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Abstract

Three-dimensional (3D) computational fluid dynamic (CFD) simulations have been per-
formed to investigate the complex flow features and stripping of fluid materials from a
cylindrical water drop at the late-stage in a Shock Liquid Drop Interaction (SLDI) pro-
cess when the drop’s downstream end experiences compression after it is impacted by
a supersonic shock wave (Ma = 1.47). The drop trajectory/breakup has been simulated
using a Lagrangian model and the unsteady Reynolds-averaged Navier-Stokes (URANS)
approach has been employed for simulating the ambient airflow. The Kelvin-Helmholtz
Rayleigh—Taylor (KHRT) breakup model has been used to capture the liquid drop frag-
mentation process and a coupled level-set volume of fluid (CLSVOF) method has been
applied to investigate the topological transformations at the air/water interface. The pre-
dicted changes of the drop length/width/area with time have been compared against
experimental measurements, and a very good agreement has been obtained. The complex
flow features and the qualitative characteristics of the material stripping process in the
compression phase, as well as disintegration and flattening of the drop are analyzed via
comprehensive flow visualization. Characteristics of the drop distortion and fragmentation
in the stripping breakup mode, and the development of turbulence at the later stage of
the shock drop interaction process are also examined. Finally, this study investigated the
effect of increasing Ma on the breakup of a water drop by shear stripping. The results
show that the shed fluid materials and micro-drops are spread over a narrower distribution
as Ma increases. It illustrates that the flattened area bounded by the downstream separation
points experienced less compression, and the liquid sheet suffered a slower growth.

Keywords: Shock Liquid Drop Interaction (SLDI); unsteady Reynolds-averaged Navier-Stokes
(URANYS); stripping; Kelvin—-Helmholtz Rayleigh-Taylor (KHRT) breakup model; micro-droplet

1. Introduction

The disintegration of a liquid drop into tinier fragments is of primary significance
for many technological and environmental purposes [1-5], such as internal combustion
engines and gas turbines, secondary atomization of liquid jets [6,7], inkjet printing [8-11],
sprays [12,13], and so on. Drop disintegration or secondary atomization is the breakup
of larger drops caused by airflows [14]. It represents a very complex multiphase flow
challenge because of its extremely unsteady characteristics in both spatial and temporal
scales [15,16]. The initial distortion of the drop is initiated by the relative velocity between
the drop and the surrounding fluid flow field. This ambient flow field can be achieved due
to a sudden acceleration by shock waves, which ultimately leads to drop fragmentation.
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The Weber number (We) and the Ohnesorge number (Oh) are two essential dimension-
less parameters applied to classify drop fragmentation. We denotes the ratio of the aerody-
namic (inertial) force to the surface tension (capillary) force, while Oh represents the ratio
of the liquid viscous force to the surface tension (capillary) force. These two parameters
are given as follows: 5

Pg,ZUgd, onh— M : (1)
7 (prde)'?

where pq 2, 01, Ug, 07, i1, and d denote the post-shock gas density, liquid density, initial gas
inflow velocity, liquid surface tension coefficient, liquid dynamic viscosity, and the initial
drop diameter, respectively. In early experimental investigations, the liquid drop fragmen-
tation in gaseous flow can generally be categorized into five regimes determined by the ini-
tial We [14,17,18]. These regimes are called vibrational, bag, bag-and-stamen/multimode,
sheet-thinning/stripping, and catastrophic, with the initial We corresponding to these
regimes being <12, 12-50, 50-100, 100-350, and >350, respectively [14,17,19]. The vi-
brational and bag modes have been reported for smaller Oh (Oh < 0.1) [1]. Generally,
the vibrational and bag regimes are observed at a small We, while the sheet-stripping
and catastrophic regimes are well documented at a high We [1]. The bag regime was
investigated comprehensively by Theofanous et al. [20], and it was demonstrated that the
resulting droplet distribution is bimodal, i.e., the shattering of the bag creates one size,
and the capillary breakup of the drop circumference produces larger sizes. Nicholls and
Ranger [21] provided a simplified viscous description of the sheet stripping regime without
considering the interfacial instabilities and its subsequent roughness. Dai and Faeth [22]
assumed that the multi-mode drop fragmentation was a ‘transitional” regime from bag
breakup to sheet-stripping, and appears either as a bag/plume or plume/sheet-stripping
breakup. Theofanous et al. [20] explained that the shear or stripping regime developed
from We ~ 10 up to We ~ 10% to 10%, after which the catastrophic or shattering regime
sets in as the prevailing mechanism. They showed that the shear or stripping regime
entailed a fine mist of liquid originating from the equator, seemingly as a result of a shear-
induced boundary layer on the drop surface. Harper et al. [23] provided the first theoretical
analysis of the catastrophic regime, and considered it to entail penetration by Rayleigh—
Taylor (RT) waves. They claimed that, when We ~ 10°, there is a change in behavior from
algebraic to exponential for the growth of instabilities. For the different breakup mecha-
nisms for liquid drops impacted by shock waves, the stripping breakup takes place over a
broad range of We, i.e., 100 < We < 20,000 [15]. Theofanous et al. [20] reclassified these
five regimes into two competing modes, called the Rayleigh-Taylor Piercing (RTP) and
the shear-induced entrainment (SIE). The RTP mode is controlled by the Rayleigh-Taylor
instability, where the flattened drop is penetrated by one or more unstable waves, while
the SIE regime is mainly due to viscous shearing as well as local disintegrations of the shed
filaments resulting from the Kelvin-Helmholtz (KH) instability [24].

Nicholls and Ranger [21] performed the initial experimental investigations of drop
breakup by stripping for shock waves in air propagating over a water drop at Mach num-
bers (Ma) ranging from 1.5 to 3.5. They created a model for drop disintegration based on
breakup resulting from the boundary-layer stripping mode in which the unstable bound-
ary layer at the drop edge leads to the stripping of the drop fluid. They calculated the
breakup rate using the changes in drop shape and velocity coupled with analytical results.
Wierzba and Takayama [25] also investigated experimentally the distortion and breakup of
liquid drops by stripping. They used holographic interferometry to propose a four-stage
stripping disintegration mechanism. The ‘shear stripping’ or ‘boundary-layer stripping’
theory was later corroborated by Chou et al. [26] and Igra et al. [27]. Alternatively, Liu
and Reitz [28] suggested another theory, called the sheet thinning mechanism, whereby
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the inertia drag forces of the ambient gaseous flow results in the production of a thin
sheet at the drop border. Joseph et al. [29] carried out similar experiments utilizing a
high-speed camera to visualize drop disintegration and the waves produced around dif-
ferent viscous/viscoelastic liquid drops in the airstream behind a supersonic shock wave
(Ma =2 and 3). Chou et al. [26] experimentally investigated changes in drop disintegration
characteristics with time in the shear breakup mode using shadowgraphy and holography.
Their shadowgraphs showed that ligaments were stripped from the boundary layer at the
edge of the deforming drop. They went further to explain that the droplet sizes generated
from the disintegration of the ligaments was a function of the liquid viscosity. Hirahara and
Kawahashi [30] revealed experimentally that the liquid column distortion time depended
on the pressure distribution in the vicinity of the drop as well as the shearing stress induced
by drop distortion. Theofanous and Li [31] utilized laser-induced fluorescence to show that
the governing mechanism at high We is the shear-induced motion characterized by a major
radial component and instabilities on the subsequently produced elongated liquid sheet.

Even though a great amount of detail has been observed from various experimen-
tal studies of drop fragmentation, the measurements derived are generally restricted to
pictorial information primarily useful for qualitative analysis [32]. This then necessitates
the need to conduct quantitative research to verify the different mechanisms presented
in the experiments. As a result, numerical simulations are required to augment the ex-
perimental studies. Generally, studies have been conducted on the impacts of changing
drop size and shock Ma [33], the computation of the characteristic breakup times [19,21,34],
and the reliance of breakup dynamics on parameters like density and viscosity ratios of
the fluids [18,19,28-30,35,36]. One of the earliest numerical simulations to be conducted
was the work of Gonor and Zolotova [37]. They developed an analytical technique to
investigate drop fragmentation in various We. Khosla et al. [38] were one of the first to
perform a complete three-dimensional (3D) numerical investigation where they examined
the breakup process in the low We mode. Subsequently, more 3D investigations of the
drop fragmentation process in the various modes have been conducted assuming an in-
compressible flow in the RTP regime (Yang et al. [39]) and a completely compressible fluid
flow in the SIE mode (Meng and Colonius [40]). Of particular interest is the research work
of Meng and Colonius [40], who presented full 3D simulations of the fragmentation of a
spherical liquid drop. They ignored viscous and capillary forces in their simulations, as
shown by the high We and the low Oh of their numerical setup. Their work analyzed both
the fragmentation of the liquid drop and the unsteady flow field whilst presenting the
essential function of recirculation zones close to the interface in the sheet-stripping process.
Other studies in the literature (e.g., Chen [15]; Aslani and Regele [41]) have carried out
more comprehensive physical examinations of the sheet stripping process. Particularly, the
experimental setup of Igra and Takayama [42] was applied in the 2D simulations of Meng
and Colonius [43] for the fragmentation of a liquid drop in the SIE mode.

