HEAT TRANSFER IN TWO-PHASE IMPINGING JETS
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ABSTRACT
This work is dedicated to the study of the

heat transfer rates within an impinging jet trans-

porting solid particles. Two main configura-
tions have been studied thanks to direct nume-
rical simulations. First, injection and mixing of
a spray injected within the main flow was com-
puted. The particles modify strongly the tur-
bulence properties. Consequently, heat trans-
fers between the flow and the impacted wall
are strongly modified compared to a one-phase
jet impingement. In the second configuration,
few solid particles hit the wall and induce the
emission of ejecta which are scattered in the
turbulent boundary layer and modify again the
heat transfers at the wall. It is shown that these
two situations alter heat transfers but in an en-
tirely different way. Indeed, particles embedded
in the turbulence increase heat transfers whe-
reas ejecta tend to decrease it, compared to a
one-phase situation.

INTRODUCTION

High speed reentry bodies often cross clouds
composed of solid (ice) or liquid (droplets) par-
ticles of water. The impact of these particles on
the flying body leads to the apparition of ejecta
(or micro-particles of carbon) due to multiple
micro-perforations of the external surface.

Experiments (Desmeuzes 1997) showed that
the presence of these ejecta near the wall mo-
difies in a significant way the heat transfers
between the turbulent atmosphere and the so-
lid surface.

In the case of a purely gaseous flow, it is
known (Van Fossen et al 1995) that several
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Fic. 1 — General sketch of a flying body

criteria affect the heat transfer with the wall
(turbulence intensity, Reynolds number, shape
of the impacted surface, ... ). In a general way,
in the area of the stagnation point (intersec-
tion between the wall and the axis of symmetry
where the spanwise component of the mean
velocity is null), the more the intensity of tur-
bulence is strong, the more the heat transfer is
significant. Moreover, it was shown (Kaftori et
al 1998, Wells and Stock 1983, Hestroni 1989)
that the presence of particles in a turbulent
flow can strongly modify (positively or negati-
vely) the intensity of turbulence according to
their mass, size and concentration.

The objective of this work is to study the ef-
fect of the ejecta issued from the solid surface
on heat transfers. To this end, a two-way cou-
pled Eulerian-Lagrangian formulation (Squires
and Eaton 1990) has been used to describe the
turbulent flow and the dispersion of the par-
ticles. Direct numerical simulation (DNS) of
the gas phase coupled with a Lagrangian sol-
ver to describe the dispersed phase gave access
to the whole physical parameters. Therefore,



a detailed study of turbulence properties and
heat transfers close to the wall have been com-
pleted.

NUMERICAL PROCEDURE

In the Lagrangian view adopted for the spray,
the properties of each droplet are estimated by
solving a system of two equations. This system
may be written for the position X; and the ve-
locity V; of each droplet as:

x;
dt =V
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with the drag force given by:

T
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In the above equation, Cp is the drag force

coefficient, defined by
R6D2/3
1

Rep = |U - V|0©O/v is the particle Reynolds
number and A = 6/ (7pp), is a constant para-
meter in which p, is the solid-phase constant
density. The properties of the gas (1 = pv
viscosity, p density and U; velocity) are ob-
tained at the droplet position from the grid
nodes using a third order interpolation algo-
rithm. These equations have been made dimen-
sionless, with R, as the acoustic Reynolds num-
ber of the DNS problem,

The flow is described in the Eulerian context
by the following equations accounting for the
two-way coupling:

D; = p=©*Cp|U-V|(U; - Vi)
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To achieve the coupling between the Eulerian
and Lagrangian description, the source term of
momentum of each droplet is accumulated in a
volume V defined in the vicinity of the Eulerian
grid point.

A third order Runge-Kutta scheme with a
minimal data storage method (Wray 1990) is
used for time stepping. Spatial derivatives are
estimated using a sixth order PADE scheme
(Lele 1992).

COMPUTATIONAL CONFIGURATION

To be able to use a DNS solver, the geometry
of the reentry vehicle was simplified. An impin-
ging turbulent jet configuration has been cho-
sen so that the basic physical phenomena we
are interested in may be studied. Indeed, this
Cartesian configuration allows us to describe
the turbulence/particles/wall interactions in a
simple way. Thus, a first sight of the physics of
particles impacts and ejecta generation will be
offered.

Wall

Subsonic jet + particles

F1G. 2 — Sketch of the simulated configuration

The figure 2 shows a sketch of the configu-
ration. A weak coflow is injected along with
the jet, the amplitude of which follows sinusoi-
dal anti-symmetric oscillations. The oscillation
period is based on the Strouhal number which
has been set to 0.4 according to the optimal
destabilization frequency of the jet. This pro-
cedure makes it possible to generate turbulent
structures quickly so that the flow is fully tur-
bulent when it reaches the wall.

All the simulations are carried out with exactly
the same initial and boundary conditions for
the gas flow. Moreover, the computational do-
main remains the same. Only the dispersed
phase parameters are varying in the various si-
mulations. So, variations of results are strictly
due to the solid phase dispersion.



