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Abstract

This work presents the computational simulation results of turbulent phenomena in a high
velocity multiphase flow, where the predominantly turbulent phase is the gaseous phase.
For reliable simulation results the code is validated by comparing results of a single phase
supersonic turbulent flow to other simulation and experimental results and good agreement
is found. This is a precondition for the simulation of the initial stages of the breakup of a
liquid droplet in a high Weber number flow. The role of the subgrid-scale turbulence is
investigated and two distinct regions are identified. In the second region turbulence
phenomena seem to be the predominant factors for the characteristic shape. Simulation
results are compared to experiments of the droplet breakup at high Weber number.

Keywords: Aerobreakup; Muktiphase; OpenFOAM": Supersonic; Turbulence.

1. Introduction

The simulation of the turbulent interaction of a high velocity gaseous phase with a liquid
phase is a very challenging task. One of the most important applications of such an analysis is the
description of the aerobreakup of a liquid droplet. When droplets are exposed to a gaseous high
velocity flow (e.g. in a shock tube), they show certain characteristics which have been extensively
studied by experiments [1-6]. Simulations of such a process have been done in the past [6-13],
however most of the used CFD codes either assume a laminar flow or a DNS approach claiming to
reach the Kolmogorov scales of the flow with the calculation grid used. However, very little is
known about the turbulent phenomena in the breakup of a liquid droplet. In this paper some insight
is given into the turbulent phenomena in such a flow.

For that one has to guarantee that the depiction of the flow field of the high velocity gaseous
phase is handled correctly. The simulation of shock waves in a turbulent flow is a widely studied
area in aerodynamics. Experimental studies have been conducted [14-15] and in the last decade, as
the computational capabilities increased, the simulation of these flows has been intensified [16-19].
The ordinary Reynolds-averaged Navier-Stokes methods struggle to handle the investigated
phenomena [16-17] correctly (e.g. expansion-compression corner), however Large Eddy Simulation
(LES) and Direct Numerical Simulation (DNS) approaches have been used successfully.
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At first, the correct depiction of all the important parts of a single phase high velocity
turbulent flow is ensured by using the experiences of past studies. This will be shown in a short
investigation of an exemplary single phase case that has been studied both experimentally [14-15]
and numerically [16-18].

Once correct results in the gaseous phase are achieved, the interaction of the gaseous and the
liquid phase can be analyzed. The main issue of the simulative approach is the high amount of
calculation time required due to the large number of cells in the grid. For that reason two-
dimensional simulations have been carried out approximating a droplet by an infinitely long
cylinder [6-13]. Qualitative extrapolations to the actual three-dimensional droplet case can be
assumed, however not all the conclusions can be transferred to the three-dimensional case. Most
importantly, turbulence is a three-dimensional phenomenon and a two-dimensional simulation
approach often leads to non-physical results. Such differences can be seen by a detailed comparison
of two-dimensional simulation results and experimental results. Throughout this work three-
dimensional simulations are conducted in order to avoid those problems.

In recent years laser-induced fluorescence has been utilized to visualize liquid droplets that
are suddenly exposed to supersonic gas streams [1,6]. Significant differences have been found in
comparison to the predecessor approach of the shadowgraph-method. These results show that the
simulations do describe the macroscopic shape of the droplet during its deformation. However,
there is a need to increase the understanding of the phenomena of smaller scales on the liquid
surface. When liquid droplets are suddenly exposed to high speed gas flows, they shatter. At high
velocities (i.e. high Weber numbers, large ratios of inertia to surface tension forces) this has been
stated in [1] to occur due to the phenomenon of shear-induced entrainment. In [1]a mirror-smooth,
central area and an outwardly directed flow were clearly identified. Simulations struggle to depict
this sudden change of the shape of the surface of the droplet and the underlying phenomena.

One can find both experimental and simulative investigations of the problem, however, the
process as a whole is still under intensive investigation. For one, most of the simulations simplify
the flow domain to a two-dimensional problem [8,9,10,13] thus solving the process for an infinitely
long cylinder. This assumption is valid to some degree, however, if one wants to understand more
detailed parts of the whole process, a three-dimensional approach is needed in order to depict the
investigated phenomena in detail. Also most of the simulations do not mention an explicit modeling
of turbulence thus implicitly either claiming the negligibility of subgrid-scale turbulent phenomena
or assuming the direct numerical simulation (DNS) of turbulence. In this work the authors want to
show the effect of three-dimensional explicit turbulence modeling in the aerobreakup of a liquid
droplet and its effects onto the shape of the droplet during the initial stages of the breakup process.

