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ABSTRACT

This paper outlines the recently improved Computational Fluid Dynamics (CFD) model to simulate the
jet impingement quenching cooling process, validated with experimental data. The main application
area of the presented method is heat treatment of cast aluminium alloy parts, known as continuous
horizontal chill casting process, mostly used in the automotive and aerospace industries, where accurate
heat treatment prediction plays an important role in conceptual and thermal analysis. The comparison
between measurement data and numerical results has been carried out to simulate the real time jet
impingement cooling process of a high temperature aluminium plate using the commercial CFD code
AVL FIRE™. Recently, simulation methodology has been applied to cast cooling processes,
successfully demonstrating its ability to simulate cooling effects from 500°C down to room temperature
in a realistic manner. The Eulerian multi-fluid modelling approach is used to handle the boiling flow
and the heat transfer between the heated structure and the sub-cooled liquid. While for the fluid region
governing equations are solved for each phase separately, only the energy equation is solved in the solid
region. Heat transfer coefficients depend on the boiling regimes which are separated by the
variable Leidenfrost temperature and the levitation force. Simulation results are compared with
available measurement data on different positions along the aluminium plate. The temperature histories
predicted by the presented model correlate very well with the provided measurement data at different
monitoring locations.

Keywords: multiphase, CFD, continuous casting process, Leidenfrost temperature, levitation force.

1 INTRODUCTION
Optimization of heat transfer characteristics in automotive, aeronautic and process industries
plays an important role in conceptual and thermal analysis. Hence, an efficient heat treatment
technique, such as casting, are introduced in order to prevent component failure and to
provide long-lasting products. Aluminium alloys are well established materials in those
industry branches, therefore accurate heat treatment is essential.

Casting of Aluminium alloys for different semi-finishes for metal sheets is mostly
conducted by means of the direct vertical semi-continuous or the continuous horizontal chill
casting process. In this process the melt faces direct contact with the billet shaping casting
mould. Primary cooling is responsible for the initial solidification of a thin outer shell of the
semi-finished ingot. The subsequent energy deduction and ingot cooling happens through a
secondary cooling with a time-dependent pulsed/continuous water impingement onto the
solidifying outer shell. Material and mechanical properties of such produced alloys strongly
depend on the casting process parameters and on the directly linked best suitable cooling
conditions. These in turn have a strong influence on the micro-structure of the fast solidifying
outer shell as well as of the internal ingot core.
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This paper presents the development, implementation and validation of enhanced
computational fluid dynamics (CFD) multiphase models for numerical modelling and
simulation of the cooling process of high temperature Aluminum plates by means of direct
water impingement. The paper is split into three major sections. Section 2 presents the
research and development work related to the CFD modelling of water jet impingement and
heat transfer on high temperature Aluminum plates. Section 3 describes the experimental data
record of the transient temperature distributions of water cooled high temperature Aluminum
plates, and Section 4 shows the comparison of numerical with experimental results for
validation of the newly developed CFD cast cooling model

2 CFD MODELING OF MULTIPHASE PLATE COOLING

The CFD code AVL FIRE™ solves the general conservation equations of mass, momentum
and enthalpy plus additional transport equations for turbulence related quantities. The
multiphase treatment is based on the Eulerian multi-fluid method that is the most general
approach for simulating multiphase flows. The individual fluids (liquid/gaseous phases) are
treated as continuous phases with conservation laws applied for each fluid. An ensemble
averaging technique is adopted to remove the microscopic interfaces. This leads to
macroscopic conservation equations which are analogous to their single-phase counterparts
but differ in that a new variable volume fraction and additional exchange terms between the
phases are introduced [1].

2.1 General multiphase CFD framework AVL FIRE™

The solution method adopted in AVL FIRE™ is based on a fully conservative finite volume
approach. In order to offer full flexibility in terms of the structure and topology of the
employed computational meshes, AVL FIRE™ allows for each computational cell to consist
of an arbitrary number of cell faces.

