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Abstract 
 
The knowledge of the metal temperature history is essential, especially when strip leave the rolling 
mill, to get adequate final mechanical properties of steel. Some experiments have then been carried out 
by Robidou [1] on the heat transfer associated with the impingement of a planar (1*9 mm2) subcooled 
(5-16K) water jet on a heated plate. Robidou [1] obtained complete boiling curves at different 
locations from the stagnation point and observed a phenomenon of ‘shoulder of flux’ in the transition 
boiling region near the impingement point. The aim of this work is to compute the heat flux 
transferred between a very hot plate and a subcooled liquid under a planar impinging jet to obtain the 
transient temperature distribution in the plate. To achieve this goal, a physical modelling of the 
phenomenon of ‘shoulder of flux’ has been carried out. This modelling is based on the assumption that 
the apparition of periodic bubble oscillations at the wall surface is due to the hydrodynamic 
fragmentation by the jet. The relation derived from this modelling is validated against experimental 
results from the literature obtained for a wide range of jet velocity, subcooling and jet diameter. This 
model is implemented in the new multiphase flow solver developed by EDF ‘SATURNE 
polyphasique’. Numerical results are then compared to experimental heat fluxes obtained by Robidou 
[1]. 
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Introduction 
 

In order to control the mechanical properties of a steel product it is necessary to correctly 
simulate the heat transfer associated with a jet impingement on a hot plate leaving the rolling mill. The 
first step of this study is the understanding and the modelling of the local phenomena under an 
impinging jet which lead to the characteristic phenomenon of ‘shoulder of flux’ observed by several 
authors (Robidou [1], Miyasaka and al.[2], Hall and al. [3], Ishigai and al. [4] and Ochi and al. [5]).  

 
Figure 1: Exchanged heat flux at the stagnation point of a planar water jet (Robidou [1]) 

 
On figure 1 is plotted the heat flux variation versus plate surface temperature, in stationary 

regime, at the stagnation point of a subcooled (16 K), planar (1*9 mm2) water jet. This results is 
typical of those obtained by Robidou [1][6]. The height of the water jet is 6 mm, the velocity at the 
nozzle exit 0.8 m/s and the impinged rectangular plate measures (10*80 mm2). The transition boiling 
regime starts after the critical heat flux with the first decrease of heat flux called ‘first minimum’. 
Then the heat flux raises and becomes remarkably constant over a wide range of wall temperatures. 
This invariance characterizes the ‘shoulder of flux’. The transition boiling regime stops with the 
minimum film boiling. By increasing distance from the stagnation point the flux observed for the 
‘shoulder of flux’ decreases until it disappears (figure 1). The boiling curve observed on the figure 1 is 
very different from classical boiling curves found in literature which present no ‘shoulder of flux’. In 
this paper a modelling of the phenomenon of ‘shoulder of flux’ based on a physical approach is given. 
The relation derived from this modelling is validated by experimental results from the literature 
obtained for a wide range of jet velocity, subcooling and jet diameter. 

 
In the second part of this paper, this modelling is implemented in the new multiphase flow solver 

developed by EDF ‘SATURNE polyphasique’ and numerical results are presented. 
 
 
Modelling of the ‘shoulder of flux’ phenomenon 
 

According to Robidou‘s [1] experimental data, the shoulder heat flux is proportional to liquid 
subcooling (figure 2). This observation leads to the conclusion that the heat transfer is mainly related 
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to the heat up of the liquid and not to its vaporization. According to Engelberg–Forster and Greif [7] in 
nucleate boiling, the main heat transfer is obtained by subcooled liquid heat up. According to these 
authors, the displacement of hot liquid due to the production of vapour seems to be the predominating 
heat transfer mechanism in nucleate boiling. By analogy, the ‘shoulder of flux’ could arise from a 
periodic phenomenon during which liquid is heated when it comes into contact with the wall and is 
then displaced to the bulk flow by the growth of bubbles. We assume that the jet hydrodynamics 
creates instabilities that are at the origin of such periodic phenomenon. These kind of instabilities 
would lead to bubble oscillation and to periodic rewetting of the wall. In a first step, we assumed that 
these instabilities were created by eddy fragmentation of bubbles on the wall. Nevertheless some 
characteristics induced by such a mechanism could not be verified. So, the final analysis assumes that 
bubbles on the wall are fragmented owing to Rayleigh-Taylor instabilities, originating in the 
deceleration region of the jet flow that occurs at the liquid/vapour interface. 
 

