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Abstract
Droplet breakup is a complex process involving interfacial instability and transport across a wide range of
length and time scales. Fundamental studies of shock-droplet interaction provide valuable insight into the
physical processes behind droplet breakup at high Weber and Reynolds numbers. Many high-speed appli-
cations such as liquid-fueled detonations and hypersonic hydrometeor impacts involve small droplets under
high Weber numbers and/or unsteady conditions. The work presented here will explore deformation and
hydrodynamics leading to breakup for small droplets (< 200µm) at high Weber numbers. An experimental
campaign is presented whereby droplet deformation is measured at high temporal and spatial resolution.
Small rapidly evaporating droplets (≈ 150µm) at Weber numbers in excess of 1000 are studied. High-speed
(sub-microsecond image times) shadowgraphy provides measurement of the droplet deformation rate, accel-
eration, and breakup timing. DNS results are presented to further explore deformation rates for smaller
droplets (≈ 5µm). Deformation rates are compared with existing models for both experimental and simula-
tion cases. This ongoing work will provide additional data from which our understanding of complex droplet
phenomena may be advanced and applied to physical systems.
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Introduction

Shock droplet interactions are encountered in a
broad range of engineering systems. A droplet may
be exposed to bow shocks, blast waves, and deto-
nations in any number of configurations and scales.
The performance of these systems relies on the abil-
ity to model the temporal and spatial evolution
of droplets exposed to shockwaves and high speed
flows. The evolution of the droplet begins with de-
formation, driving the initial acceleration, and alter-
ing the morphology of the parent droplet interface.
In some applications, e.g. hypersonic hydrometeor
impacts, deformation may be the only phase of evo-
lution before the process is terminated by an impact.
Thus, a thorough understanding of the droplet de-
formation processes is necessary to understand the
subsequent hydrodynamics and breakup.

Aerodynamic droplet breakup may be thought
of as a process where the aerodynamic forces acting
on the surface of a droplet surpass the interstitial
surface tension force resisting deformation, resulting
in unstable deformation and eventual breaking of a
parent droplet into child droplets. Breakup and de-
formation processes are commonly characterized by

the Weber number We =
ρgu

2dp

σ , the ratio of iner-
tial forces acting over the surface area of a droplet
to the interstitial surface tension. Various morpholo-
gies of deformation and breakup have been observed
for different Weber number regimes, though gener-
ally for We < 1000. At higher Weber numbers en-
countered in many systems of interest, the droplet
breakup process is expected to be in the shear strip-
ping, or catastrophic breakup regimes [1].

Studies on droplet breakup typically generate
high Weber numbers by increasing the particle size
rather than the velocity of the free gas stream, often
for practical reasons such as the limitation of high-
Mach number shock tubes, or low-rate data acquisi-
tion systems. While these studies may achieve vari-
ations in Weber number, it is crucial to distinguish
that smaller droplets accelerate and equilibrate with
the flow faster than larger ones, and that the pres-
sure gradient and relative gas velocity in high Mach
flows is larger. These experimental discrepancies in
the freestream conditions about the droplet raise the
question of whether the hydrodynamics that drive
breakup in larger (> 1mm) droplets also drive the
process in smaller O(100µm) droplets. Experimen-
tally quantifying the discrepancy in behavior across
diameters is crucial, as variations in droplet drag
due to deformation may significantly impact droplet
lag times and trajectories in Euler-Lagrange simula-
tions.

In this study, a high We droplet deformation

regime is investigated for small droplets through ex-
periment and simulation, with comparison to rele-
vant models. Shock tube experiments with high-
speed and high-magnification shadowgraphy are
conducted to collect data on the time evolution
of droplet deformation morphology with high ac-
curacy. The parameters in the experiments have
been selected to provide a comparison with exper-
imental and numerical work presented in the lit-
erature for similar Weber number regimes at dif-
ferent droplet sizes, e.g. the work by Mizuno [2]
with 2.33 mm droplets at We ∼ 100 − 2000, and
Poplavski [3] over similar conditions. Simulations of
fully resolved droplets undergoing deformation and
breakup are conducted for smaller droplets at simi-
lar We and higher Mach numbers. The results are
compared to the predictions of several extant mod-
els to assess their ability at modelling the behav-
ior of small droplets. This work serves to bridge
the gap in understanding in the nature of size ef-
fects on droplet breakup at similar Weber numbers.
An upcoming campaign is presented that will ex-
pand upon this work with the addition of data on
shock droplet interaction with a variable accelera-
tion shock-expansion system.

Deformation and breakup Models

The deformation of a droplet is usually char-
acterized by the ratio of cross-stream droplet di-
ameter to the volume-averaged diameter(or initial
diameter). Various empirical models based on ex-
periments ([4], [5], [6], [7]) and theoretical/semi-
analytical models have been proposed over the years
to predict the instantaneous deformation (as a func-
tion of time). O’Rourke and Amsden [8] mod-
eled the deforming droplet as a mass-spring sys-
tem and proposed a second-order differential equa-
tion with constant coefficients called the Taylor
Analogy Breakup model, refereed here as original
TAB (OTAB). Thereafter several researchers (for
instance,[9], [10]) tried to improve the predictions
from the TAB model by changing the coefficients of
the equation.