All dependent variables for momentum, pressure, density, turbulent kinetic energy,
dissipation rate, and scalar quantities are evaluated at the centres of the computational cells.
A second-order midpoint rule is used for integral approximation and a second order linear
approximation for calculation of any value at the cell-faces. A diffusion term is incorporated
into the surface integral source after employment of the special interpolation practice. The
rate of change is discretized by using implicit schemes, namely an Euler implicit scheme and
a three-time level implicit scheme of second order accuracy.

Various initial and boundary conditions are available to match the setup of any simulation
to the real flow problem. To meet the requirements of different application fields, AVL
FIRE™ simulations may be set up in steady or transient (time stepping) mode. Due to the
wide range of applicability of the multi-fluid method, the phase-exchange terms are modelled
according to the different types of simulation problems, such as e.g. quenching, cavitation,
flash boiling, etc.

2.2 Multiphase water impingement flow and heat transfer modeling

The Eulerian multi-fluid model considers each phase as interpenetrating continuum
coexisting in the flow domain, with inter-phase transfer terms accounting for phase
interactions. From the theoretical work of Drew and Passman [1], the ensemble averaged
continuity, momentum and energy equations are presented as:
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2.2.1 Continuity equation
9(ap) 7
=Lk 47 (apV), = Lo (1)
subject to the compatibility condition
a+a,=1, (2

where a, p and V stand for phase volume fraction, density and velocity vector, respectively.
The phase mass change rate (in this particular case, boiling) is I'j and subscript Kk is the phase
index (k = or k = V). Subscripts v and | denote the vapour and liquid phases in the current
work.

2.2.2 Momentum equation
6(apl7) —== N —
5t (apVV)k =—aVp +V: (ar), + (@p)g + My + Vil (3)

with p, g, rand I_/)l representing pressure, gravity vector, stress tensor and interfacial velocity,
respectively. The interfacial momentum exchange (M;;,) term is given by

My, = Fp + Frgy, 4)
where Fp indicates the drag force and ﬁLEVI is the levitation force.

2.2.3 Drag force
The drag force exerted on the continuous phase is given as

= 3 C - - - -
Fp = @ape 2 Va = Ve|(Va = Vo), )
where Cp is the drag coefficient depending on the droplet Reynolds number, and d, stands

for the water droplet diameter.

2.2.4 Levitation force

At the quench front of the water jet impingement cooling process considered in the present
work, there is a narrow zone of vigorous boiling with massive production of finer droplets.
These finer droplets are ejected almost perpendicular from the hot surface at the quench front,
causing the liquid to break up into large irregular droplets. To accurately simulate free-
surface liquid jet impingement quenching, it is of great importance to account for the
repulsion of water droplets and/or film away from the hot surface and consequently, a force
F 1evi> named as levitation force, is exerted on the liquid phase along the quench front. The
model proposed by Kim [2] is adopted in this work, with

> 2y . o
Frpyr = _0-39CLEVIX_$anWs (6)

where Cieyi stands for the levitation coefficient, 4 is the vapour phase viscosity, m is the
mass change rate due to boiling and y is the vapour film thickness, which typically in the
range of 10—100 pum. It should be noticed that this kind of levitation force, eqn (6), is also
found in the work of Erickson and Williams [3]. The vapour layer causes lifetime extension
of Leidenfrost drops, and according to Bianche et al. [4], it is given by
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Here Ca is the capillary length, given as

Ca = gipl ®)

Fig. 1 shows the graphical implementation of the ﬁLEVIs where left side of the figure

represent the case without the force and where the right side shows the impact of the force
(for general and direct casting scenario).
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Figure 1: Implementation of ﬁLEV, force on general case and direct casting process [5].