These presented experimental and numerical research works have produced several
physical models describing the Shock Liquid Drop Interaction (SLDI) process. However,
there is scarcely any detailed knowledge available for the complex flow features, such
as evolution of an upstream jet and the fragmentation of the deformed drop at the late-
stage of the SLDI process. Furthermore, there have been very limited investigations on
material stripping from the deformed drop after its downstream end has been compressed
at the late-stage of the SLDI process. Thus, the motivation for this study is to investigate
numerically the complex flow features as well as the mechanisms for the drop distortion and
fragmentation induced by sheet stripping at the late-stage of the SLDI process. Moreover,
to the best of our knowledge, no previous studies have addressed the development of
turbulence at the late-stage of the SLDI process, which will be elucidated in the current
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study. Lastly, this paper investigates the effect of increasing the Ma on the disintegration of
a water drop by shear stripping.

The remainder of this paper is structured as follows: the methodology employed
for this study is described briefly in Section 2; Section 3 presents both quantitative and
qualitative comparisons between the numerical predictions and experimental data as
well as an elaborate analysis of the instantaneous flow fields to explain the stripping
process in the compression phase/later stage of the SLDI process and present the effect
of increasing Ma on the breakup of water drop by shear stripping; Section 4 draws the
concluding remarks.

2. Numerical Models and Methods
2.1. Mathematical Formulation
The mathematical model consists of three main components:

(1) Eulerian governing equations for the gas-phase blended with a turbulent model
combined with the coupled level-set volume of fluid (CLSVOF) technique using the
Ansys Fluent solver.

(2) Discrete phase modelling (DPM) which employs a Lagrangian model for handling
drop tracking and breakup. This model ensures that the location and speed of the
drop are tracked promptly by taking into account the distortion of the drop. (1) and (2)
are important because the SLDI is based on the simultaneous and consistent charac-
terization of the gas and liquid phases.

(3) The Kelvin—-Helmholtz Rayleigh-Taylor (KHRT) breakup model for describing the
disintegration of the liquid drop. The KHRT breakup model is activated in DPM in
the Ansys Fluent solver to simulate the atomization process and to track the trajectory
of the shed sub-droplets in the airflow.

2.1.1. Eulerian Governing Equations for the Supersonic Airflow

The continuity equation for the gas phase is given as follows [44]:
o Ty (oui) =0 (2)

where p and u; denote the density and mean velocity in the i direction of the continuous
gas phase, respectively, and x; and t represent the Cartesian coordinate component and

physical time.
The momentum equation for the gas phase is given as follows [44]:
d d i ap 0 aTij
E(P”z)‘f‘aij(fmz“]) = _aTciJrach(‘T‘f) +87xj+SF 3)

where p represents the static pressure, u; and u; represent the velocity components in the
Cartesian coordinate, Sp is the momentum source term induced by the impact of drop
movement, 0j; and Tjj denote the stress tensor, and Tij, due to molecular viscosity, is defined

by Equation (4):
. aui au] 2 auk -
ij = [ﬂ<axl+8x,>] _§V87k5” (4)

where p denotes the dynamic viscosity and 7;; represents the Reynolds stress tensor, which

is given as follows: L
T = —pugu;. (5)
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where u’ denotes the fluctuating velocity of the gas phase. The Boussinesq approach, which
expresses the relationship between the Reynolds stresses and the mean velocity gradients,
is used to derive the Reynolds stress term, and is described by Equation (6) [45]:

—— ou; ou; 2 ou
—oulu! = e AT A I k\s..
puz”] ]’lt<ax] + axi> 3<pk+.utaxk>5l] (6)

where yi; denotes the turbulent (eddy) viscosity respectively, y; is estimated in the Turbu-
lence Model section, dij denotes the Kronecker delta, i.e., 0ij=1 ifi =j,and 6;j=0 ifi #j,
and k represents the turbulent kinetic energy.

The equation of energy conservation for the gas phase is given as follows [44]:

5 0B) & g oE + )] = 5 (keffgfj) +s, 7)
where E is the total energy, S, is the energy source term induced by the heat transfer
followed by the droplet dispersion, and k. represents the effective thermal conductivity.

The SLDI process, just like the shock bubble interaction (SBI) process, is predominantly
unsteady, and turbulence is generated with usually large-scale unsteady flow structures.
Onwuegbu and Yang [46] and Onwuegbu et al. [47] showed that the unsteady Reynolds-
averaged Navier-Stokes (URANS) approach was capable of predicting the flow accurately
in the SBI process. Since the SLDI process is similar to the SBI process, the same approach,
URANS, is adopted in the present study. The URANS equations are derived by averaging
Equations (2) and (3), resulting in some extra terms, called Reynolds stresses. These terms
need to be computed using a turbulence model. This is presented in detail in the Turbulence
Model section.

Turbulence Model

The Reynolds stress model (RSM) represents the most elaborate RANS turbulence
model [48-50]. As opposed to using the isotropic eddy-viscosity to close the RANS equa-
tions, the RSM solves the transport equations for the Reynolds stresses in conjunction
with an equation for the rate of dissipation. This results in five extra transport equations
for two dimensional (2D) flows and seven extra transport equations for 3D flows. This
model thus has an excellent ability to produce precise estimations for complex flows, as it
thoroughly considers streamline curvature impacts, swirl, rotation, and rapid strain rate
changes. The RSM relies on scale equations, i.e., e-based equations or w-/baseline (BSL) w-
based equations. For instance, the stress-BSL RSM for modelling the pressure/strain term
solves the scale equation derived from the baseline k-w model, thus helping eradicate the
free stream sensitivity noticed with pure w-based RSMs, such as the stress-omega RSM. The
exact form of the Reynolds stress transport equations can be obtained by taking moments
of the exact momentum equation. This process involves multiplying and averaging the
exact momentum equations for the fluctuations by the fluctuating velocities after which the
product is then Reynolds-averaged.

The exact transport equations for the transport of Reynolds stresses, i.e., p?u}, are
given by Equation (8):
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ai (00) -+ 5 ()
— %,_/
local time Cij= convection
derivative
9
= [pu uk +p (5](]1/{ + 5iku;~):|
Drjj= turbulent dif fusion
d J e 17 auf T au vy oy
+ o {yaxk (uiu])] —p <Miuk8xk + u/ukax —pB (giujG + gjul@) @®)

G;ji= bouyancy production

Dy ;= molecular dif fusion DPyj= stress production ij=
[(ou %% ou O
+ + — 200} (u u, + u uy,e )
P ax dax; ”axk axk 0% 2 Myt m ke i jkm
———

\*,—/
gi= pressure strain €= dissipation Fij= production by system rotation
1=

+ Suser
~—~—

user — defined
source term

From Equation (8), Cj;,

Dy;j, Pij, and Fj do not need to be modelled. How-

ever, Dy j, Gij; i Pijs and €jj must be modelled in order to close the equations. For the &-
based RSM, Dr ;; can be modelled using the generalized gradient-diffusion model of Daly

and Harlow [51]:
) kulu! U au,

j
akPE axl

DT Jij — Cs

©)

When the turbulent kinetic energy, k, is required to model a particular term, as in
Equation (9), it is derived by taking the trace of the Reynolds stress tensor, which is shown

in Equation (10): 1
k= Eulul

(10)

An alternative for the RSM based on the e-equation is provided by the Ansys Fluent
package to solve a transport equation for the turbulent kinetic energy, aiming to derive

boundary conditions for the Reynold stresses. In this case, the model equation shown by

Equation (11) is used:

d 0 ) WUt
at(Pk)‘Faxi(Pk”z)—ale(V‘F )E)x

+z (Pl, +Gii) — ps<1 +2M%) + 5

(11)

where 0; =1, and S denotes a user-defined source term. Equation (11) is essentially derived

from contracting the modeled equation for the Reynolds stresses, i.e., Equation (8).

Equation (9) has been simplified to utilize a scalar turbulent diffusivity to prevent

numerical instabilities [52]:
!4,
3 [ duju j

Dy = —
Tij oxi \ op 9Ixg

(12)

For the w-based RSM, the turbulent diffusive transport can be modelled using

Equation (12). u; is computed by Equation (13):

_ Pk
pr=ot

where the coefficient, a*, is derived by Equation (14):

(13)
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. « ((&p + Rer /Ry
_ 14
“ “°°(1+Ret/Rk (14)

where R = 6, and Re; and a; are defined as follows:
pk * ‘Bi

Re; = —; == 15
et 1w X 3 (15)

where §; = 0.072.
The value of w is computed using the following transport equation and is given by
Equation (16):

;(pw)—i-aaxi(pwui) = ai}(l},;:;) +Gw—Yo+ Dy~ Sw+ Gup (16)
where G, denotes the production of w, I, denotes the effective diffusivity of w, Y,, denotes
the dissipation of w due to turbulence, D, denotes the cross-diffusion term, S, is a user-
defined source term, and G, accounts for buoyancy terms.