The study of additional explicit turbulence modeling of such flows might give an insight
into the cause of this sudden change. Therefore in this work the results of three-dimensional
simulations with turbulence modeling are summarized. For the simulations the open source CFD
library OpenFOAM®™ (version 1.7.1) [20-22] was used.

2.  Model description
2.1. Equation of state

The most commonly used equation of state for a gas is the ideal gas equation. It links two
important quantities, gas pressure pg.s and gas density pgas.

pgas
pgas = pgaSRTgaS = l//_ (1)
gas
p
- pgas = E = pl//gas (2)
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Here, R is the universal gas constant divided by the molar mass of the material (e.g. for air R =
(8.314472 [J/(mol K)])/(0.0289644 [kg/mol]) = 287 [m*/(s* K)]) and Weas 15 the temperature
dependent proportionality coefficient of density and pressure.

The liquid equation of state is described by a linear function in pressure [23-26].
pliquid = pl//liquid + pO (3)

Here the coefficient y;;guiq is also indirectly proportional to the temperature (for the investigated
interval of liquid temperature)

yoo b

“ thuidT (4)
where Eh.quid= RImumottiquia (Mmot liguia - molar mass of the liquid) and b, p, are material specific
constants.

2.2. Governing equations

The following equations were implemented as a solver into the OpenFOAM® library in order
to correctly simulate compressible and turbulent multiphase flows [27,41]. The continuity, the
momentum and the energy equations are solved consecutively without a velocity pressure
coupling. Multiple phases are implemented using the volume-of-fluid method where a scalar
quantity a is used for the liquid phase volume fraction, that is transported with the velocity u
[28-29].

To the usual transport equation (color equation) of a an additional third term is added.

‘z_‘:Jrv.(ua)JrV.(ura(l—a)):O (5)

This surface compression with the compression velocity u, term helps maintaining a sharp

liquid-gas interface. Further detail on this approach can be found in [27,30-32].
A mean density is calculated using the phase fraction which is then used in the following
equations.

p = apliquid + (1 - a)pgas (6)
The continuity equation is solved with a variable density p.
op
—+V-(pu)=0 7
Py (pu) (7

The density is used for the calculation of the momentum equation. The value of the pressure p is
calculated from the density p with the equation of state (see equations 2 and 3). The momentum
equation is used in the form

9PU L v (pun) = -Vp +V - polvu+ (Vu) [+ V-B+F,

ot ®)

Here, v is the laminar viscosity, the term F_ is the volumetric force density resulting from

surface tension [31,33-34] and B is the subgrid-scale stress tensor. Turbulence can be handled in
many ways. The main approach used here is the 'DeardorffDiffStress’ LES turbulence model
provided by OpenFOAM® [31]. It is a fully three-dimensional model [20,35] and such
differential stress models (DSM) use a modeled version of the balance equation for B.

In the next step the energy equation is solved

aa—f+v-((E+p)u)=V'(h+b) ©)
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One has to consider the fact, that £ = pc,T + 1/2pu” is the sum of the specific internal and
specific kinetic energy per unit mass with ¢, being the specific heat at constant volume and T
being the absolute temperature of the fluid. h is the according vector of heat flux and b is the
subgrid-scale flux vector [35].

With the calculated value for 7 one can readjust the values for wyu, Wi, peus and p; in
equations 1-4. Then a new time step is initiated and the procedure is repeated for each time step.

Single phase supersonic turbulent flow

To ensure the correct simulation of the supersonic part of the gaseous phase in later

investigations a study of a single phase benchmark case is shown. In the multiphase solver the
liquid phase fraction was set to zero in the whole domain and the thermophysical properties of air
were used for the fluid [26].

3.1. Equation of state

A schematic sketch of the investigated geometry can be seen in figure 1, where the wall is
indicated by the solid line. It consists of a 25° expansion and a 25° compression corner. The
expansion and the compression of an incoming Mach 2.88 adiabatic turbulent boundary layer
with the thickness of 0 will be analyzed (for comparison see [16,18]). Figure 1 shows a
schematic sketch of a slice through the domain. The expected shape of the expansion fan and
the shock wave as well as the separation region are also shown in figure 1.

The geometric dimensions of the calculation domain are 244 in the x-direction, 66 in the y-
direction and 20 in the z-direction. Shown results are always evaluated on the z = ¢ plane to be
comparable with [16,18] and the experimental data in [14-15]. 56 cells were used along the z-
axis and an overall of 24000 cells were used on the x-y—plane.