2.2.5 Energy equation
In previous work [6], [7], vapour bubble condensation in the fluid domain is assumed to be
negligible, the phasic static enthalpy equation is then described by

d(aph) = 2 3 C )
% +V-(apVh), =V- ("C—pTVh)k +5ayp ﬁ(n -T) + aka—’:+sh. 9)

Thermal conductivity is presented as Ar, Cy is the inter-phase heat transfer coefficient
between phase k and phase | and other terms are lumped into the source term S,

Sp=V- [“’“ (T - Tref)vcp] +(av), - Vp + (a:VV),. (10)
k

2.2.6 Boiling model

Based on the assumption that the boiling heat transfer rate is proportional to the phase change
rate, the mass transfer predominantly controls the heat transfer. Thus, the phase change rate
due to boiling can be written as

_ CnChoithpoit(Tw—Tsat) 60y
L= H dy,’ )
fg b
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where Cr, Choil, huoit and Hyg are the closure coefficient, the boiling correction coefficient, the
boiling heat transfer coefficient and the latent heat of vaporization, respectively. The
following sub-sections describe the models applied for heat transfer coefficient hyoi at the
different boiling regimes.

2.2.7 Film boiling model
Bromley’s model [8], originally applied for a horizontal tube, is employed to predict the film
boiling heat transfer coefficient hpoil

0.25
A3pv(p1-pr)g [Hfg +0-4'Cp,v(Tw_Tsat)]}
Uy(Tw—Tsat)dp ’

hboil = 062{ (12)

where dp is the length scale (here the vapour bubble diameter), Ay is the vapour thermal
conductivity and Cp stands for the vapour specific heat.

2.2.8 Transition boiling mode
The heat transfer coefficient, hpeil in the transition boiling regime is given by

pois = —222 (13)

b
Tw—Tsat

where the heat flux in transition boiling regime qTB is computed as follows

ars = $qcur + (1 — @) quur- (14)

In eqn (14), gchr denotes the Critical Heat Flux, and qunr the Minimum Heat Flux. In a
relation to the Zuber’s correlation [9], the critical heat flux is computed as

]0.25

(p1—pv)
Genr = 0.131p, Hyy [ZHES220] (15)

where o is the surface tension of the liquid phase. The Minimum Heat Flux correlation for
the quenching system in eqn (14) is

(P1-p)105 0.25
b = 009Ky (2222 o 0

Kwmhr serves as a model parameter and its typical value varies from 1 to 15. Further, more
detailed information about the applied quenching model can be obtained from AVL FIRE™
multi-fluid model solver theory guide [10] and the reference [11].

2.2.9 Quench front temperature

During free-surface liquid jet impingement quenching, the quench front propagates in the
direction of flow along the surface. Heat transfer occurs by boiling (nucleate, transition or
film boiling) and/or single-phase forced convection upstream of the quenching front, while
conduction and radiation heat transfer take place at dry zones of the surface downstream of
the front. A transition between the boiling and conduction-radiation zones takes place when
the surface temperature first drops below the quench front temperature. Quench front
temperature is defined as the highest solid surface temperature when film boiling is taking
place on the heated surface. Here, the correlation presented by Brenson [12] is employed to
evaluate the quench front temperature. It is given by

PICpit1
Pscp,sls'

Torr = Turep + (TMFB,B - Tl) 17
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Based on Taylor instability theory, the minimum film boiling temperature Turgg reads

_ pohsg (go1—po\?2 (o N2 [ w3
Turpp = Tsar +0.127 v (Pl"'Pv) ((Pl_Pv)) (Q(Pl—Pv)) : (18)

3 PLATE COOLING SET-UP AND RESULTS
The generation of temperature data during water jet impingement cooling was conducted
using a special sensor-equipped test setup [13]. This test setup allows for the horizontal
heating of metal coupon plates, the quick transfer from the oven to the impingement cooling
to subsequently run the water cooling tests at defined water cooling parameters. Fig. 2(a)—(c)
show the setup of the experimental test device.

(®)

Figure 2:  Experimental setup of the cooling device used for plate cooling tests. (a) Phase
of coupon plate heating; (b) Phase of transfer to cooling position; and (c)
Removal of shielding plate (brown) [13].