This study applied the stress-BSL RSM, which blends the value within the internal re-
gioni.e., 0 1 = 2.0, and the external region, i.e., 0y » = 1.0, adopting the blending function, F;.
This is shown in Equation (17):

0k = Fog1 + (1= F)oko (17)
where F; denotes the blending function, and is given by Equation (18):
Fy = tanh (cpf) (18)

@, is given by Equation (19):

&1 — min | max | L5 00 ) - Ak (19)
0.090y" py?w | 742 Dhy?
D{, is given by Equation (20):
1 1 0k dw
+ _ 1 Lokow .10
D/, = max [ZP Gz @ 9%; ax]-' 10 ] (20)

where y represents the distance to the next surface, and D[, denotes the positive part of the
cross-diffusion term.

This study also adopted the stress-BSL RSM to model the pressure strain term by
solving the scale equation from the BSL k-« model. This model also ensures that the free
stream sensitivity suffered by the stress-omega model is eliminated. This model is also
ideal for flows over curved surfaces and a wide range of turbulent flows. It is shown in
Equation (21):

ij = —Cipp*w |uju] - 2/351‘]‘4 — &o[Pyj — 1/3Pudij] — Bo[Dij — VaPuij] — k90 [Sij — 1/35kk0ij] (21)

where Dj; is computed as follows:

Dij =—p|u;

(22)

The mean strain rate, S;;, is given by Equation (23):
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1 8u] ou;
—— 1 2
SZ] 2 (ax,‘ + ax]> ( 3)
B* is as defined by Equation (24):

B* = Bi[L+ " F(My)] (24)

B; is given by Equation (25):

4/15+ (Re;/Rg)*
ﬁf=ﬁ’f.o< /15+ (Rer/ i) ) (25)

where {* = 1.5, Rg = 8, and B, = 0.09.
The compressibility function, F(M;), is given by Equation (26):

0, M;< My

F(M;) = = 26)
(M) {M2 M2,  M;> M

where M? is given by Equation (27):

M; =3 27)
and M;, = 0.25 while a is given by Equation (28):
YRT (28)
The dissipation of w is given by Equation (29):
Yo = ppw? (29)
B is given by Equation (30):
b= i1~ Lrorm)| 30)
The constants in Equation (21) are as given below:
iy = 8+C2 By = SCil—Z, 4o = 8Cil_2 (31)

where C; and C; are constants with values of 1.8 and 5.2, respectively, J;; denotes the
Kronecker delta, i.e., (51-]- =1ifi=j,and (51-]- =0ifi#j.
The production terms influenced by buoyancy are modelled as follows:

Gij = pﬁ(gzu 0+ gju ’9) (32)

where @ is given by Equation (33):

g Mt
“i Pr; <8xl> (33)

where Pr; denotes the turbulent Prandtl number for energy with a value of 0.85. Adopt-
ing the definition for the thermal expansion coefficient, B, given by Equation (30), and
Equation (32) for ideal gases can be rewritten as follows:

M, 9P 4
Gij = pPr, <g '0x; + 8x1> (4)
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The RSM based on the BSL-equation models the dissipation tensor, €jj, as follows:
2 *

The CLSVOF Two-Phase Flow Model

The continuity equation for the volume fraction of both air and water through the
domain can be expressed by the following equations:

9(Pa"va) J N —

at + axi (Pa%”z) - 0 (36)
I(PwYw) J N —

at + axi (pwr)/wul) - O (37)

where 7, and 7y, represent the volume fraction of air and water in the computational grid
cell, respectively. v, = 0 when the grid cell is totally occupied by water, and 7y, = 1 when it
is occupied by air. For a grid cell at the interface, 7y, has a numerical value between 0 and 1,
ie., 0 < 9, < 1. When there is a jump at the interface, p can be defined as follows:

P = Yapa + (1 = 7a)pw (38)

i is constant in each fluid but with a jump at the interface, and can be defined

as follows:
U= YaMa + (1 - ')’a)llw (39)

At the interface, the volume fraction for water can be computed as the sum of both
phases adds up to unity, as follows:

Yo+ Yw =1 (40)

As this computational problem involves the generation of vortices and material strip-
ping at the drop interface coupled with the high-density variation between air and water, it
is expedient to use an accurate interface tracking technique to capture the drop deformation
properly. Several methods are available to track the interface, but most of them often fail to
sustain pressure equilibrium for grid cells nearby the interfaces, where two or more fluid
components are mixed and struggle to handle large interface distortions, i.e., disintegration
and fronts fusing [53]. Onwuegbu and Yang [46] and Onwuegbu et al. [47,54] showed that
a coupled level-set and volume of fluid (CLSVOF) model would be able to capture the drop
deformation accurately. The level-set (LS) method, which is a popular interface-tracking
method for computing two-phase flows with topologically complex interfaces, captures
and tracks the interface by the level-set function specified as a signed distance from the
interface [55]. However, the level-set method suffers from a deficiency in volume conserva-
tion preservation [56]. The VOEF, on the other hand, can preserve volume conservation, as it
calculates and tracks the volume fraction of a particular phase in each cell instead of the
interface itself. However, the computation of the spatial derivatives for the VOF method
poses a challenge as the volume fraction of a particular phase is not continuous across
the interface. The CLSVOF enables the added sophistication of automatically treating
topological alterations with a high degree of accuracy as well as also computing the curva-
ture and normal to the air/water interface. This technique thus boosts a higher accuracy
than the standalone LS and VOF models, as it combines their merits and overcomes their
deficiencies. Thus, the CLSVOF offers the sophisticated benefits of being discretely con-
servative at the air/water interface, as it can correctly predict the position of the interface
and the shockwaves while these two flow features travel and interact during the numerical
computation. Generally, this approach ensures that mass losses are minimized [57], i.e.,
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eradicating numerical errors in the mass conservation of the fluid phases [58], enabling the
accurate definition of the interface curvature [58], and preventing the onset of unwanted
spurious oscillations/currents at the interface [59,60]. The level-set function, ¢, is described
as a signed distance to the interface. Following from this, the interface, represented by a
zero level-set, ¢(x, t), can be written as I' = {x|¢(x,t) = 0} in a two-phase flow system.
This zero level-set is shown by Equation (41):

+|m|,  provided x € the primary phase
p(x,t) = 0, providedxe T (41)

—|m|,  provided x € the secondary phase

where m represents the distance to the interface.
Sussman et al. [61] presented the following form of the governing equations:

ﬁ
ou -
u

()5 +r(g)

Vil = —Vp+ V(@) Vi + Vi | —ox()é(@)i() (42

V=0 (43)

where o, k(¢), 1, and ﬁ((p) represent the coefficients of surface tension, local mean interface
curvature, fluid velocity field, and local unit normal vector on the interface, respectively.
The super-index, T, denotes the transpose operator, and 6(¢) denotes the Dirac delta

) (44)
=0

Equation (42) can then be coupled with the level-set equation for the advection of

function. ﬁ((p) and x(¢) are expressed as follows:

—

T = YO o) = V(o) = v YO
(¢) (¢) =V-n(p) V<|W

B |Vq)‘ q):O,

the level-set function, ¢, previously assumed to be a signed distance function, with fluid
velocity, u. This is presented as follows:

% +V-(u;9) =0 (45)

where ¢ = 0 represents the interface I'. Following from this, the bulk fluid characteristics
can be linked to the individual characteristics of each phase, depending on the signed
distance function, and is shown as follows:

p(@) = pwH(p) + pa(1 — H(g)) (46)

1(p) = pwH(p) + pa(1 — H(g)) (47)

where H(¢) denotes the Heaviside function and is defined by Equation (48):

0, ¢ < —a ie. gasphase
H(p) = 1, ¢ >a ie. liquid phase 48)

1 [ 1 . TQ
_ L — 1 <
2|:1+ + Sln( ):|, |(P| [

where a denotes the thickness of the interface on each side. It is also defined as a positive
or negative distance from the interface, whose value can be taken to be 1.5 multiplied by
the mesh size [62,63]. Sussman et al. [61] also expressed the smoothed realization of the
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delta function to limit the effects of surface tension within the interface. This function uses
zero value in both fluids and is given by Equation (49):

:M: 0, [¢|>a
" {;[wwsm ol o »

2.1.2. Discrete Phase Modelling
Drop Trajectory Equations

Discrete phase modelling was performed employing the one-way Lagrangian model
which simulates the continuous phase first before tracking the trajectory of the drop by
integrating the force balance on it. This is shown by Equation (50):

dud,i _

mg
where the subscript ‘d” refers to the drop, and fp denotes the drag force per unit mass

shown by the Stokes drag law as follows:

fio = my Ui i) 1)
d

where 1, is the drop response time given by Equation (52):

L _ pad® 24
d 18u CpRe

(52)

where Cp denotes the drag coefficient.

Drop Trajectory Integration Schemes

The trajectories of the drop in the discrete phase model are solved iteratively by a
stepwise integration over discrete time steps, e.g., the drop velocity is solved by inte-
grating with respect to time at each point along the trajectory. The drop trajectory is
approximated by [44]:

dx
a Ug (53)

For the sake of simplicity, only a single component is presented in Equation (53). The
drop momentum balance provided in Equation (50) can be rewritten in terms of the drag
force per unit mass without including extra body forces that may be applied to the drop by
external fields such as gravity. This is shown by [44]:

= (g 69

The Ansys Fluent solver is used to compute the trajectory by four integration schemes,
namely, the Analytic, the Implicit, the Trapezoidal, and the Runge-Kutta. The Analytical
and Implicit (first order) schemes are considered lower order and generate fast results as
they are one-step methods that are stable at large time steps. However, they tend to be
less exact and rely on the size of the timestep for accuracy. The Trapezoidal (second order)
and Runge—Kutta (fifth order) are higher order schemes that execute several evaluations
of their functions. As a result, they offer higher accuracy than lower order schemes,
such as the Euler implicit method. However, as more evaluations between each time
step are expected, it increases computational costs. There is also a dependance on a
sufficiently small timestep, as very large timestep sizes pose accuracy challenges. Similar
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computational issues are observed using stiff ordinary differential equations, potentially
leading to numerical instability.