Simulation Ejecta EEE"— %ﬁ O O;
BASE No - -

Y15-N15 No - - - 0.009
Y15-N30 No - - - 0.0045
Y25-N15 No - - - 0.01
Y25-N30 No - - - 0.0053
E1-M10 Yes 1. 10. 0.006 | 0.01
E1-M5 Yes 1. 5. 0.006 | 0.01
E66-M10 Yes 0.66 10. 0.006 | 0.01
E66-M5 Yes 0.66 | 5. 0.006 | 0.01

TAB. 1 — Simulation parameters. The BASE case is a one-
phase simulation used as reference flow. The Y* set corres-
ponds to the single impact procedure. Y25 — N15 gives the
following informations : ranks of 15 particles of ice (N15)
are injected in the jet width, the frequency of injection being
determined by the water mass fraction in the jet width :
Y=25/100 (Y25). The E* set correspond to the impact with
ejecta procedure. XM, and LE. are the total mass and to-
tal kinetic energy of the ejecta emitted after the impact of
one particle of ice. The mass and the kinetic energy of this
particle are M; and E;. ©. and ©; are the ice and ejecta
diameters.

Two distinct configurations were considered.
First, many particles are injected along with
the jet in the computational domain. Particles
are mixed by the turbulent flow before impac-
ting on the wall where a reflection boundary
condition is carried out. The angle of reflec-
tion r is equal and symmetric to the angle of
incidence ¢ (fig. 3). However, the kinetic energy
of the particle before (E;) and after (E,) the
impact may differ (Table 1). In a second set
of simulations, few particles are injected along
with the jet. They barely modify the turbulent
flow before impacting the wall. Then, ejecta
are issued from the impingement. These new
particles are smaller but numerous. Their mass
(M.) and kinetic energy are detailed table 1.
Ejecta are emitted without any privileged di-
rection. Thus, the angle between the direction
perpendicular to the wall and the ejecta trajec-
tory is randomly determined in the following
range: [—7/2,7/2]. When an ejectum reaches
the wall again, the processing of the impact
is carried out according to the first procedure.
Figure 3 shows sketches of the two procedures.

ejecta

F1G. 3 — Sketches of the single reflection procedure (left) and
of the emission of ejecta procedure (right)

All the results presented in this work are di-
mensionless. The reference parameters are the
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following : ug is the maximum jet velocity, %y is
the time period of the jet perturbations. It was
chosen to obtain an optimal Strouhal number
equal to 0.4. Then, Iy = ug * g, is our reference
length. Therefore, the jet width is 0.4, the in-
let /wall distance is equal to 4 and the width of
the computational domain is equal to 2.

The computational grid (321 * 192 nodes)
is uniform along the spanwise direction (y).
Along the streamwise (z) direction, the mesh
spacing is strongly reduced close to the wall
to take into account the boundary layer of the
flow.

RESULTS

The main objective of this work is to study
the effect of turbulence on heat transfers bet-
ween some two-phase flows and a wall. To be-
gin with, a reference simulation (BASE) has
been carried out. This purely gaseous flow al-
lowed us to quantify heat transfers without any
modification of the turbulence by a dispersed
phase.

As described above, two sets of simulation
were carried out. For the first one (Y*, see
table 1), four simulations were carried out with
many ice particles impacting the wall without
generating ejecta. For the second set (E*), few
particles of ice produce ejecta. Results show
that the general properties of the flow within
a same family are similar even if their orders
of magnitude vary according to the dispersed
phase properties. Therefore, within the frame-
work of this paper, only a comparison between
these two sets of simulation (with or without
ejecta) will be carried out. It will be shown that
the differences are significant.

‘BASE’ simulation

The jet destabilization is due to the strong
velocity gradients and to the prescribed anti-
symmetrical oscillations of its amplitude. Fi-
gure 4-(a) shows the formation and the evolu-
tion of the turbulent structures.

The anti-symmetric oscillations generate tur-
bulent structures very quickly and the destabi-
lization of the jet takes place at a short distance
(0.2, that is half the injection width) of the
injection. The anti-symmetry has a repercus-
sion on the position of the turbulent structures
which hit the wall alternately (fig. 4-(a)). Ne-
vertheless, the evolution of the time averaged
parameters is similar around the axis (y = 1)
of injection. Thus, this method enables us to
gather a statistical sampling twice more signi-
ficant than symmetric oscillations would have



(a) Inert scalar topology

(b) Temperature fluctuations

F1G. 4 — Effect of the turbulent vortices on (a) an inert scalar
injected along with the jet and (b) on the temperature field.

provided us. The instantaneous field of tem-
perature at the moment ¢t = 15.4 (fig. 4-(b))
shows the apparition of fluctuations of tempe-
rature. These fluctuations are generated natu-
rally by the turbulent structures but also by
the prescribed velocity oscillations at the inlet.
However, these last fluctuations of tempera-
ture are weak and are dissipated quickly. On
the other hand, close to the wall, the vortices
are now fully developed, and significant fluc-
tuations of temperature are present. They have
a great effect on the heat transfer between the
flow and the wall. The figure 5 shows the de-
tail of the impact of a turbulent structure on
the wall. The crushing of the vortices induces
a strong variation of the temperature fluctua-
tions, which in a general way, will increase.