The setup is capable of varying the plate temperature in the oven as well as changing water
cooling parameters such as mass flow, flow shape (pulsed, continuous) etc. at the cooling
side. For the present investigations the cooling setup was further modified so to also vary the
impingement angle and record its influence on the temperature graphs.

For the reference investigation, AA7075 Aluminium billets were vertical chill casted. Out
of these billets, five rectangular coupon plates were manufactured (Fig. 3(a)). Dimensions of
the coupon plates were 20 x 100 x 200 mm. The plates were equipped with 10 thermo-couples
along the centre line, 3.0 mm under the impinged surface of the water-cooled plate
(Fig. 3(b)). Thermo-couples T1-T2 were above the impingement zone IZ. T3 was at the [Z
and remaining T4-T10 were positioned below the IZ. The coupon plates were heated up to
475°C and then transferred to the water cooling. For water cooling, room temperature water
was used, the mass flow was continuous between 6—14 1/min and the splashing angle was
between 11-23° down from the vertical. During the cooling the specimen faced no movement
or transfer. The coupon plate remains vertically arranged in position. Only the cooling water
rinses down the cooled surface.

The main function of the whole equipment is to guarantee the reproducible heating and
cooling condition for the tests. This will secure the data (temperature) record which will be
used for later comparison with numerical simulation results.
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Figure 3:  (a) AA7075 coupon plate as cast with milled surfaces; and (b) Water cooling
schema [12].

3.1 Experimental results

Fig. 4 shows the temperature results of test scenario A01 for thermo-couples T1-T10 over
time. The graphs show an initial maximum temperature plateau at 475°C which is followed
by the temperature decrease due to water impingement cooling. Thermo-couples T1 and T2
show a very smooth graph with the lowest temperature gradients for cooling as these points
of the plate do not face direct contact with the cooling water. T3 (green) is directly at the
impingement zone and faces the highest temperature gradient during water impingement in
the initial face and goes down to 250°C within 5 seconds.
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Figure 4:  (a) Temperature results of thermo-couples T1-T10 over time for cooling test
scenario A01; and (b) Detail of T-t graphs for time interval 0-30 seconds with
indicators for rewarming due to Leidenfrost isolation effect.

The initial cooling gradients of the remaining thermo-couples T5-T10 are smaller
compared to T4. In addition, it is visible that these thermo-couples record a temporary delay
of the cooling. These are indicated in Fig. 4(b). The delay of the cooling is due to the
Leidenfrost effect. This builds a temporary isolation layer between cooling water and the hot
coupon plate which rehashes the surface due to internal billet core energy conduction.

4 NUMERICAL MODELLING OF IMPINGEMENT WATER COOLING PROCESS
Fig. 5(a) displays the physical domain and the boundary conditions applied in the AVL
FIRE™ CFD simulation. In the current study, one initial temperature and coolant mass flow
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rate for jet impingement quenching is investigated. For model simplification and faster
simulation time, wall symmetry conditions are adopted. The total number of cells for the
cooling plate piece (Fig. 5(b)) is about 350,000, with the solid domain consisting of
approximately 25,000 cells.
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Figure 5:  Physical domain. (a) Boundary conditions; (b) Temperature monitoring points;
and (c) For investigated water impingement plate cooling configuration.

With reference to the liquid domain, prescribed atmospheric pressure is exerted at the
outlet boundary on the top (green surface), and the inlet section is the given velocity boundary
condition from the drilled hole at the side (black surface). In the current simulations, a
constant impingement velocity of 14.14 m/s is used until the temperature of the quench piece
reaches 23°C. The domain walls at the back and front are treated as adiabatic, whereas
symmetry is applied on the sides. Temperature measurements along the presented piece were
performed at different positions, and they are referred as T1, T2, T3, T4, TS, T6, T7, T8, T9,
and T10, as shown in Fig. 5(c)).