To circumvent these challenges, Ansys Fluent provides an automatic drop trajectory
integration setting that blends a lower-order and higher-order scheme with an accuracy
control, aiming to modify the length scale within a provided error tolerance. This automated
tracking scheme applies the Runge—Kutta discretization scheme, as a high order scheme,
and the analytical discretization scheme, as a low order scheme, to track the drop very
accurately during the optimum time. When the drop is not close to attaining hydrodynamic
equilibrium, the higher order scheme is able to reach an accurate solution very rapidly, as
it requires less step refinements for a specific tolerance. However, when the drop reaches
hydrodynamic equilibrium, the higher order schemes become inadequate, as their step
length is restricted to a stable range. This then necessitates the switch to a stable lower
order scheme and the facilitation of larger integration steps.

Following from the brief descriptions of the applied integration schemes, an
analytical integration can be performed to solve the set of coupled ordinary equa-
tions formed by Equations (53) and (54). This leads to Equations (55) and (56) for

the new drop velocity (uﬁ“) and position (xgH), respectively, and, assuming con-
stant 1 and 7. u/} ! and x'*! are given as follows:
u”“—u”—i—ei%(u"—u”)—ar 1 55
i = d a(e ) (55)
_
xsﬂ = x4+ At(u" +aty) + 1y (1 —e 4 ) (uff —u" — aty) (56)

where u; and u" denote the drop and fluid velocity at the previous position.
The explicit Runge-Kutta scheme from Cash and Karp [64] handles the ordinary

!/
differential equations as vectors, where the left-hand side is the derivative ; , and the

5
right-hand side is a function f (t, ;) , as shown by the following equations:

-/
y =fty) (57)
and,
Sn+1 —n — — — — — —
y =y F+oaki+cokot+czkst+caksa+cesks+ceks (58)
where,
— —
ki=Atf(tY) (59)
— — —n -
ko = Atf(t—i—llet,y + by kl) (60)
— — _un — —
k3:Atf(t+a3At,y + b3k +bxks) (61)
— — _n — — —
k4:Atf(t+a4At,y +b41k1+b42k2+b43k3) (62)
— — i — — — —
ks =Atf(t+asAt, y +bsikq+bspko +bszks+ bssky) (63)
— — _n — — — — —
ke =Atf(t+agAt,y +berkq1+bepko+ bezks+ beaks+ besks) (64)
The coefficients, a5 ._a¢, by, bes, and c;. ce, are obtained from Cash and Karp [64].

The integration timestep, At, was calculated using Ansys Fluent’s Step Length Factor
equation given by Equation (65):
At
A

At = (65)
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where A denotes the step length factor, and At* represents a characteristic time that is
related to an approximate time needed for the drop to traverse the mesh cell. In this study,
the default value of A = 5 was set.

KHRT Breakup Model

The KHRT breakup model combines the impacts of KH waves (induced by aerody-
namic forces) with RT instabilities (driven by the acceleration of shed micro-drops ejected
into the wake region). Micro-drops have been used to describe tiny fragments of fluid
materials that have been drawn from the drop peripheries as shock interaction with the
water drop progresses. When the supersonic airflow interacts with the liquid drop, surface
waves are created on the drop. These surface waves are more obvious on the upstream side
of the drop, and lead to the shearing of the drop. As the surface waves evolve, the drop is
deformed to generate several liquid ligaments. These liquid ligaments further fragment
and disintegrate into smaller fluid droplets. The breakup of the micro-drops which have
formed from the initial breakup of the original drop is proportional to the wavelength of
the quickest evolving unstable surface wave, A, on the drop. This is given by Equation (66):

"md = BzeroA (66)

where r,,; denotes a characteristic radius of the microdrops, and B, is a constant with
a numerical value of 0.61 [65]. The rate of change of ,,; with respect to the characteristic
radius, x4, of the original drop is expressed by Equation (67):

% ( Xd — rmd)

=4 ma < 67
T p— Tmd < X4 (67)

where TRt represents the breakup time and is given as follows [44]:

 3.726Bonexy

TRT =~ (68)

In Equation (68), Boye represents the constant of breakup time, and has a value of 1.73,
as proposed by Liu et al. [66]. Q) represents the maximum growth rate, and is computed
as follows [65]:

3\ 05 15
p1X5 _ 0.34 + 0.38We;

Q| —= = (69)

o (1+ Oh) (1 + 1.4Ta0-6)

The corresponding wavelength, A, is given as follows [65]:
A (1+04500°%) (1 + 04Ta"7)
o= 9.02 (70)
d

(1 + 0.87We;~67) oo

In Equations (69) and (70), Oh, Ta, and We, denote the Ohnesorge, Taylor, and air
Weber numbers, respectively. These variables are given as follows:

(Wew)o'5

_ padl?
Rey, o

Oh = We, — Ta = Oh(We,)*? (71)

where Wey, and Rey, denote the water Weber and Reynolds numbers, respectively,
while p, denotes the air density. These variables are given as follows:

pwdU?  ppdl

Hw

Wey, = Rey (72)
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where py, and yy, denote the water density and water dynamic viscosity, respectively. The
Rayleigh-Taylor (RT) model is based on wave instabilities on the drop surface, and the
frequency of the quickest evolving wave is calculated as follows [44]:

(2=a(os — )\
= (3(30)05 (0a + pa) ) 7

where a denotes the acceleration of the drop in the direction of shock propagation, and p;, is
the drop density. The corresponding wave number is computed as follows:

B 05
Ky = (W) 74)

During aerodynamic drop disintegration, the breakup pattern is controlled by inertial,
viscous, and capillary forces [1]. With respect to the process of drop breakup, We can be
used to describe the drop disintegration. Based on Equation (1), We is computed as 3.4 x 10%.
This value is relatively high. Since We represents the ratio of the inertial force to the surface
tension force, this indicates that the surface tension is negligible. This also proves that the
inertial forces control the flow more than the surface tension forces. As a result, surface
tension effects can be ignored.

2.1.3. Discretization

The Monotonic Upstream-centered Scheme for Conservation Laws (MUSCL) scheme
was used for the spatial discretization of both momentum and continuity equations. This
scheme was presented by Van Leer [67], based on the original MUSCL by blending a central
difference scheme and a second-order upwind scheme. A first-order implicit scheme was
employed for temporal discretization. To achieve numerical stability and accuracy, a very
small timestep of 4 x 1077 s was used in the present study with the Courant-Friedrichs—
Lewy (CFL) number set as 0.5. The compressive scheme and interface model-based variant
was used to discretize the volume fraction equations spatially. This scheme is a second
order reconstruction scheme. It was developed from the slope limiters that are used in
spatial discretization schemes to inhibit the spurious oscillations or wiggles that would
otherwise occur with high order spatial discretization schemes because of sharp alterations
in the solution domain [44].

2.2. Computational Details

The computational setup matches the experiments carried out by Igra et al. [27]. The
computational domain and the initial /boundary conditions are shown Figure 1 (x-axis
is horizontal, y-axis is vertical, and z-axis is spanwise). The length of the computational
domain is 12.27 d and both the height and width are 5.5 d (d is the drop diameter, taking
4.8 mm and 22 mm as in the experiments of Igra et al. [27] and Sembian et al. [68], respec-
tively). The no-slip boundary condition is employed on the top, bottom, and side walls. At
the outlet boundary, a zero gradient boundary condition is used for all variables. At the
inlet, the horizontal velocity component is 225.8 m/s, and both the vertical and spanwise
velocity components are zero. Pressure is 237,916 Pa, and density is 2.17 kg/m3. The values
of these parameters also denote the post-shock properties of the ambient gas utilized in the
initialization, and are calculated from the Rankine-Hugonoit relationships [69]. The initial
values in the rest of the computational domain are as follows: velocity is zero, pressure is
1 bar both inside and outside the drop, air density is 1.2 kg/m3, and water density inside
the drop is 1000 kg/m?3. A sharp interface with interfacial discontinuities is employed. An
equator, as seen in Figure 1, is used to explain the material stripping from the deforming
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drop. The upstream end of the drop is kept at a distance from the incident shock. This is be-
cause a shock has a propensity to spread to its normal profile given an ‘exact discontinuity’
as initial conditions which could lead to errors that adversely delay the SLDI process [70].

Inlet
u, =Uq, = 225.8m/s
u, =0 N
P, =237915.6 Pa Initial

Paz = 2.17 kg/m? ~—— Diaphragm
559
¢ <ﬂ“""
Cylindrical
Water Drop

y

Direction of Shock
travel from left to
right (M, = 1.47)

Uy =Uga
= =0 P; = 101000 Pa
A P, pp = 1000 kg/m? d=4.8mm or
Pa2 22mm

\.