The computation of the time averaged heat
fluxes Hy, (y) = <—)\ (%) > between the flow
vSw

and the wall shows a regular curve (fig. 6), the
maximum of which is located at the point of
stagnation of the flow (y=1). The objective of
this work is to evaluate the effects of a disper-
sed phase embedded in the jet. Therefore, the
heat transfer rate at the point of stagnation of
the flow (Hyo) has been used as reference va-
lue. Our interest is to be able to compare the
heat transfer fluctuations around this reference
value according to the general parameters of
the dispersed phase.

‘Two-phase’ simulations
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F1c. 5 — Detail of the impact of a vorter. (a) t = 8.7, (b)
t=10.6, (c) t = 12.5, (d) t = 14.4

Simulations, identical from the point of view
of the boundary conditions to the reference
computation ’TBASE’, have been carried out fol-
lowing the parameters shown table 1. The sta-
tistics are determined on the same time inter-
val. The figure 7 shows the iso-vorticity field
of a complete E* configuration (see table 1 )
along with ice particles and ejecta. In spite
of their significant initial kinetic energy, ejecta
remain in the vicinity of the turbulent boun-
dary layer. This figure shows in the same way
the effect of the turbulent structures on the
dispersion of the ice particles. The latters are
ejected from the areas with strong vorticity.
They may be seen (fig. 7) along the stagnation
line (y = ys = 1.) or outside the jet expansion
area.
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F16. 6 - Time averaged heat transfer (H,) between
the flow and the wall. The maximum value at the
stagnation point is used as reference value.

X 5P O
y= ys/2/°’.
y=ys/d—® °

08‘“"{““5‘

lee particles

Fi1G. 7 - Two-phase simulation. Large circles: ice
particles, dots: ejecta, lines: iso-vorticity, squares:
spanwise position of the measurements
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Fic. 8 - Time averaged heat transfer (H,) between
the flow and the wall

The main result of this study can be seen
on the figure 8. It shows the temporal average
of the heat transfer for each of the three main
configurations: without particle, with particles
without ejectum and finally with ejecta. As it
has already been demonstrated in a preceding
work (Kaftori et al 1998), an impinging jet
whose turbulence is strongly modified by the
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Fi1G. 9 — Temperature profile near the wall along the
streamwise direction. Line: one-phase flow profile
along the stagnation line; symbols: simulation with
ejecta. The profile line positions are shown figure 7

presence of particles increases the heat trans-
fers much more significantly than in the one-
phase case. In our study, fluxes have increased
by more than 100 percent.

The interesting element of this figure (fig. 8)
is the shape of the heat transfer when ejecta are
emitted. Indeed, one may notice a strong dimi-
nution of the heat transfer around the stagna-
tion point. In this case, there are very few ice
particles and they hardly modify the flow ups-
tream. However, when ejecta are sent counter-
flow with a very strong kinetic energy, an im-
portant reduction of the heat transfer takes
place. This phenomenon can be explained by
the fact that the slip velocity of the particles
(differential velocity between the particles and
the flow) is very significant when they leave
the wall. It generates, through the drag force,
a strong increase of the turbulence intensity in
the area where the temperature gradients are
the most significant. Then, turbulent mixing
decreases the gradients and thus heat trans-
fers. Figure 9 shows the gradients diminution
along the stagnation line. It also shows a large
increase of the temperature level but far from
the wall because turbulent mixing is prevalent.

Nevertheless, ejecta have very weak inertia
and they follow very quickly the motion of the
flow. Then, they have a more conventional be-
havior within the turbulent boundary layer.
This is why, at a distance rather far away from
the point of stagnation, heat transfers increase
again to reach a level equivalent (fig. 8) to
the two-phase case without generation of ejecta
(Y15-N15). In this area, temperature gradients
(fig. 9) are again more significant than in the
one-phase ‘BASE’ case.

Figure 10 shows the effect of particles on the



F1G. 10 — Instantaneous vorticity field, same time t = 15.5.
Top : BASE simulation (no particles), Middle: E1-M5 si-
mulation (ice+ejecta), Bottom: Y15N15 simulation (many
particles, no ejectum)

vorticity field. Many small structures are gene-
rated in the wake of the clusters of particles. If
the effect is not predominant in the upstream
flow of the E1-M5 simulation, it is not true for
the case Y15-N15. Moreover, the case E1-M5
shows, near the wall, the significant effects of
ejecta on the flow.

CONCLUSION

It was shown in this paper that a disper-
sed solid phase embedded in a turbulent flow
could significantly modify heat transfers bet-
ween the fluid and the wall. The dispersion
of the particles induces several effects. On the
one hand we observed a strong increase of the
intensity of the turbulence upstream of the im-
pingement area. It generates significant heat
transfers when the structures hit the wall. In
addition, the presence of ejecta in the vicinity
of the wall decreases heat transfers near the
point of stagnation because of a strong turbu-
lent mixing generated during the emission of
ejecta. Nevertheless, when the slip velocity of
ejecta decreases, in the boundary layer along
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the wall, heat transfers increase again in a consequent

way.
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