 
Figure 2: Heat flux at the stagnation point for different liquid subcooling (∆Tsub= Tsat-Tl)(Robidou [1]) 
 
 

In a first subsection the origin of such bubble oscillations will be described and the main 
characteristics of this phenomenon (average bubbles radius, oscillation period) are given. In a second 
subsection the relation for the shoulder heat flux is derived. And finally, in a third subsection, this 
relation is validated by confrontation with experimental results from the literature.  
 
 
Origin of bubbles oscillations on the wall 
 

Rayleigh-Taylor instabilities occur at liquid/vapour interfaces when the heavy fluid is accelerated 
by the light one. At the stagnation point, a vapour layer isolates the wall from a liquid layer before any 
instability is developed at the interface liquid/vapour. This is represented on the figure 3. At the 
interface the both phases have very low normal velocities. In pool boiling without impinging jet, 
Rayleigh-Taylor instabilities occur because gravitational acceleration creates a force on the heavy 
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fluid (liquid) which tends to penetrate into the light fluid layer (vapour), so destabilizing the interface. 
In a jet impinging configuration, the gravitational acceleration is no more alone to induce a force on 
the heavy fluid at the interface: the jet induces also a deceleration γ.  

 
 

Figure 3: Schematisation of a jet impinging perpendicularly to a heated plate  
 

 γ is approached by equation (1): 

d
V j

2

=γ  (1)  

Where Vj (m/s) is the impinging jet velocity near the stagnation point and d (m) the jet hydraulic 
diameter (figure 3) which is equal to the jet diameter in the case of a circular jet. 

The total acceleration under the jet becomes: γtot=γ + g.  
 
We assume that the bubble diameter under the jet cannot be greater than Rayleigh-Taylor’s 

critical wavelength. This wavelength is given by equation (2).  
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It can be shown that following characteristic times are equivalent and lead to equation (4). 
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(3)  

with ∆P~2σ/Dcrit~γtotDcritρl/2. 
The order of magnitude of the average period of emission of bubbles is found by introducing 

relations (2) into relation (3).  
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Relation established for the ‘shoulder of flux’ 
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According to the study of Engelberg–Forster and Greif [7], we assume that the ‘shoulder of flux’ 
should be the consequence of an time dependant phenomenon during which, at each bubbles 
oscillation, the amount of liquid that comes into contact with the wall is heated and is then evacuated. 
This mechanism is described on figure 4. At each bubble oscillation, a certain amount of liquid flows 
into the vapour and reaches the wall (drawing b on figure 4). This amount of liquid spreads on the wall 
and is heated by transient conduction (drawing c). As soon as the liquid temperature nearly reaches 
saturation temperature, a part of the liquid, that directly touches the wall, is vaporized. The amount of 
vapour generated evicts the hot liquid which is then evacuated to the bulk of the jet (drawing d). So, in 
this approach we assume that the heat transfer associated to the amount of vapour created is very small 
and that the heat flux is mainly controlled by the periodic ejection of hot liquid.  

 
 

Figure 4: Schematisation of local phenomena leading to the ‘shoulder of flux’ 
 

The heat flux transferred by this mechanism (qsh in W/m2) is given by: 

S
QTCpq subllsh ∆= ρ  (5)  

where ∆Tsub (°C) is the liquid subcooling (∆Tsub= Tsat-Tl, where Tsat and Tl are the saturation and the 
bulk liquid temperatures respectively). Q (m3/s) is the flow rate of liquid pushed by bubbles 
oscillations that reaches the wall. S (m2) is the considered surface on the plate affected by bubbles. We 
assume that the volume of liquid displaced by a single bubble (Vol in m3) is proportional to the volume 
of the bubble. 

