qMFB ¼ qvhlgv
�
g|fflfflffl{zfflfflffl}

liquid evaporation

þ qvCp lDT subK
00v�g|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

liquid heating

ð25Þ

By introducing the relation (23) into Eq. (25) and fitting

K00 from the 29 experimental results of Robidou [1], we

get Eq. (26). We find an average value for K00 of 0.075

with a deviation of 0.019.

qMFB ¼ q5=6
v

ðctotrÞ
5=12q1=4

l

ðql � qvÞ
1=6P 1=3

hlg 1þ 0:075ql

hlgqv

Cp lDT sub

� �
ð26Þ

Eq. (26) may be written in a non-dimensional manner as
Fig. 14. Calculated qMFB versus experimental qMFB.
qMFB

qlV jhfgð1þ 0:075JaÞ ¼
ffiffiffiffiffi
qv

ql

r ffiffiffiffiffi
A
dh

r
g
ctot

� �1=4

M�2=3 ð27Þ

with M* given by Eq. (24), A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
ctotðql�qvÞ

q
, the Laplace

length and Ja, the Jacob number, defined by Eq. (28).
Ja ¼ Cp lDT sub

hfg
ð28Þ

Experimental data and correlations for the minimum

film boiling heat flux in impinging jet experiments have

been published by Ishigai et al. [2] and Ochi et al. [5].

Ishigai et al. [2] established the correlation (29) and Ochi

et al. [5] the correlation (30).

qMFB ¼ 5:4� 104ð1þ 0:527DT subÞV 0:607
n ð29Þ

qMFB ¼ 3:18� 105ð1þ 0:383DT subÞ
V n

d

� �0:828

ð30Þ

where Vn (m/s) is the jet velocity at the nozzle exit and d

the hydraulic diameter (in mm). To compare Eq. (26) to

Eqs. (29) and (30), we rewrite Eq. (26) introducing ther-

mal properties of water and neglecting the gravitational

acceleration compared to the jet acceleration.

qMFB ¼ 1:65104
V 0:83

j

d0:42
ð1þ 0:235DT subÞ ð31Þ

The distances between the nozzle exit and the heated

wall are 15 and 25 mm in experiments by Ishigai et al.

[2] and Ochi et al. [5], respectively, and as they use ver-

tical jets, we have Vj � Vn.

Fig. 14 compares the calculated qMFB with the corre-

sponding experimental heat flux. This comparison has

been carried out with Robidou�s data as well as with

Ishigai�s data and using either relation (26) and Eqs.

(29) and (30) established by Ishigai et al. [2] and Ochi

et al. [5] respectively. The comparisons of Ochi�s data

with relations (26), (29) and (30) have not been reported

on this figure because Eqs. (26) (established in this pre-

sent study) and (29) (from Ishigai�s study) give results

too different from Ochi�s experimental data. Robidou�s
data for qMFB are matched with a relative error of

15% and a deviation of 17% by Eq. (26), with a relative

error of 55% and a deviation of 9% by Eq. (29) and finally

with a relative error of 18% and a deviation of 21% by

Eq. (30). Likewise, Ishigai�s data of qMFB are matched

with a relative error of 26% and a deviation of 17% by
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Eq. (26), with a relative error of 8.8% and a deviation of

5.8% by Eq. (29) and these experimental heat fluxes are

underestimated of �30% by Eq. (30).

The comparison of Eqs. (29)–(31) show similar

dependences of qMFB to liquid subcooling (DTsub) and

jet velocity (Vj). Ochi et al. [5] observed an influence of

nozzle diameter on qMFB. Nevertheless, this dependence

is different from the one proposed by Eq. (31)

(qMFB � d�0.828 instead of �d�0.42).
5. Conclusion

The boiling curves in jet impingement configurations

are different from the classical boiling curves obtained in

pool or forced convection boiling systems. This holds

especially for the stagnation region of the jet and transi-

tion boiling regime. Increasing the wall temperature be-

yond the CHF, the heat flux decreases first as it does for

a classical pool boiling, but after the first minimum, it

increases again towards the so-called heat flux shoulder.

If the wall temperature still increases, the heat flux level

remains constant until very high wall superheats before

breaking abruptly down to film boiling regime.

An attempt was made to give a physically based

mechanistic model of the shoulder heat flux. In accord-

ance with the experimental observation, heat flux shoul-

der could be related to a transient periodic phenomenon.

We assume that periodic bubble oscillations occur at the

wall due to hydrodynamic fragmentation of vapour

spots by the jet. At each oscillation, a certain amount

of liquid wets the heated wall. This volume of subcooled

liquid is heated up by conduction and is then displaced

into the bulk flow by the growth of bubbles. The shoul-

der is reached when average liquid temperature is equal

to saturation temperature. The bubble fragmentation is

due to Rayleigh–Taylor instabilities, originating in the

deceleration region of the jet flow. This physical mecha-

nistic model leads to a modelling of the heat flux shoul-

der (Eq. (12)) which shows good agreement with the

available data from the literature. This physical model

is also consolidated by the fact that it supports explana-

tions for the different shapes of boiling curves between

the CHF and the heat flux shoulder. An equation

for the prediction of the wall temperature TwB which

marks the onset of the heat flux shoulder has been estab-

lished and validated. Furthermore, the heat flux corre-

sponding to the minimum film boiling was also

studied. The derived Eq. (26) matches well Robidou�s
and Ishigai�s data.

This paper remains the first attempt to give a physical

explanation of the phenomena involved in the heat flux

shoulder phenomenon. The agreement of the established

equations with experiments is remarkable despite the

physical approximations made. The models derived

should still be assessed by experimental studies on the
fundamentals of two-phase dynamics near the hot sur-

face. Such kind of experimental studies are, at that time,

carried out by Bogdanic et al. [14]. They attempt to

measure local data at the stagnation line of an impinging

jet by means of a miniaturized optical probe which has a

sensitive tip diameter of less than 1.5 lm and which is

moved towards the heated hot plate by a 3D-micrometer

device. By using this technique, they have already ob-

tained basic informations notably in the shoulder region.

They observed high frequencies of contact between the

hot wall and the liquid and they estimated that this

may confirm a mechanism like the microbubble emission

boiling or the fragmentation of larger vapour spots by

the jet. They expect more accurate results especially

for the average vapour spots size and for contact

frequencies.
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France, 2000.

[2] S. Ishigai, S. Nakanishi, T. Ochi, Numerical simulation of

multiphase flow with an elliptic oriented fractional step

method, in: Proceedings of the sixth International Heat

Transfer Conference, 1978, pp. 445–450.

[3] Y. Miyasaka, S. Inada, Y. Owase, Critical heat flux and

subcooled nucleate boiling of in transient region between a

two-dimensional water jet and a heated surface, J. Chem.

Eng. Jpn. 13 (1980) 29–35.

[4] E.D. Hall, F.P. Incropera, R. Viskanta, Jet impingement

boiling from a circular free-surface jet during quenching:

Part 1––single-phase jet, J. Heat Transfer 123 (2001) 901–

910.

[5] T. Ochi, S. Nakanishi, M. Kaji, S. Ishigai, Multi-phase

and Heat Transfer III. Part A: Fundamentals––Cooling of

a Hot Plate with an Impinging Circular Water Jet, Elsevier

Science Publishers B.V., Amsterdam, 1984.

[6] H. Robidou, H. Auracher, P. Gardin, M. Lebouché,
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