The impingement area is divided into 5 regions according to the different cooling regimes,
as proposed by Kim [2] (Fig. 5(b)). Region I is the region above the impingement zone.
Region II and Region III are the regions where liquid hits the heated surface, whereas the
Region IV and Region V are covering the parts bellow. Each region has its own quenching
cooling parameters such as Leidenfrost Limit, Leidenfrost Variable Range, Transient
Minimum Heat Flux Factor, Dry Phase Packing Limit and Transient Critical Heat Flux
Factor. Details regarding water cooling parameters can be extracted from the AVL FIRE™
solver theory guide [10].

4.1 Numerical results

The liquid volume fraction and temperature distribution within the structure at different time
instants are displayed in the Fig. 6. It can be seen that due to upcoming inlet velocity
and newly introduced levitation force, coolant is pushed away from the heated plate, see
Fig. 6(a), (b).
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Figure 6:  Water jet cooling of 475°C plate at different time steps; water volume fraction,
resulting temperature distribution in the plate.

The solid plate starts to cool down short after the coolant hits the plate. At the time of 5 s,
the surface temperature at the impingement zone is already around 360°C, whereas the other
part of the solid plate still shares the temperature close to initial value, Fig. 6(g). As soon as
the surface temperature drops below the Leidenfrost temperature, transition boiling and later
nucleate boiling take place. This effect is visible in Fig. 6(d), (e), where due to lower solid
temperature, levitation force is no longer active and that the coolant is no longer pushed away
from the heated surface. This results in a faster cooling process. At the time of 20 s, it is
observed in Fig. 6(i), that the impingement zone is already cooled down to ambient
temperature, whereas the upper and lower parts of the solid still share higher temperature. A
uniform cooling temperature is reached at the time of 50 s (see Fig. 6(j)). The newly
implemented Levitation force is well visible on the Fig. 6(a)—(c), where some amount of
water stays on the surface and cool down the solid plate, whereas the rest of the water is re-
bounced from the heated surface, due to newly implementation. When the temperature falls
below the Leidenfrost temperature, levitation force no longer visible, and all water which is
entering the system stayed on the cooling plate (no re-bouncing effect is visible anymore —
see Fig. 6(d), (¢)).

4.2 Cooling model validation

The model capability to predict quench rates is validated through comparison of measured
and numerically predicted temperature histories (see Fig. 7). From all monitoring points the
simulated film and transition boiling regime are well described with the adopted jet
impingement quenching model, where very good agreement with the available measurement
data is achieved.
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Figure 7:  Comparison of numerically predicted and measured solid part temperature for

jet impingement quenching model with water temperature of 20°C at monitoring
points T1, T2, T3, T4, T5, T6, T7, T8, T9 and T10
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5 SUMMARY
For improvement of the prediction of transient temperature distribution evolution during the
vertical chill casting process of Aluminium alloys in the initial starting phase, it is essential
to adopt highly accurate models for describing the heat flux away from cast billets, especially
in the top hot solidifying outer billet shell at the phase of water impingement.

This paper presented the development, implementation and validation of an enhanced
CFD multiphase heat transfer model in AVL FIRE™ for numerical modelling and simulation
of the cooling process of high temperature Aluminium plates by means of direct water
impingement. For this purpose, the AVL FIRE™ multiphase model was adapted and
extended in order to capture the specific phenomena characteristic for high temperature
Aluminum plates hit by cold water (e.g. liquid phase levitation, appearance of different
boiling regimes, Leidenfrost effect, etc.). The resulting model was applied to a real test case
scenario of water cooled coupon plates made of AA7075. The comparison of the numerical
simulation results with recorded temperature data at selected thermo-couple positions shows
good agreement between the numerical model and the test data especially for the points at
and below the impingement zone. With the current implementation user has to define the
impingement region out of existing model, but in future we would like to establish automatic
approach, where the solver would recognize those regions, and automatically divide this into
five regions and set all the needed data for simulation.

The newly developed model in AVL FIRE™ sets the basis for future research work so to
exchange the generated transient heat flux with numerical finite element models of the
continuous vertical chill casting process and to improve the temperature distribution
especially in the starting phase of the process.
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