Uy =uy, =0
P, = 101000 Pa
Pa1 = 1.2 kg/m?

W
el
° Outlet
Vu=0
VP =0
Vp=0

Waj

Figure 1. Computational domain plus the initial and boundary conditions.

A hybrid mesh is used in the present study, as shown in Figure 2, which consists
of structured uniform hexahedral cells in most of the main region, and smaller uniform
hexahedral cells within the drop, while the drop vicinity (just outside and inside) is dis-
cretized into ‘smaller-cell’ unstructured triangular prisms. The Cartesian cut-cell method,
which was previously applied by Ingram et al. [71], Berger et al. [72], and Johnson [73]
has been used to generate this mesh. The unstructured cells used in the drop vicinity
enable the local alignment of the grid orientation to the dominant flow direction due to
their flexible nature, thus lessening the numerical diffusion, and have been validated by
previous works [74,75]. Prior to the application of adaptive mesh refinement (AMR), the
cells inside the drop and in its vicinity were made to be finer than the cells in the main
flow region. AMR helps to produce a more robust high-resolution grid capable of generat-
ing a sharp representation of discontinuities and to adequately resolve the different flow
structures under investigation. AMR thus guarantees that the mesh is refined inside the
drop and around its vicinity (including the primary shock wave), ensuring that the fine
cells surround and travel with the drop. AMR ensures the fine-scale shockwave-droplet
interaction close to the interface is effectively resolved. The AMR procedure follows a set
of refinement criteria influenced by the physics of the flow solution and the required level
of accuracy within the drop and its vicinity. These refinement criteria are based on the
gradients of pressure and volume fraction. They result in refinement in regions with high
gradients or data density, and coarsening in zones characterized by smooth variations. The
AMR procedure is also compatible with the unstructured nature of grid cells shown by
the previous works of Lawlor et al. [76], Jahangirian and Shoraka [77], and Cant et al. [78].
They showed that the unstructured grid data enhanced by the AMR approach ensures
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greater flexibility to treat complex geometries and high-order accuracy. This is possible
via the storage of all the neighborhood links between cells based on the local resolution
requirements specified by the numerical solution.

(a)

a
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Figure 2. (a) Computational mesh and (b) close view of fine mesh around drop from AMR.

2.3. Mesh Independence Study

A mesh independence study has been conducted with three different qualities of mesh
(6.9 million, 10.8 million, and 13.6 million cells) to ensure that the predictions do not depend
on the mesh size. This has been presented in Onwuegbu et al. [54], demonstrating that there
is hardly any difference between the results obtained from the mesh with 10.8 million cells
and the results obtained from the mesh with 13.6 million cells. Hence, there was no need to
further refine the mesh, and all computations have been conducted using 13.6 million cells.

2.4. Turbulence Model Selection

Physical viscosity should be considered if the late-stage turbulence involving small-
scale structures and full drop disintegration are to be discussed. This then necessitates the
use of turbulence models to effectively study the SLDI phenomenon, as there is hardly
any knowledge acquired to date concerning the performance of turbulence models for
the SLDI simulations. This study has adopted three extensively applied and highly rated
turbulence models: the realizable k-¢, the shear stress transport (SST) k-w, and a Reynolds
stress model (RSM). Their individual performance is very case dependent. Figure 3 shows
the comparison between the predicted drop drift with time and the experimental data
of Igra et al. [27] for the three turbulence models and the inviscid simulation. The drop
leading edge (x1) is important in determining the drop drift, and Ax; is derived as the
distance between the current position of x; and its previous location. At the beginning of
the SLDI, xj, is represented by the first position (at the centre of the windward side) that
contacts the incident shock wave. It is clearly shown in Figure 3 that the predictions using
all three turbulence models show reasonable agreement with the experimental measure-
ments of Igra et al. [27] than the inviscid predictions from the compression phase. This
indicates that turbulence is generated after the shock interacts with the drop and turbulence
modelling is required to derive more accurate results. It is also clearly seen in Figure 3 that
the predictions using all three turbulence models indicate little disparity, but the results
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from the RSM are marginally closer to the experimental data. Onwuegbu et al. [54] also
demonstrated that the RSM provided the closest predictions to the experimental data in
the SLDI process. Therefore, the RSM has been adopted in this study.

10
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Figure 3. Comparison of numerical results from different turbulence models against experimental
data (Igra et al., [27]) from the compression phase. Reprinted /adapted with permission from Ref. [27].
Copyright 2024, Elsevier.

3. Results and Discussions

For the purpose of comparing our numerical findings with experimental measure-
ments, dimensionless time, T, is used and defined as follows:

_ t X ua,Z Pa2
d Pd

T (75)
where U, > and p, » denote the post-shock air velocity and post-shock air density, respec-
tively. The authors understand that the presented results reflect a nearly perfect symmetry,
which in reality introduce asymmetric vortex shedding and an asymmetric deformed
droplet breakup. This could, in turn, lead to the chaotic sideways displacement of the drop
and the shed particle clouds. To mitigate potential issues in employing this nearly perfect
symmetry, we have focused on ensuring excellent mesh quality and verifying that suit-
able boundary conditions are employed and interpreted by the Ansys Fluent Solver. The
justifications for the mesh generation process, mesh independence study, and the applied
boundary conditions have already been presented in the preceding sections. Finally, to
mitigate the issues related to a nearly perfect symmetry, we have validated our numerical
investigations against experimental data to ensure numerical accuracy and physical facts,
as shown in Section 3.1.

3.1. Predictions of the Temporal Changes of the Interfacial Characteristics Scales

Onwuegbu et al. [54] presented the comparison of the predicted drop trajectory,
drag coefficient of the drop, and acceleration at early and intermediate times against the
experimental measurements of Igra et al. [27], where a very good agreement was obtained.
In the present study, temporal changes in the normalized width (w* = w/d) and height
(h* = h/d) of the deformed drop including the late-stage of the SLDI process are plotted
in Figures 4 and 5, where w is derived by measuring the width of the deforming drop in
the x-direction while & is obtained by measuring its height in the y-direction. Areal change
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(A) of the deforming drop has been normalized using the original area of the water drop
(Ap), ie., A* = A/ A,, and is displayed in Figure 6.

1
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Figure 4. Variations of the normalized width of the deformed drop against dimensionless time, T,
compared to experimental data (Igra et al., [27]).

It can be seen clearly from Figures 4 and 5 that a very good agreement between the
predictions and the experimental data is obtained. It is also obvious from Figure 4 that
the drop width reduces as the SLDI progresses due to drop flattening and stripping of
fluid particles from the drop peripheries. The drop width reduction rate varies from the
onset of the SLDI to late time. From the onset of the SLDI, the drop width decreases
gradually until T = 0.25. This is then followed by a steep reduction in the drop width
until T = 1.05. Afterwards, the drop width reduces gradually up to T = 1.35, followed
by another steep decrease to T = 1.425. From T = 1.425, the decrease in the drop width
is less rapid compared to the period between T = 1.35 and 1.425 before finishing with a
gradual reduction in the drop width. However, the drop height initially increases steadily
to T = 1.10, and then it starts decreasing rapidly at the later stage of the SLDI process,
as shown in Figure 5. The initial increase in the drop height is consistent with the lateral
stretching of the deforming drop from its top and bottom ends (at the equator) as the drop
width reduces due to drop flattening and material stripping.

0.25 i

07\\\\|\\\\l\\\| R R T Y
0 025 05 075 1 125 15

T

Figure 5. Variations of the normalized height of the deformed drop against dimensionless time, T,
compared to experimental data (Igra et al., [27]).
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Figure 6. Evolution of the normalized drop area against dimensionless time, T, compared to experi-
mental data (Igra et al., [27]).

Figure 6 shows the time variation of the normalized cross-sectional area of the drop,
and reveals that the area reduces continuously with time. This is expected because small-
sized fluid materials are stripped from the periphery of the drop as the SLDI process
progresses. It can be seen from Figure 6 that the predicted temporal changes in drop area
are in very good agreement with the experimental data.

It is evident from the above quantitative comparison between the predictions and the
experimental data that the numerical approach used in the current study is robust, reliable,
and accurate. Further analysis will be presented below to elucidate the materials stripping
and other phenomena at the late-stage of the SLDI process.

3.2. Stripping and Disintegration of the Liquid Drop

Figure 7a—f(i) display the 2D representations, along the central x—y plane, of small
particles (and micro-drops) drawn from the stripping points at the equator (denoted as
SPE), and the region succeeding it. It is clearly observable from Figure 7a(i,ii) that a curved,
discontinuous fluid sheet (denoted as FS) is entrained from the drop leeward side periphery
as a result of strong inertial forces from the surrounding flow. The fluid sheet shown
in Figure 7a(i,ii) disintegrates into smaller sheets, as shown in Figure 7b(i,ii), and the
fluid particles and micro-drops are transported further downstream from the stripping
points at the equator and the drop periphery. It can be seen from Figure 7c(i,ii) that more
fluid particles have been drawn from the stripping points at the equator and the drop
periphery has undergone more local deformations, as shown by the surface roughness
of the drop edges in the vicinity of the equator and around the compressed leeward side.
Furthermore, the fluid sheet in Figure 7c(i,ii) has significantly shrunk compared with
Figure 7b(i,ii). Figure 7c(i, ii) also shows that the downstream separation points (denoted as
DSP in Figure 7a,b(i)) have already fused with the stripping points at the equator with the
majority of the fluid shedding now taking place around the stripping points at the equator.