The Reynolds number Re; of the investigated flow is 20000 in order to guarantee
comparability with simulation results in the literature [16,18,36].

separation reglon

20 %)
Figure 1. Schematic sketch of the investigated expansion-compression corner

3.2. Inlet conditions and boundary layer

For the correct simulation of the boundary layer on the inlet a separate simulation of an
incoming flow over a flat plate (M., = 2.88) was conducted. A computational domain with an x-
dimension of 14.80, a y-dimension of 3.40 and a z-dimension of 1.9256 (150x64x56 cells, as
suggested in [36]) was used. The calculation was carried out over a time period of 3200/U, and
time averaged. This way a boundary layer ¢ with a thickness of 312.2 um was found which is in
good agreement with the value of 314.6 um found in [36]. This boundary layer was used as the
inlet condition for the expansion-compression corner.

3.3. Results

Simulation results were collected over the same simulated time period as in the simulation
of the flat plate. Mean values during this period were calculated and used for evaluation. Figure
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2 shows the mean pressure distribution in the calculation domain. One can clearly identify the
expansion fan around the expansion corner as well as the pressure jump after the compression
corner.

Figure 2. Iso-lines of mean pressure

A separation zone can be clearly identified around the second corner with the length L,
(see figure 3). Both the pressure and the velocity distribution are in good agreement with results
in [16,18] which themselves also resemble experimentally found results in [14-15].

In [16,18,37-38] a scaled separation length Ly/L. was introduced for experimental data with

5.( P2 31
[P (10)
c M

Here, p; is the the pressure after the shock, p,; is the plateau pressure from the formula of
Zukoski [16,18,37-39] (p,1 = p. (2 M. + 1)), and M., p. and J. are the Mach number, pressure
value and the boundary layer thickness upstream of the compression and downstream of the
expansion corner. In [16] this scaled value is given by 11.3 + 1.2 (the error interval is given due
to the uncertainty in the determination of d.). In this investigation the value was calculated to be
14.1 £ 1.4. In [16] a comparison with experimental results was done by linear extrapolation
from experimental results with higher Reynolds-numbers and good agreement is reported. If one
assumes a non-linear behavior of the dependency on the Reynolds number the higher value of

14.1 can still be stated to be comparable to experimental results.

Figure 3. Mean streamlines showing the separation region

The surface pressure profile in figure 4 shows a drop in pressure after the first corner; where
the value of the drop is correctly predicted by the simulation. The separation of the boundary
layer around the second corner causes a plateau before the pressure value rises more abruptly
again after the second corner. After the minimum the simulation results are above the
experimental values. However, this is comparable to the experiments, as data show, that the
pressure values on the plateau would be higher at lower Reynolds numbers (like for the used
value of 20000 in the simulation).
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Figure 4. Mean pressure on solid surface (scaled)

Scaled velocity values at two lines located at x = 20 and 60 can be seen in figure 5. The first
line is upstream of the expansion corner and the other line is between the corners (see figure 1).
Results are in good consensus to the experimental values from [14].

An important issue here is the correct handling of turbulence. For that reason the scaled
values of the first component of the stress tensor along the same lines as above are shown in
figure 6. Upstream of the expansion fan turbulent effects are restricted to the boundary layer.
However, after the corner turbulence is distributed over a wider area. A comparison with [16]
shows a good agreement in the modeling of turbulence.

Concluding from the comparison of the simulation results one can say, that the used solver
is able to predict expansion and compression phenomena in a high Mach number flow and also
delivers a pressure and velocity distribution comparable to experimental and simulation results
published in the literature.

Turbulent simulation of the aerobreakup of a liquid droplet

4.1. Introduction

In this section a simulation of a three-dimensional flow of a planar shock wave (M = 3)
hitting a spherical water droplet with a diameter of 3.5 mm is shown (see figure 7). The location
of the shock front at t = 0 us is 2 mm in the negative x-direction from the center of the droplet.
Initial conditions in the positive x—direction of the shock front are

p=0.1 MPa, u,=v,=w,=0m/s, T,=346.98 K
and in the negative x—direction
p =1.0333 MPa, u,=831.48 m/s, vi=w, =0 m/s, T,=929.57 K

These conditions are taken from [8] and applied to the three-dimensional case. The
simulated region reaches from -0.012 m to 0.012 m in the x—direction and from -0.004 m to
0.004 m in the y- and z-direction.' Three different structured grids with 240x80x80,

Simulations in larger regions were conducted, however no significant changes in the results were observed.
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320x106x106 and 480x160x160 cells were investigated, providing a cell edge refinement of a
factor of two in each Cartesian direction to ensure grid independent results.