6

3
critD

KVol
π

≈  (6)  

with K a constant such as 10 ≤≤ K . This volume is displaced during period (τ) such that: Q=Vol/τ. 
The wall surface associated to a single bubble is taken as: S=πDcrit

2 
Finally, combining preceding relations we get equation (7) for the ‘shoulder’ heat flux: 

4
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 (7)  

We obtain the value of K’ from the 35 experimental data of Robidou [1] ( 9,054,0 n ≤≤ V m/s and 
195 sub ≤≤ ∆T K). The hydraulic diameter of the planar jet is 1.8 mm. We found an average value for 

K’ of 0.15 with a deviation of 0,013. Equation (7) can be finally written after adjusting K’ on 
Robidou’s data at jet impingement: 
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Validation of the modelling of ‘shoulder of flux’ by comparison with literature results 
 

Except for two authors (Robidou [1] and Miyasaka et al. [2]) whose data were derived from 
stationary regime, studies on transition boiling regime for impinging jets have been limited to transient 
quenching (Ishigai et al [4], Hall et al. [3] and Ochi et al. [5]). In table 1 one can find the different 
experimental data for ‘shoulder of flux‘ as well as the relative error and the derivation obtained when 
the flux calculated from equation (7) is compared to the measured heat flux. The calculated heat flux is 
also plotted versus the measured heat flux on figure 5.  

 
Table 1 : experimental conditions and relative prediction (equation (8)) error for the shoulder of 

flux at jet impingement 
 

 Data d  Vj ∆Tsub qsh exp. relative  deviation, 
 number mm m/s °C MW/m2 error, %  % 
Robidou [1] 35 1.8 0.57-0.96 5-17 1.49-4,8 13.2 9.4 
Miysaka [2] 3 10 1.4-15.3 85 30-58 22.5 19,.9 
Hall [3] 1 5.1 3.31 75 35 34.4  
Ishigai [4] 10 11 1.14-3.21 5-55 2.5-12 18.2 13.9 
Ochi [5] 8 5-20 3.08 5-80 1.5-9 69.3 40.1 

 

 
 
Figure 5: Calculated ‘shoulder‘ heat flux (equation (8)) versus measured heat flux at jet impingement 

 
By considering the results reported in table 1 and on figure 5, we conclude that equation (8) 

correlates experimental results available in the literature with a deviation of approximately +/- 20 %, 
except for the results from Ochi et al.  

As for the experimental conditions reported in table 1 g is negligible compared to Vj
2/d, we can 

approximate γ to Vj
2/d and the relation (8) becomes: 
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Experimental results of some authors (Ishigai et al [4] and Ochi et al. [5]) allowed us to validate 

some trends found in relation (9). Ishigai et al [4] got results with variable jet velocity, keeping the 
other parameters constant. We derived from Ishigai’s data (with a correlation coefficient of 0.9114) 
that qsh~Vj

0.43  which is coherent with the relation issued from equation (9) : qsh~Vj
0.5 . In a similar 

way, Ochi et al. [5] got results with variable jet diameter, keeping the other parameters constant. From 
Ochi’s data we found (with a correlation coefficient of 0.99172) that qsh~d-0.34  which is also coherent 
with the relation issued from equation (9) : qsh~d-0.25   

 
 
Implementation of the model in the solver ‘SATURNE polyphasique’ 
 

The solver ‘SATURNE polyphasique’ is an ‘elliptic based multiphase flow solver’ which is able 
to handle multicomponent multiphase flows by solving a three conservation equations system for each 
field (fluid component and/or phase). A finite volume method with collocated arrangement is used for 
all the variables (Méchitoua et al. [8]). The model developed above is implemented in this solver in 
order to simulate the whole boiling curve, i.e. the different boiling regimes: forced convection, 
nucleate boiling, transition boiling and film boiling. This implementation is done using local variables 
τ and Rcrit (equation (2) and (5)). 
 
 
Heat flux model   
 

This model is based on Podowski’s approach (Podowski et al. [9], Podowski et al. [10], Podowski 
[11]). Nevertheless, Podowski‘s relations are only suitable for the nucleate boiling region where there 
is only few vapour bubbles. As we need to cover all boiling regimes, this model has been modified. 

