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Numerical simulation of boiling during the quenching process
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Résumé— During the thermal modelling of the quenchinggass, different stages of boiling need to
be treated, from nucleate boiling to generation grawth of a vapour film. The interface between
each phase flow is determined using a level sehodetSurface tension is evaluated using the
continuum surface force. The proposed approach dstraies the capability of the model to simulate
detachment of a single bubble and the generatidilnofvapour from a heated source. A comparison
between numerical and experimental results shogad agreement.

Mots clefs — Finite elements methodsjuenching process, two-phase flow, bubble growth,
detachment, film vapour.

1 Introduction

The quenching process is an efficient way to cémtrechanical and metallurgical characteristics
of final metallic parts. Nevertheless the heatgfanbetween the part and the quench fluid must be
very well controlled to avoid defects like cracksgterogeneous distribution of mechanical and
metallurgical properties. The framework of this dstuis the improvement of the heat transfer
knowledge between the solid part and the fluid khman innovative numerical description of the
fluid behaviour at the interface and especially gghahange (liquid, vapour) phenomenainthe
cooling fluid.

During quenching, the metal temperature (Figur¢)igahigher than the fluid boiling temperature;
consequently the fluid in the liquid state will bansformed in vapour as illustrated in Figure 1(b)
The formation of bubble will remove temperaturenfrthe heated surface through vortex formation.
Therefore, the nucleate boiling process is a véigient mode of heat transfer and has a major iole
the cooling process. Recently Srinivasan and 3lirterpreted the boiling phase change within a
quenching process by computing the heat flux thaes from the different modes of boiling. They
coupled the phase change to heat dissipation oftital thankgo an interface coupling code. The
heat transfer coefficient depends on the posdiwa initial temperature of the solid, and bathagn.

To avoid such an empirical parameter and to siraudageneral quenching process, in this work a
single mesh for the solid and fluid domains is ed&®d on which a set of global equations needs to
be solved.

Different boiling modes prevail on the solid sudaduring the quenching process: film boiling,
transition boiling and nucleate boilinfhese modes are detailed in the papeBairouga and Gilles
[2]. In order to better understand the boiling pdvaena, the study of nucleate boiling behaviouhés t
first step. Nucleate boiling is considered as ohthe most difficult challenges for direct simutati
The complexity remains in dealing numerically witie precision of the liquid-vapour interface. For
computations of nucleate boiling, Son and Dhir §i8ed a level set method to include the effect of
phase change at liquid-vapour interface and tot tite@ no-slip condition. Welch and Wilson [4]
computed the boiling flow by using the volume afid (VOF) method and a void fraction.

In this work, a multiphase model is presented. Thidel is capable to treat the generation, the
growth and detachment of vapour using an Eulerzantext. In section 2, the liquid-vapour interfase i
tracked by a level set function. In section 3, go@erning equation are presented, firstly the ghowt



velocity deduced from the Gibbs Thomson relati@zosdly the energy equation capable to take into
account the latent heat as a source term, andyfithed discretization of the Navier Stokes equation
including the surface tension. Experimental and encal study of the growth and detachment of a
bubble from the heated plane surface are preseifiteel.generation of vapour is also treated in
section 4.

@) (b)

Fig. 1 — (a) Quenching in water of a ferrule (Staeb-Areva, Creusot Forge). (b) Bubble
generation during a micro quenching process (CEMERES ParisTEch, Sophia Antipolis).

2 Level set approach

Liquid vapour interface is defined by zero valuetloé level set functiog, which is the signed
distance from the interfac&he level set functiorg is computed using a convected LevelSet method

(Eqg. 1),introduced and detaileid the works of Ville and al[5]. The advantages of this method are:
firstly, to restrict the convection resolution teet neighbourhood of the interface and secondly to
replacethe reinitialisation steps by an advective reafigation. The distance functignis truncated at

a thicknes& by a sinusoidal function denotedwhich has the same zero value as the level set

2
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Eq. 1
a(t=0,x)=a,(x) inQ

. . . h . .
Here s is @ sign, A is chosen to be equalﬁ and E = 2h where h is the averaged mesh size in

the vicinity of the interface.

The discontinuity ofphysical and thermodynamic propertias the interface mayead to
oscillations and instabilities. Therefore the srhedtHeavisidefunctionH (¢) and a linear mixing law

(Eq. 2)were used to definghysical continuouproperties.
p(9)=n+(n,-n)H(9) Eq. 2

WhereH (¢) is given by (Eqg. 3),



0 if p<-E

1 ¢ 1 . (mp)) .
H(g)= E(1+E+7_TSIH(ED ifld<E Eq. 3

1 if p>E

This part is devoted to the equations governingbtiiieble growth; conservation of mass, momentum,
energy equations and Gibbs Thomson relation.