3‘0 ' X I= 28 ---------- LB T E

x =63
experiment Reg = 133000 o

v/ [-]
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<U>/U,, [-]
Figure 5. Mean velocity magnitude (scaled)
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Figure 6. First component of the stress tensor (scaled)

As the computational domain does not include walls all the boundary conditions are set to
’zeroGradient’ [31] (von Neumann type with the gradient set to zero). This boundary condition
was found to produce no boundary artifacts such as pressure reflections in the given time
interval. For the discretization of all the operators second order schemes have been utilized.

For the gaseous phase thermophysical data of air and for the liquid phase data of water were
used [26]. The surface tension of water/air was set to a constant value of 0.07275 N/m. The

Poustt’d

o

Weber number [6] for the calculated case is We = =128803. Here, p,, is the gas
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density, u is the free-stream velocity, d is the droplet diameter and ¢ is the value of surface

:uliquid

\V pliquiddo-
surface tension forces). Here, u,,,,1s the dynamic viscosity of the liquid and p,,,,, is the liquid
Pasttd

lugas
forces), with u , the gas dynamic viscosity. A certain time scale [6,40] is defined for this flow

tension. The Ohnesorge number is Oh = = 0.002 (this relates viscous to inertial and

density. The Reynolds number is Re = = 194012 (ratio of inertial forces to viscous

by T "= tud™ P . This way a characteristic dimensionless time 7 = #/T " can be given for
pliquid

the simulation with 7~ = 68.2 us. The simulation was carried out until 26 us (T = 0.38). For
reasons of numerical stability of the calculation a maximum CFL (Courant) number of 0.02 was
used.

line of evaluation

shoclk wave
oas

M=3

3.5mm

high pressure side

low pressure side —
+ 21mm Vv

¥ Z
Figure 7. Schematic sketch of initial conditions (with the dash-dotted line of evaluation)

The experimental analysis of droplet breakup in different flows is limited to shadowgraph
pictures [1,4,5,40] and visual interpretations. The images are limited by the resolution of the
camera and the restricted information delivered by the two-dimensional outline of the droplet.
Recently the laser-induced fluorescence method was able to deliver high resolution images of
the surface of a liquid droplet during the process of breakup. This enables the three-dimensional
interpretation of the process. For that reason the best experimental comparison with the results
are found in [1]. The investigated phenomenon of shear-induced entrainment as the cause of
droplet breakup occurs at We > 1000 [1]*. Breakup processes with a higher Weber number are
useful for comparisons.

2 [1] for the liquid phase mostly tributylphosphate (TBP) was used, however the droplet breakup of water is
comparable if the Weber number is similar.
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4.2. Discussion of results

For the visual comparison between simulation results and experiments [1] the deformation
of the droplet after 7= 0.38 is shown in figure 8 (surface of constant phase fraction value a
=0.9, representing the surface of the droplet). The droplet is dissected by an evaluation plane
colored by the velocity magnitude and overlayed with unscaled velocity vectors. One can see a
stagnation zone in the gaseous phase in front of the droplet. In this region the droplet has a
mirror smooth surface which is also reported in [1]. In this simulation the lateral extent of this
area can be considered to be approximately 50 % of the initial droplet diameter.

At very early stages the velocity magnitude drops to the value of zero on the stagnant
droplet. However, with increasing time shear and turbulent stress phenomena accelerate the
surface region of the droplet, but the velocity still drops close to the surface. After the periphery
of the ’smooth’ region mentioned above the surface of the droplet becomes wavy and an
outwardly directed flow drives the drop mass redistribution.

The most significant finding here is the stagnation zone in front of the droplet and its impact
onto turbulence (on this also see [1]). The applied turbulence model shows relatively low values
of the components of the subgrid-scale stress tensor for this region (see figure 9). Exactly at the
periphery of this region, the magnitude of the subgrid-scale components rapidly increases
resulting in a rapid transition from a laminar to a turbulent flow. Precisely at the location of high
subgrid-scale turbulence values the wavy shape of the droplet surface emerges. This suggests a
substantial effect of turbulence besides the macroscopic shear stress for high Weber number
flows in simulations.