Figure 7a,b(ii) show that fluid ligaments (denoted as FL) are formed around the
leeward side of the drop periphery, and the fluid ligaments gradually break into smaller
ligaments and micro-drops, as shown in Figure 7c—f(ii). Moreover, Figure 7b—{(i) show
that the entire wake region is characterized by a chaotic, turbulent-like flow, and as fluid
materials are shed and entrained from the drop, it is visible in the wake region as a spray.
This is concordant with the works of Harper et al. [23]. Following from this, Figure 7d—f(ii)
show that the bowl-shaped liquid sheet has lost its coherent structure, and the growth
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of instabilities on the liquid sheet are characterized by the evolution and subsequent
fragmentation of the fluid ligaments. Figure 7d—£(ii) also show that these instabilities are
located at the stripping points at the equator and the peripheries of the deformed sheet.
This is due to the aerodynamic force caused by the high-speed gas flow in its vicinity,
piercing or rupturing its sides. This yields more fluid ligaments which remain attached at
first but later detach and are propagated downstream. This piercing or rupturing effect
creates the crevices (denoted as CR) observed in Figure 7e f(ii).
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Figure 7. Snapshots of (i) volume fraction contours on the central x—y plane and (ii) iso-surfaces of
volume fraction at: (a) T = 0.37; (b) T = 0.45; (¢) T = 0.53; (d) T = 0.60; (e) T = 0.64; (f) T = 0.68.

3.3. Dynamics of Vorticity Generation and Evolution

Vorticity generation and deposition represents one of the most important flow phe-
nomena in the SLDI process. Baroclinic torque, which occurs when the shock wave interacts
with the perturbed interface [79], leads to the deposition of vorticity on the interface shortly
after shock propagation. This is due to the misalignment of the density gradient across
the interface and the pressure gradient created by the shock wave [79,80]. As the shock
wave propagates through the drop, vorticity is produced and transported in the flow, as
shown in Figure 8. Figure 8a shows that one primary vortex (denoted as PV) at the top and
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another one at the bottom have been generated, which are rotating in different directions.
Figure 8a also shows a secondary vortex pair (denoted as SVP) with each secondary vortex
rotating in a different direction opposite to the primary vortex. In addition, one tertiary
vortex (denoted as TV) at the top and another one at the bottom are also clearly observable
in Figure 8a.
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Figure 8. Snapshots of vorticity contours on the central x—y plane at: (a) T = 0.37; (b) T = 0.45;
() T = 0.53; (d) T = 0.60; (e) T = 0.64; (f) T = 0.68.

The complex flow features in the wake region are due to the generation and quick
evolution of those three vortex systems, and the second vortex pair cannot be observed
anymore in Figure 8b at T' = 0.45, while the primary and tertiary vortices are still clearly
visible. As the SLDI progresses, the tertiary vortex also disappears, and is not visible in
Figure 8c at T = 0.53. By contrast, the primary vortex is persistent, and still clearly visible in
Figure 8f at T = 0.68. When the primary vortex pair is shed, it results in the formation of a
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wake recirculation zone (denoted as WRZ), as shown in Figure 8b, which drags the ambient
fluid materials into a jet travelling upstream (denoted as U]) that impinges on the leeward
side of the drop. This upstream jet contributes to the subsequent flattening/compression
of the drop, and its effects on the leeward side of the deformed drop are clearly shown
in Figure 9, which cause the hollowing of the leeward side, and the deformed drop looks
like a bowl. Furthermore, the jagged edges of the deformed sheet in Figure 9 strongly
indicate that a substantial amount of material has been dragged off the edges of the severely
deformed drop at the late-stage of the SLDI process. It is worth noting that, at the late-stage
of the SLDI process, vorticity is present in most of the wake region with a lot of small-
scale flow structures generated, as shown in Figure 8d—{, suggesting that turbulent flow is
developed in the wake region.

(a) (i)

Figure 9. Visualization of the drop disintegration process at: (a) T = 0.60; (b) T = 0.64; (c) T = 0.68.

Figure 10a presents the streamlines on the central x—y plane, showing the rotation
directions of the three vortex systems (primary, secondary, and tertiary vortex), and it
can be seen clearly that the top primary vortex spins in the clockwise direction while the
bottom one spins in the reverse direction, leading to the formation of the upstream jet
discussed above. Figure 10a reveals that the tertiary vortex spins in the same direction as
the primary vortex, whereas the secondary vortex rotates in the opposite direction. It is
also observable that the tertiary vortex, as shown in Figure 10a,b, and the primary vortex,
as shown in Figure 10a—f, maintain their direction of rotation as they travel downstream.
It can also be confirmed from Figure 10 that the secondary vortex has a much shorter life
span and disappears quickly, followed by the tertiary vortex, whereas the primary vortex is
persistent and still clearly visible in Figure 10f. Moreover, as can be seen from Figure 10d—f,
the tip of the deformed drop is significantly stretched with more materials being stripped
from the tip, leading to the formation of small-scale flow structures, as mentioned above.
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Figure 10. Snapshots of the streamlines on the central x—y plane at: (a) T = 0.37; (b) T = 0.45;
() T =0.53;(d) T = 0.60; (e) T = 0.64; (f) T = 0.68.

3.4. Velocity Distribution

Figure 11 presents snapshots of velocity magnitude contours on the central x—y plane,
showing a very complex velocity field around the deformed drop. Figure 11 also provides
an insight into the aerodynamic shock pressure/velocity fronts upstream and downstream
of the drop. This is because it reveals the velocity at which the shock wave propagates
behind the drop, across the drop, and sections of the shock tube ahead of the drop. It is
clearly observable that the high velocity regions are mainly at the top and bottom of the
deformed drop, and the low velocity regions are in the wake area. Figure 11a shows that
there is a small central relatively high velocity zone, indicating that the upstream jet is
just formed and subsequently grows larger and stronger, as shown in Figure 11b—f. The
upstream jet has the highest velocity in the region between the top and bottom primary
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vortices, and the jet velocity starts to reduce further, eventually impinging on the leeward
side of the deformed drop at a lower velocity. When the primary vortices travel downstream,
the upstream jet may just about impinge on the leeward side of the severely deformed
drop, as shown in Figure 11e. The upstream jet may not directly impinge on the leeward
side when the primary vortices travel further downstream, as shown in Figure 11f, which
can be confirmed from the streamlines in Figure 10f, further showing that the upstream jet
does not impinge directly on the surface.

0.08

X (m)

Figure 11. Contours of velocity magnitude on the central x—y plane during the compression and
late-time stages of the water disintegration process at: (a) T = 0.37; (b) T = 0.45; (¢) T = 0.53;
(d) T =0.60; (e) T = 0.64; and (f) T = 0.68.

3.5. Turbulence Development

Turbulence development at the late-stage of the SLDI process has been rarely studied in
previous works. Figure 12 presents the contours of turbulence intensity along the x— plane.
Turbulence intensity in the present study is defined as follows [44]:
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turb-intensity = % 23—k (76)

where U and k represent the streamwise velocity and turbulent kinetic energy, respectively.

0.14

Figure 12. Contours of turbulence intensity on the central x—y plane during the compression and
late-time stages of the water disintegration process at: (a) T = 0.37; (b) T = 0.45; (c) T = 0.53;
(d) T =0.60; (e) T = 0.64; (f) T = 0.68.

It has been demonstrated in our previous study [54] that turbulence starts to be
generated at quite an early stage (T = 0.12) even before the drop is deformed, and it can be
seen from Figure 12a that significant turbulence has been generated in the area surrounding
the deformed drop leeward side at T = 0.37, with the maximum turbulence intensity
reaching about 18.4%. There is a large, continuous high turbulence intensity region in the
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wake area, as shown in Figure 12a; whereas, at T = 0.45, after the primary vortex shedding
(denoted as PV), this large region has been broken into many smaller areas located in the
shear layer regions, as shown in Figure 12b, with the maximum value of turbulence intensity
increasing slightly to 19.6%. The complex flow field downstream of the deformed drop
changes rapidly, leading to a rapid expansion of those smaller high turbulence intensity
areas, as shown in Figure 12c at T = 0.53. It can be seen from Figure 12d that the high
turbulence intensity areas spread further at T = 0.60 and occupy most of the near wake
region with the maximum turbulence intensity reaching about 23%, indicating that it is
fully developed turbulent flow in this region. Afterwards, the high turbulence intensity
region seems to move downstream, and is mainly concentrated in the far wake region
at T = 0.68, as shown in Figure 12f, along with the maximum turbulence intensity rising
to 24%.

3.6. Effect of Mach Number on the Stripping Breakup of a Water Drop

This section investigates the impact of increasing Ma on the aerobreakup of a water
drop after it is impacted by a planar shock wave of varying strengths. The disintegration of a
cylindrical water column for the Ma = 1.47 case has already been presented. Two additional
cases are then investigated, i.e., Ma = 2.0 and Ma = 2.4, after which the results are presented
for the trajectory of the dimensionless streamwise drift of the distorted drop with time
for the three Ma cases as the SLDI progresses. The fragmentation of the water drop is
also presented at T = 0.45 for the three Ma scenarios that are investigated numerically
using contours of volume fraction, vorticity, velocity, pressure, and turbulent intensity on
the central x—y plane. The parameters for these simulations are shown in Table 1. From
Table 1, p, u, and p denote density, velocity, and pressure respectively.