 
The total heat flux Φ is assumed to be composed of four distinct contributions:  

21 CQEC Φ+Φ+Φ+Φ=Φ  (10)  

With : 
 
• A single-phase liquid heat flux, called ΦC1 
 

)(1 lwllC TTh δα −=Φ  (11)  

Where hl (W/m2K) is the heat exchange coefficient by convection with the liquid. This coefficient 
is calculated using liquid boundary layer flow heat transfer correlations (laminar or log layer). Tδl  
(K) is the liquid temperature at the point δ (first fluid point located near the wall).  
 
• A single-phase vapour heat flux, called ΦC2 
 

)(2 vwvvC TTh δα −=Φ  (12)  

Where hv (W/m2K) is the heat exchange coefficient by convection with the vapour. This 
coefficient is calculated with a vapour boundary layer approach, supposing laminar flow. Tδv  (K) 
is the vapour temperature at the point δ (first fluid point located near the wall).  
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• A quenching heat flux, called ΦQ 
 

Ql

lwlQ
QlQ ta

TTkt
A

πτ
α δ )(2 −

=Φ  (13)  

ΦQ  is the heat flux exchanged during the transient phase of conduction in the liquid which follows 
a bubble departure. This heat flux is exchanged with the subcooled liquid when the wall is wetted 
(drawing c on figure 4); i.e. during the waiting time between two bubbles (tQ ). The oscillation 
period (τ) (equation (4)) is divided into the bubble growing time and the waiting time between two 
bubbles (tQ). If we consider the liquid layer as a semi-infinite region, the transient conduction heat 
flux is given by Del Valle and Kenning [12]. AQ is an area fraction influenced by bubbles 
(equation (20)).   
 
• A evaporation heat flux, called ΦE 
 

τ
ρ nhV lvvb

E =Φ  (14)  

Where Vb (m3) is the detaching bubbles volume, n (number of sites/m2) the density of cavities 
from which bubbles can merge (equation (19)), hlv (J/kg) the latent heat of phase change and τ (s) 
the bubble oscillation period. 
 
• These four contributions to the heat flux are represented on figure 6 (ΦC becomes ΦC1 when 
the fluid is liquid and ΦC becomes ΦC2 when the fluid is vapour). 

 
 

Figure 6: The heat flux contributions 
 
 
Closure relations    
 

The closure relations of this model are : 
 

The detaching bubbles diameter, called Dm, is given by equation (15).  
),min( critunalm DDD =  (15)  

With Dcrit (m) is given by equation (2) and Dunal  (m) is Unal’s diameter (Unal [13]) given by 
equation (16). Equation (16) has been established for liquid subcooling (Tsat-Tl) greater that 3 K and 
has been adapted by Borée et al. [14] for saturated liquids. 
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with P is the pressure (in Pa) and a and b given by:  
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=

U
Ulφ  if Ul>U0 or 1=φ  if Ul<U0  with U0=0.61 m/s (18)  

where Ul (m/s) is liquid velocity near the wall at the point δ (first fluid point located near the wall). 
 
The density of cavities from which bubbles can merge, called n, is given by equation (19) (Kurul and 
Podowski [15]): 

[ ]( ) 8.1210 satwl TTn −= α  (19)  

The area influenced by bubbles and the bubbles volume are derived from equation (20)  

),1min( 2
mQ nDA π=  and 

6

3
m

b
D

V
π

=  (20)  

The bubble growing time is negligible compared to the waiting time between two bubbles (tQ), so the 
average period of emission of bubble (bubble oscillation period τ) is assumed to be equal to tQ. And tQ 
is given by equation (4). 
 
If Tδl tends towards Tsat, the bubbles detaching diameter becomes infinite. To avoid this problem, a 
Stanton number (St) is calculated and we consider a limit (Stlim=0.0065) (Borée et al. [14]):  

llsatll UTTCp
St

)( δρ −
Φ

=   (21)  

If St< Stlim the previous relations are kept unchanged otherwise the coefficient b is modified:  

llllv UCpSt
b

ρρρ lim)/1(2 −
Φ

=   (22)  

 
 
Numerical results   
 

We consider three phases for the simulation of a free impinging water jet on a heated plate; air, 
water and vapour (figure 3). The simulation presented here is a transient calculation of a jet 
impingement reproducing an experiment from Robidou [1] : jet velocity is 0,87 m/s, subcooling 16 K, 
jet hydraulic diameter 1.8 mm and jet height 6 mm. The initial wall temperature is 673 K. The model 
is coupled with a model of thermal conduction in the wall. 