Figure 8. Contour plot of velocity magnitude with the surface of constant value of o =0.9 and
the velocity vectors with constant length (at T = 0.38, values of velocity magnitude between 0
m/s (blue) and 1200 m/s (red))
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X

Figure 9. Contour plot of the first component of the subgrid-scale stress tensor pu'u’ with the
surface of constant value of o =0.9 and the velocity vectors with constant length (at T = 0.38,
red maximum, blue minimum)
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Figure 10. pu'u'/paui at T=10.175 on the evaluation line

To underline the theory presented above the grid convergence of the results at T = 0.175 is
shown in figure 10. The value of the first subgrid-scale component pu'u’ scaled with the initial
density and velocity is shown on the line (see figure 7) from the center of the original droplet at
x=y=z=0mto x=z=0mand y=0.004 m. It is noted, that for the initial density the value of
p.=ap;+ (1 - a)p, is used. The value of a = 0.5 is approximately at y = 0.0019 m. The results on
all three grids are converging with the refinement of the grid. In figure 10 two maxima can be
seen which occur in the simulation due to a different increase in u'u’ and decrease in p at the
surface of the droplet.

If all the six components of the symmetric subgrid-scale tensor are compared, one can
clearly identify the dominating factors in this case. The diagonal elements of the tensor are of
highest magnitude (see figure 11), however the component pu"v' is just one order of magnitude
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smaller (see figure 12). The components pv'v' and pw'w’ are practically equal due to the equal
distribution of turbulence amongst these components which is a sign for the radial transport of
turbulence on the surface downstream of the frontal region (for comparison of the radial
component of the flow in the experiments see [1]). The other two off-diagonal components (see
figure 12) appear to be five orders of magnitude lower than the diagonal elements thus being
practically negligible.

In [1] the authors state, that instead of the Rayleigh-Taylor piercing, the dominant
mechanism is the shear-induced entrainment with a significant radial component and
instabilities on the so-generated liquid sheet. In figure 13 the value of (pu'u"(udu) is shown,
with ¢ = og, + (1 - a)u, being the weighted dynamic viscosity of the gaseous and the liquid
phase. Computational results in this work support the theory in [1] and additionally show, that
in simulations with a given cell size subgrid-scale turbulent effects are even one to two orders of
magnitude higher than shear phenomena.

This shows, that subgrid-scale turbulence effects cannot be neglected in simulations. Thus
for the correct simulation of the initial stages of the breakup of liquid droplets one either has to
ensure the resolution of the Kolmogorov scales (in the case of DNS) or in case the required
resolutions are computationally unreachable, one has to model turbulence with a suitable model.
Also three-dimensionality has to be guaranteed for the correct handling of turbulence.

0.0007 T T

(pu'w)(puy) ——
(pv’ v )M(pus) ——
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Figure 11. pu'u!/pui’, pv'Vlpaui’ and pw'w'lpu;’ at T=0.175 on the line of evaluation
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Figure 12. pu'v'/pui’, pu'w'lpui’ and pv'w'/pu; at T=0.175 on the line of evaluation
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Figure 13. Comparison of turbulence and shear stress phenomena at 7= 0.175 on the line of
evaluation

The physical interpretation of the simulation results suggest, that turbulence phenomena are
one of the dominant factors during the breakup of droplets in a high Weber number flow
resulting in the characteristic shape of the redistributed liquid mass on the surface of the droplet.
One can clearly identify a laminar and a turbulent zone on the front side of the droplet as well as
a rapid transition between these two regions resulting in the characteristic shape of the droplet
during the initial stages of the breakup process.

Further discussion on the quality of the LES results with special focus on different
turbulence models can be found in [41].

5. Conclusion

In this work simulation results of a high Weber number multiphase flow with turbulence
modeling of the initial stages of the breakup of a droplet are shown. As a first step the correct
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handling of turbulence in a Mach 2.88 single phase flow was ensured by comparison with other
simulation and experimental results.

The turbulent simulation of the droplet breakup shows the importance of the subgrid-scale
turbulence modeling. One can clearly identify a stagnant low velocity zone in front of the droplet
and a high velocity zone around the droplet. On the threshold between these two zones turbulence
effects emerge resulting in the characteristic shape of the droplet during the breakup process at
Weber numbers higher than 1000.

Nomenclature

Roman Greek

o

material constant for liquid equation of
state

b subgrid-scale heat flux vector

B subgrid-scale stress tensor

¢, specific heat density

d diameter surface tension
F

liquid phase fraction
boundary layer thickness
dynamic viscosity
kinematic viscosity

€A™V < T MK

E energy temperature dependent proportionality
volumetric force density coefficient in equation of state

h heat flux vector

L length

M Mach number

p pressure

R universal gas constant

¢t time

T temperature

u velocity vector

u,v,w Cartesian velocity components

Indices

0 constant

2 after shock

c upstream of compression and downstream of expansion corner
gas gaseous

i initial

liquid liquid

p! plateau

r compression

sep separation

o surface tension

Superscripts:
subgrid-scale
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