Table 1. Set-up parameters for the numerical simulation scenarios.

Post-Shock Air Properties

Pre-Shock Air Properties V147 Mac20 V24 Water

p(kgm3) 12 217 3.19 3.84 1000
u(ms1) 0 2258 428.9 567.1 0

p (MPa) 0.101 0.24 0.45 0.66 0.101

Values of We corresponding to the respective Ma are 3.4 x 10* (Ma = 1.47),17.8 x 10*
(Ma =2.0), and 37.4 x 10* (Ma = 2.4). The We has been obtained from Equation (1) using the
density and velocity of the shocked gas for Ma = 2.0 and Ma = 2.4, as provided in Table 1,
while the initial diameter of the water drop and the surface tension coefficient remain
unchanged. The computed values of We show a direct relationship with Ma. Therefore,
the arguments provided for the effects of increasing Ma on the aerobreakup of the water
drop in the following discussions also apply for the impact of increasing We on the shear
stripping of the water drop.

Figure 13 shows the changes in the drift of the distorted drop, Ax}, normalized by the
initial column diameter (d), i.e., Ax] = Axy/d, for the three Ma cases as time progresses.
The drop drift provides a clear history of the drop travel as it is deformed. From Figure 13,
it is clear that as Ma increases, the distorted drop travels faster. The experimental results
for Igra et al. [27] are also presented in Figure 13 for the case of Ma = 1.47. It shows that
their result is concordant with the current study for Ma = =1.47.
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Figure 13. Dimensionless drift against dimensionless time, T, for Ma = 1.47, Ma = 2.0, and Ma = 2.4.
Dimensionless drift against dimensionless time for Ma = 1.47 has been compared to experimental
data (Igra et al., [27]).

Figure 14 shows the volume fraction contours along the central x—y plane for the
three Ma cases. Figure 14 describes the shedding of small fluid materials, particles, and
micro-drops from the stripping points at the equator and the drop periphery. Figure 14 also
reveals the position of the curved, discontinuous fluid sheet, which has been dragged from
the drop downstream edge due to strong inertial forces created by the ambient flow.
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Figure 14. Snapshots of volume fraction contours on the central x—y plane at T = 0.45 for: (a) Ma = 1.47;
(b) Ma = 2.0; and (c) Ma = 2.4.

Figure 14b,c show that the fluid sheet has travelled a significantly greater distance
compared to that in Figure 14a. The fluid sheet in Figure 14c has also undergone the
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most disintegration compared to that in Figure 14b, while the fluid sheet in Figure 14a
has suffered the least disintegration. Also, Figure 14b shows that the downstream sepa-
ration point (DSP) appears closer to the stripping points at the equator (SPE) compared
to Figure 14a. However, Figure 14c shows that the downstream separation points have
already fused with the stripping points at the equator, and most of the fluid shedding
now occurs at the stripping points at the equator. Very interestingly, as Ma increases,
the flattening of the downstream end of the liquid sheet becomes weaker due to the de-
clining pressure distribution around the region bounded by the downstream separation
points and its immediate environs, i.e., near the wake area. Similar patterns have been
reported in the experimental measurements of Karyagin et al. [81] and Nagata et al. [82].
Also, as Ma increases, the lateral stretching of the liquid sheet, from its top and bottom
ends (at the equator), is reduced. This study has linked this observation to the experi-
mental findings of Theofanous et al. [35] and Papamoschou and Roshko [83] as well as
the numerical investigations of Jalaal and Mehravaran [84]. The works of Theofanous
et al. [35] and Jalaal and Mehravaran [84] explained that the evolution of the liquid sheet is
enhanced by the appearance of travelling waves on the surface of the drop generated by
the Kelvin—-Helmholtz instabilities at the upstream end where the liquid /gas interface is
subjected to strong shear. The waves are then propagated towards the equator under drag
forces, followed by their fusion with the preceding waves. Papamoschou and Roshko [83]
then showed that increasing the Ma decreases swiftly the growth rate of the shear layer
between two wave streams propagating towards the equator. This is because the related
compressibility effects of increasing Ma tend to stabilize the flow disturbance. Following
from this, the growth rate of the liquid sheet is reduced at greater Ma, hence the smaller
appearance of the liquid sheet at Ma = 2.0 and Ma = 2.4. The liquid sheets for the Ma =2.0
and Ma = 2.4 cases also show that the tip of the deformed liquid has also been folded. This
study has also looked at the spatial spread of the shed fragments and micro-drops. This is
important because it determines the probability of micro-drops coalescing into larger fluid
materials and particles [85]. Figure 14 then shows that the greater the Ma, the narrower
the cross-stream distribution of fragments and micro-drops. This study believes that this
could be related to the fact that the stripping points at the equator have been folded. As
most of the material stripping now takes place at these positions, the shed particles and
micro-drops have more confined spread. The main difference between the particle spread
for the Ma = 2.0 and Ma = 2.4 cases is that, for the Ma = 2.0 case, more particles have spread
out just above and ahead of the fluid sheet. Hence, Ma = 2.4 shows the narrowest spread of
particles and micro-drops.

Figure 15 shows that, as Ma increases, there is an increased concentration of vorticity
along the path of fluid particles that have been dragged from the stripping points at
the equator. The spread of this concentrated vorticity, particularly in the vicinity of the
stripping points at the equator, also becomes narrower as Ma increases due to the folded
tips of the water sheet. Also, as Ma increases, more vorticity is concentrated in the far-field
wake region. With respect to the vortex systems, as Ma increases, the tertiary vortex is
no longer visible at Ma = 2.0 and Ma = 2.4, leaving just the primary vortex to propagate
downstream in the wake of the deformed sheet. This primary vortex also grows in size
as Ma increases. Finally, the small-scale flow structures noticed in the far-field wake region
of Figure 15a (Ma = 1.47), just ahead of the primary vortex, and characterized by low and
intermediate vorticity, are now surrounded by high vorticity in Figure 15b (Ma = 2.0).
Figure 15c (Ma = 2.4) shows that there are a lot more small-scale flow structures compared
to Figure 15b, indicating that turbulent flow is fully developed in the far-field wake region
in Figure 15¢c. These small-scale structures are also characterized by high vorticity.
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Figure 15. Snapshots of vorticity contours on the central x—y plane at T = 0.45 for: (a) Ma = 1.47;
(b) Ma = 2.0; and (c) Ma = 2.4.

It can be seen clearly in Figure 16 that the top primary vortex rotates in the clockwise
direction while the bottom one rotates in the reverse direction. Figure 16a reveals that the
tertiary vortex spins in the same direction as the primary vortex. It is also obvious that the
primary vortex, as shown in Figure 16a—c, maintain their direction of rotation as they travel
downstream. It can also be confirmed from Figure 16 that, as Ma increases, the tertiary
vortex, which has a much shorter life span, disappears quickly, and is not observed in
Figure 16b,c (for Ma = 2.0 and Ma = 2.4). However, the primary vortex is persistent and still
clearly visible in Figure 16b,c. Moreover, as can be seen from Figure 16b,c, as Ma increases,
the tip of the deformed sheet becomes progressively stretched and folded with more
materials being stripped from the stripping points at the equator. This further supports
the observation of a narrower particle spread as Ma increases. A look at the trajectory of
the streamlines emanating from the stripping points at the equator shows that they are
confined to the narrowest distribution for Figure 16¢ (Ma = 2.4) compared to Figure 16a,b.
Figure 16a (Ma = 1.47) reveals the broadest spread of the streamlines emanating from the
stripping points at the equator and the downstream separation points.
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Figure 16. Representation of the vortex systems on the central x—y plane using streamlines
at T = 0.45 for: (a) Ma = 1.47; (b) Ma = 2.0; and (c) Ma = 2.4.

Figure 17 shows that, as Ma increases, the high velocity regions at the top and bottom
of the deformed sheet grows in the downstream direction, i.e., Ma =2.0 and Ma =2.4. It
indicates that the high velocity regions at the top and bottom of the liquid sheet extend all
the way to the end of the presented frames, as opposed to Figure 17a (Ma = 1.47), where
these high velocity regions only extend up to about 75% of the presented frames. In the
wake, the low velocity regions expand in the near- and far-field areas as Ma increases.
However, the small central relatively high velocity zone vanishes as Ma increases, such that
the space occupied by this zone has been almost overlapped by the low velocity regions
in the near- and far-field wake regions for Ma = 2.4 (see Figure 17c). It has already been
established, in Section 3.4, that the velocity in this small central relatively high velocity zone
also corresponds to the velocity of the evolving upstream jet, which is the highest velocity
in the region between the top and bottom primary vortices. This study then believes a
disappearance of this zone explains why the flattening of the leeward surface becomes
weaker as Ma increases. Similarly, the flattened region, bounded by the downstream
separation points, reduces in extent as Ma increases.
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Figure 17. Contours of velocity magnitude on the central x—y plane at T = 0.45 for: (a) Ma = 1.47;
(b) Ma = 2.0; and (c) Ma = 2.4.