3 Governing equation

Let T, (Q) be the spatial discretization of the computatiatahain Q . The unstructured Eulerian

mesh is made of d-simplex elementsn&mely triangles in two dimensions (2D) and tetdahkin
three dimensions (3D where d is the spatial dimension. The discrdtidemain, denoted?, , is

defined as follows:

Q = K
" KDHQ) Eq. 4

In the context of finite element method, a simplecontinuous approximation spadk is chosen and
defined by:

A :{vh 0C(Q): vy O P(K, O KDTh(Q)} EqQ. 5

3.1 Interface velocity

Several experimentatudies investigatetly Zuber [6], Lee [7] and Qiu & Dhir [8] have been
performed to compute the growth rate of bubbleaninnfinite pool of liquid and at a heated surface.
In both cases, the characteristic len@®{t) varies as a function of the tirhgthe Jacob numbeda

and the liquid thermal diffusivity, .

R() = ClJa/ at with Ja:LWL_U

\

Eq. 6

The authors in [9] determine@oD and n as a function of the thermal parameters. In thiserical

approach, to compute the interface growth veloditg, Gibbs Thomsomelation is adopted as the
works of Tan & Zabaras [10].

:=G(T-T)h = G(T- T)0a Eq.7

Where C, is the growth constant function of used fluid &edted surface temperature.

3.2 Conservation of energy

The heat transfegoverned by the energy equatiaocounts for the Stephan condition by treating



its contribution as aexternal force term as given ifEq. 8):

——D[Qk ) [ , L+(T- 'I;)(,ov(‘fp p,f;])]a'((p)d—¢ inQ

dt
T(X,O)—To inQ

Eq. 8
OT(x,t)H=0 in 0Q

L is the latent heat of vaporisation per unit masjs the boiling temperature. The smoothed delta
function J, is given by Croce [11] as the derivative of smedtheaviside function:

0 if|g>E

% (9)=0,H(g)= %[u co{%ﬂ if |¢f<E Eq. 9

3.3 Incompressible navier-stokes equations

The behaviour of fluids is governed by the Naviesk®s equations defined on the domé&in In
several applications that belong to the phase flovblems, surface tension plays a dominant role in
defining the bubble’s shape. The surface tensigmresented at the interface of two fluids when at
least one of them is liquid.

N . = 1 ~ :
Van der Pijl [12] presents the surface tension aslame forces, = — 0k, i . It wasincluded
by Croce [11] as a source term in the Navier Staasationswith variable densitieas follows in
(Eqg. 10)

p(¢)%—D [@,u((o)(Du+DuT))+Dp= p(¢)[ g+% Kindr (¢)} inQ

do(e@ .
i +D[Q/0 ) 0 inQ Eq. 10
u=0

in 0Q

Here, U is the velocity, p is the pressure angd isthe constant gravity field. The parameter is
_ 1
the surface tension coefficient and is the average density given bp=5(,00+,01). The

advantage of this method is that intrinsic georogtroperties of the front may be easily determined
from thelevel seffunction. For example, at any point the normal ee¢i- andthe mean curvaturk,
are given in

fir =0gandk=-0f Eq. 11

The computation of the surface tension fdrgeising the continuum surface force (CSF) depends
on the location and the derivatives of the integfathe main challenge in this approach is to comput



the curvature of the fluid interface as a secormildtve of the Level set function since a lineiite
element method is used. In this paper, we use ametliod to compute the gradient directly at the
nodes of the mesh presented in Coupez [13]. It éd Wnown that the classical finite element
approximation for the flow problem may fail becausfetwo reasons: the compatibility condition
known as the inf-sup condition and when the coneraiominates. Therefore, a recently developed
stabilised finite element method is used to diswedtavier Stokes equatiomepicted in [14].

4  Model validation.

4.1 Bubble growth and detachment
4.1.1 Experimental study

In the present study, we report a detailed stddysingle bubble growth, shape and departure on a
heated surfaceNucleate boiling experiment is performed using ilikst water. The aim of this
experiment is to compute the bubble growth ratechematic diagram of the experimental apparatus
used in this study is shown in Figure 2(a). Thekbeas made of a Pyrex glass; it has an inner
diameter of 35.55 mm, a thickness of 6.2 mm andight of 6 cm. The beaker is filled with 20ml of
distilled water. Images of bubble growth were cagduusing a high speed camera (Phantom Miro eX-
series) Photonetics (125 to 2500 images/s) andledwyth a 110 macro photos objective. Figure 2(b)
shows that the bubble has a hemispherical or oblspe at the early growth stage then it changes to
an elongated shape as it proceeds towards thehdetat. After the bubble breaks away, a second
nucleus is possibly developed.