 
Visualisations of the liquid presence fraction are shown on figure 7 for Tw ~ 573 K at the 

impinging point and on figure 8 for Tw ~ 383 °C at the same point (the legend is the same). One can 
notice that the liquid flow on the plate is perturbed for elevated wall temperatures. The liquid 
oscillates because of the presence of bubbles of vapour on the wall. The average wavelength of the 
instability observed on figure 7 is about 2 mm that is close to the value of the maximum diameter 
(Dcrit) given by equation (2): 2.6 mm.  
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When the wall temperature is lower (figure 8), the liquid touches the wall, so the wall is wetted 
under the jet while some vapour still exists in the flow next to the stagnation point. As the time of 
simulation increases, the wetted region under the jet spreads until the whole plate is wetted.  

 

 
 

Figure 7: visualisation of the liquid presence fraction for Tw ~ 573 K  at the impingement point 
 

 
 

Figure 8: visualisation of the liquid presence fraction for Tw ~ 383 K  at the impinging point 
 
 

Figure 9 shows the comparison between the boiling curve calculated by the simulation and the 
one derived experimentally by Robidou [1] at a distance of 3.15 mm from the stagnation point. 

 
On this figure, we notice that the numerical model is able to predict the shoulder of flux and also 

the first minimum (see figure 10). The temperature corresponding to the critical heat flux is also well 
reported by the simulation although the critical heat flux is much lower than the experimental one. 
Finally the nucleate boiling regime as well as the forced convection regime obtained by the simulation 
is very coherent with the experimental boiling curve. 
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Figure 9: Comparison of boiling curves at 3.15 mm from the impingement point 
 
 

 
 

Figure 10: Drawing of a boiling curve in the vicinity of the stagnation point (∆Tsat =Tw-Tsat) 
 
 
Conclusion 
 

The first step of this study was to establish a relation for the phenomenon of ‘shoulder of flux’. 
By considering the validation of equation (8) by experimental results issued from literature, one can 
conclude that the relation (8) gives a good estimation of ‘shoulder’ heat flux in transition boiling 
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region. This relation has been validated for a wide range of parameters: stationary or transient regime 
of study, range of jet velocity (0.54-15.3 m/s), liquid subcooling (5-85 K) and jet diameter (1.8-20 
mm). 

 
The second step was to implement this modelling in the solver ‘SATURNE polyphasique’. The 

simulation deals with three phases: air, water and vapour. Figure 9 shows a good agreement between 
the boiling curve obtained by simulation and the experimental boiling curve at 3.15 mm from the 
stagnation point. 

 
Sensitivity studies on jet diameter, jet velocity and liquid subcooling are still necessary to validate 

the numerical model which has been implemented in the solver. 
 

 
Nomenclature 

 
AQ area fraction (equation (20))     Greek Symbols  
ai thermal diffusivity, m2/s      α presence fraction  
a constant (equation (17))      ∆T temperature difference, K 
b constant (equation (17) or(22))     Φ heat flux, W/m2 
Cp specific heat, J/kgK       φ constant (equation (18)) 
D bubbles diameter, m       γ jet acceleration, m/s2 
d jet hydraulic diameter, m      ρ density, kg/m3 
g gravitational acceleration, m/s2     σ tension interfacial, N/m 
h convective heat transfer coefficient, W/m2K  τ period of bubbles oscillations, s 
K constant (equation (6))      Indices and exponents 
K’ constant (equation (7))      C1 convective liquid 
k thermal conductivity, W/mK     C2 convective vapour 
n density of active sites (number/m2)    crit critical 
P Pressure, Pa         δ first fluid point 
Q liquid flow rate, m3/s       E evaporation 
q heat flux, W/m2        j near the wall 
S surface, m2         l liquid 
St Stanton number        m detaching 
T temperature, K        Q emission or quenching 
t time, s          sat saturation 
U norm of fluid velocity, m/s      sh shoulder 
V jet velocity, m/s        sub subcooling 
Vol volume of liquid, m3       tot total 
            v vapour 
            w wall 
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