Figure 18 shows the unsteady pressure distribution in the vicinity of the liquid sheet,
and the wake region as well as the pressure driven change in the sheet morphology as Ma in-
creases. With respect to the aerodynamic shock pressure/velocity fronts upstream and
downstream of the drop, Figure 18 shows the difference in pressure upstream, downstream,
and within the drop as the shock waves propagate through the drop. Figure 18a—c show
that the distortion of the water sheet is initiated by the unsteady pressure distribution
within and around the sheet. From Figure 18a, the sheet, which has started to lose its
coherent structure, serves as a blunt body to the incident free-stream flow, such that the
highest pressure is observed on the drop windward side, above and below the drop, as well
as within the interiors of the ‘disk-like” sheet extending just after the equator. Figure 18a
shows that the deformed sheet is characterized by high pressure with slightly reduced
pressure at the tip of the sheet and on the inside of the compressed region bounded by the
downstream separation points. The deformed sheets in Figure 18b,c are also characterized
by high pressure, but have slightly reduced pressure at the tip of the sheet, and just on the
inside of the compressed region, which now appear shrunk. In other words, the highest
pressure is observed on the sheet windward side, above and below the drop as well as
within the interior of the ‘disk-like” sheet slightly away from its compressed leeward side
and the tip of the sheet. The appearance of the deformed drop as a ‘pancake’ or ‘disk’ in
Figure 18a—c is a result of the non-uniform pressure distribution around the drop surface,
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i.e., high pressure existing at the windward side stagnation points, while lower pressure is
observed within the stripping points at the equator because of air acceleration into the drop.

This non-uniform pressure effect thus influences the flattening of the drop. Finally,
high pressure is noticed in the far-field wake region. We believe the high pressure in this
region drives the shed vortices that are pulled back by the wake recirculation zone to
create the upstream jet, thus resulting in the repeated thrusting of fluid onto the leeward
side of the deformed drop. Figure 18 shows that, as Ma increases, and at T = 0.45, the
flattened area, which is defined by the space bounded by the downstream separation
points, contracts. This study believes this is linked to the variations in the pressure that
is imposed on the leeward side of the drop. For instance, the pressure just inside and to
the right of the flattened area appears to be at its highest in Figure 18a (Ma = 1.47) and
its lowest in Figure 18c (Ma = 2.4), hence confirming why the flattened area appears most
shrunk in Figure 18c (Ma = 2.4). This finding is supported by Karyagin et al. [81] who
experimentally measured the pressure distribution over the surface of a sphere and noticed
that the pressure at the leeward side of the drop reduced consistently as Ma increased. The
numerical estimations of Nagata et al. [82] reported a similar trend.
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Figure 18. Contours of pressure on the central x—y plane at T = 0.45 for: (a) Ma = 1.47; (b) Ma = 2.0;
and (c) Ma = 24.

Figure 19 has shown that, as Ma increases, the magnitude of turbulent intensity
increases around and within the primary vortex. There is also a rapid expansion of the
smaller high turbulence intensity areas in the near- and far-field as Ma increases. Figure 19¢
(Ma = 2.4) shows a more pronounced distribution of high turbulence intensity areas in
the wake of the deformed sheet compared to Figure 19b (Ma = 2.0), where the far-field
is not mostly characterized by high turbulence intensity. Similarly, Figure 19b shows a
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well-defined spread of high turbulence intensity areas in the wake of the deformed sheet
compared to Figure 19a (Ma = 1.47), particularly in the near-wake region and around
the primary vortex. Very interestingly, this study observed that there is a pronounced
concentration of turbulence in the near-wake region along the path of fluid drawn from
the periphery of the deformed drop in Figure 19a (Ma = 1.47). This thick area of high
turbulence intensity becomes thinner as Ma increases. This study attributes this to two
reasons. First, for Ma = 1.47 and at T = 0.45, fluid particles and micro-drops are mainly
drawn from the stripping points at the equator and the downstream separation points.
However, for Ma = 2.0 and Ma = 2.40 and at T = 0.45, fluid materials are mainly entrained
from the stripping points at the equator. Second, at higher Ma, the liquid sheet curves along
the flow direction and folds towards its leeward side. This curvature of the tip of the water
sheet then creates the thin path, through which the shed fluid particles and micro-drops
travel downstream. At last, as Ma increases, the maximum value of turbulence intensity
also increases. For example, at T = 0.45, the magnitude of the maximum turbulence intensity
reaches 19.6% for Ma = 1.47, 22.4% for Ma = 2.0, and 23.3% for Ma =2.4.

0.16

Figure 19. Contours of turbulence intensity on the central x—y plane at T = 0.45 for: (a) Ma = 1.47;
(b) Ma = 2.0; and (c) Ma = 2.4.

4. Conclusions

Complex flow features and material stripping from the deformed water drop at the
late-stage of the Shock Liquid Drop Interaction (SLDI) have been investigated numerically
using the URANS approach. The topological changes of the gas/liquid interface have
been captured using a coupled level-set with volume of fluid method, and the Kelvin—
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Helmholtz Rayleigh-Taylor breakup model has been used to simulate the drop breakup
process. The predicted temporal changes in the drop width, height, and area agree well
with the experimental data. A detailed analysis has been carried out to advance our current
understanding in the late-stage Shock Liquid Drop Interaction, and the key new findings
are as follows:

e  Fluid is mainly stripped from the deformed drop leeward side periphery as a result
of strong inertial forces from the surrounding flow, leading to the formation of a
discontinuous fluid sheet which eventually disintegrates into smaller sheets and
micro-drops downstream.

e  An upstream jet is formed as a result of the wake recirculation zone caused by the
primary vortex pair. This upstream jet impinges on the drop leeward side, promoting
the compression and hollowing of the deforming drop.

e  The complex flow fields in the wake region are mainly due to the interaction of three
vortex systems (primary, secondary, and tertiary) shedding from the deformed drop
leeward side periphery. The secondary and tertiary vortices have a relatively short life
span, whereas the primary vortices are still clearly observable further downstream
towards the end of simulation time.

e  The wake flow downstream from the severely deformed drop at the late-stage has be-
come fully developed turbulent flow, with the maximum turbulence intensity reaching
about 24%.

From our numerical investigation of the effect of Mach number (Ma) changes on the
SLD], the following key findings are achieved:

e  The liquid sheet propagates faster in the downstream direction as Ma increases. Also,
the flattening of the leeward end, i.e., the extent of the flattened region bounded by
downstream separation points, contracts as Ma increases because of a reduction of
the pressure imposed on the leeward side as well as a reduction in the velocity of the
evolving upstream jet.

e  Similarly, the stretching of the liquid sheet at the equator is weakened as Ma increases,
indicating that the liquid sheet grows less rapidly at higher Ma. This is because the
evolution of propagative waves induced by Kelvin-Helmholtz instabilities on the
surface of the deformed drop are suppressed at higher Ma. This suppression is due to
the stabilizing effects of compressibility on the flow disturbance at these higher Ma.

e  With respect to the distribution of shed particles, fluid materials, and micro-drops,
this study showed that, as Ma increased, the shed fragments are constrained within a
narrower area ahead of the distorted liquid sheet. This is because the stripping points
at the equator have folded. As most of the material stripping now take place at these
positions, the shed particles and micro-drops have a more confined spread.

e As Marises, there is an increase in the amount of small-scale flow structures charac-
terized by high vorticity, such that the turbulent flow in the far-field wake region is
fully developed.

e  Finally, as Ma increases, the magnitude of turbulent intensity increases around and
within the primary vortex, and the maximum value of turbulence intensity also
increases across the flow field.

Author Contributions: Conceptualization, S.0. and Z.Y.; methodology, S.O. and Z.Y.; software, S.0.;
validation, S.0., Z.Y. and ].X.; formal analysis, S.0. and Z.Y.; investigation S.O., Z.Y. and ] X.; resources,
S.0. and Z.Y.; data curation, S.O.; writing—original draft preparation, S.O.; writing—review and
editing, S.0., Z.Y. and ].X,; visualization, S.0.; supervision, Z.Y. and J.X.; project administration, Z.Y.
and J.X,; funding acquisition, Z.Y. and J.X. All authors have read and agreed to the published version
of the manuscript.



Aerospace 2025, 12, 648 35 of 38

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: The PhD studentship of Solomon Onwuegbu and the research facilities /support
provided by the University of Derby are gratefully acknowledged.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

SLDI Shock Liquid Drop Interaction

URANS  Unsteady Reynolds-averaged Navier-Stokes
KHRT Kelvin—-Helmholtz Rayleigh-Taylor

LSVOF  Level-Set coupled with Volume of Fluid

RTP Rayleigh Taylor Piercing
SIE Shear Induced Entrainment
SBI Shock Bubble Interaction
RSM Reynolds Stress Model

MUSCL  Monotonic Upstream-centered Scheme for Conservation Laws
AMR Adaptive Mesh Refinement

SPE Stripping Points at the Equator
FS Fluid Sheet
DSP Downstream Separation Points
FL Fluid Ligaments
CR Crevices
4% Primary Vortex
SV Secondary Vortex
TV Tertiary Vortex
WRZ Wake Recirculation Zone
18]} Upstream Jet
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