Thermocounle (3} :_ xheaker,

Thermocouple (4) :

.__._- = Thermocouple {2) Data acquisition
\ . system AOIP
$A32

-.... Thermocouple (1)

& Hibmser

(a) (b)

Fig. 2 — (a)Experimental apparatué) Experimental studies for comparison.

4.1.2 Numerical study

In this three dimensional example, the departura sfngle bubble from a horizontsilirface is
simulated The bottom wall is kept at a constant temperanfil® °C above the ebullition temperature

and a no-slip condition is applied. We initialire fiquid to be sub-cooled at a temperatured&°C



and the vapour to be superheated at a temperdtd@35C . The fluid temperature increases linearly
from the heated wall.

The computational domain is a cube 6fMm side, discretized using amnox100x100 unstructured
grid mesh. The bubble having initial radis= 0.5 mm has been placed at the centre bottom next to
the wall as illustrated in the top of Figure \Be consider a two-phase fluid with surface tension
o =01N.m™, a latent heal. =88000 j.kg™and a constant gravity= 981ms™. The transport

velocity is the result of the sum of the fluid veily solution of Navier-Stokes equation and theegiv
growth velocityy, =0.024T - T,)f, -

The fluid properties, including density and viscosdye assumed to be constant in each phase it
corrempond to liquid and vapour phase. During theeasion, the form of the bubble changes to an
elongated spheroid while its growth is not sigmifit Figure 3 shows the bubble detachment from an
heated surface. After the detachment, the bublapesbhhanges depending on the surface tension from
spherical to an oval shape (bottom row).

Water T_[=95°C
Nucleate bubble
LRI E Heated wall
o //t_w=103°c
t=0ms
| | |
| * |
t=2.75ms t=4.8ms t=5ms t=5.75ms t=8.1ms

Fig. 3 — Isovalue zero of the level set functioadjtioning the liquid-vapour interface) for a three
dimensional nucleate boiling simulation.

4.2 Vapour generation- film boiling

The aim of this test is to bring out the generatba vapour film around a solid object, closette t
quenching problem. Therefore, we use a heat sdoreearm the surrounding liquid. As the growth
velocity is proportional to the temperature diffece, the vapour will appear when the liquid
temperature is higher than the boiling temperat8mece the physical properties such as density and
viscosity differ from one phase to another, theeleset function has been used to separate the vapou
film of the surrounding liquid allowing a mix of ¢ir properties and to track the interface. The film
boiling mode occurs when the solid temperatureighdr than the Leindenfrost point. The duration
and the stability of the film boiling mode increds®early with the growth of the bath temperature
[15]. This boiling mode is the most noted for atblaaving a temperature abo®® °C . Therefore we

consider the water initially at a temperature®® °C .



This computation is performed in a three-dimenditieaahedral domaiQ = [0.15,0.06,0.2] me.

The heat source having the following dimens[cﬁﬁZ,0.0Z ,0.08] m® is located at
(0.065,002,006) as illustrated in Figure 4(a). The heat source isdenof Inconel-718 at a
temperature off00°C. The vapour interface is initially coincident withe solid’s boundary. In this
test, the constant growth velocityGg = 0.00025 At the solid neighbourhood an isotropic refined
mesh is used (h=0.0012), whereas the rest of dokegin the same background dire 0.025
h=0.025 as illustrated in Figure 4(b).

As shown in Figure 5, a continuous vapour layem®rbetween the heated solid and the
surrounding liquid. The vapour is removed on thpargportion of the solid, which is determined by
Taylor instability. From this test we can deducat fin the quenching process the dipped metal peovid
a natural generator of vapour.

Inco718 Tpiece=700 C

20 mm

Teau=90T

60 mm"\

150 mm
(@) (b)

Fig. 4 —(a) Problem setup and dimensions, (b) Isotropitexf mesh at the solid’s neighbourhood

t=0.2s t=0.25s t=0.375s

Fig. 5—Interface plot for a three-dimensional vapour fdeneration test.



5 Conclusion

A novel numerical approach is presented for thaukition of phase change by using the level set
method to track the interface liquid-vapour andsbyving one set of equations in both domains with
different phase properties. To simulate multi ph#ieevs where the fluids are considered to be
incompressible, the surface tension was computabinuum surface forcESF method.

The numericakhree dimensional (3Ddests show that the proposed method is able talaienthe
phase change during the quenching process. Thisochétkes advantage of the level set method to
capture the interface and avoid the complexityat@tinto account the heat transfer for the differen
boiling modes. The application of this approactaiBD test shows the evolution of the bubble shape
during the detachment from a heated wall. This orttas also applied to simulate the generation of
a film of vapour followed by its detachment. Furte&perimental work is in progress to obtain dstail
about velocity and temperature in the surroundiog field by applying Particle Image Velocimetry
and Planar Laser Induced Fluorescence (PIV-PLIEe growth constant will then be specified, by
comparing numerical and experimental results.
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