Ibrahim et al. [11] considered the conservation
of energy of the deforming droplet and proposed the
Deformation and Breakup Model(DDB). Stefanitsis
et al. [12] have given a comprehensive review of sev-
eral existing droplet breakup models and proposed
their own improvement of the TAB model by mak-
ing the coefficients Weber number dependent. This
is referred to here as the Improved TAB (ITAB)
model. They also presented a unified way of repre-
senting various analytical models of droplet breakup
(see eqn. (??)) as a second order non-linear differ-
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Table 1. Parameters for different breakup models
in unified deformation model [12]

OTAB ITAB DDB
fsk 1 1 1

fv
4y2Cd, 4y2Cd ,

9π2

Cd = 5 Cd = 10

fst
8Ck, 8Ck, 27π2

2Ck = 8 Ck = f(We)

fpr
4Cf , 4Cf , 9π

8Cf = 1/3 Cf = g(We)
dS∗

dy y − 1 y − 1 (1− 2y−6)y

u∗
rel

2 1 1 1

Table 2. Weber number dependent coefficients for
ITAB model of [12]

Ck

−1.32 + 0.12We, We ≤ 20
7.87− 0.13We, 20 < We < 60

0, We ≥ 60

Cf
0.13 + 0.0026We, We ≤ 20
0.46 + 0.0022We, We > 20

ential equation which evolves non-dimensional de-
formation (y) with respect to non-dimensional time
(t∗).

y =
d

d0
, t∗ =

t

tc
, tc =

d0
Vg

√
ρp
ρg

(1)

fskÿ +
1

2

dfsk
dy

ẏ2 + fv
Oh√
We

ẏ

y2
+

fst
We

dS∗

dy

= fpru
∗2
rel

(2)

In equation (2), We and Oh are Weber number
and Ohnesorge number respectively. Table 1 gives
the parameters for the three deformation models,
OTAB, ITAB and DDB, used to compare the exper-
imental results in this work. Most empirical or the-
oretical models give a critical deformation ranging
from 1.5 to 2.1 for the initiation of breakup. In the
TAB model, breakup starts once y = ycr = 1.5 and
in DDB the critical deformation is ycr = We/(12π).

For the complete characterization of breakup,
the initiation time, the breakup end time, child
droplet size and rate of child generation (or rate of
mass loss of parent drop) need to be modeled. Both
TAB and DDB can be used to completely describe
the deformation and breakup process or they can be
used in conjunction with other breakup models like
the wave model [13]. When used with other breakup
models, the deformation is used for the calculation
of dynamic drag as in Liu et al. [14]. In this paper,

we are concerned with the deformation and breakup
initiation time rather than full characterization of
breakup process so we leave out the description and
discussion of breakup models.

Simulation Work

Detailed numerical simulations of an n-
Dodecane liquid fuel droplet impacted by a Mach 5
shock were performed to study droplet deformation.

Numerical Method

2D axisymmetric inviscid equations were solved
for both the gas and liquid phases. The single species
Euler equation represented each phase, which in-
cluded thermal diffusion effects. The governing
equations can be seen below in (3)-(5).

∂ρ

∂t
+

∂(ρu)

∂x
+

∂(ρv)

∂y
+ η

ρv

y
= 0 (3)

∂(ρu)

∂t
+

∂(ρu2 + p)

∂x
+

∂(ρvu)

∂y
+ η

ρvu

yη
= 0

∂(ρv)

∂t
+

∂(ρuv)

∂x
+

∂(ρv2 + p)

∂y
+ η

ρv2

yη
= 0

(4)

∂(ρE)

∂t
+

∂(u(ρE + p))

∂x
+

∂(v(ρE + p))

∂y

+η
v(ρE + p)

yη
= −∂qx

∂x
− 1

yη
∂(yηqy)

∂y

(5)

In the above equations, the variable η = 0 or
1 selects 2D Cartesian or axisymmetric coordinates
respectively. The gas phase consists of pure oxygen
gas, with specific heat capacity Cp modeled using
NASA7 temperature polynomials [15, 16] and ther-
mal conductivity using Sutherland’s law [16]. The
liquid phase consists of pure n-Dodecane, and was
modeled as a stiff fluid using Tait’s equation of state
6 with relevent coefficients provided in Table 3.

p+B

p∞ +B
=

(
ρ

ρ∞

)N

(6)

In (6), B and N are constants, and p∞ and ρ∞
are reference pressure and density, respectively. The
liquid fuel properties were taken to be constant, in-
dependent of temperature variations within the liq-
uid. They were evaluated as the n-Dodecane proper-
ties at Tavg = 0.5(T0 + Tcrit), where T0 is the initial
temperature of the liquid in the simulation and Tcrit

is the critical temperature of liquid n-Dodecane.

B(GPa) p∞(Pa) ρ∞(kg/m3) N
0.199 1.0× 105 516.50 7.15

Table 3. Properties for liquid n-Dodecane .
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The governing equations detailed in (3)-(5) were
solved using IMPACT [17, 18]. IMPACT is a mas-
sively parallel, multiphase, shock physics code that
uses the finite volume approach. In order to achieve
higher order spatial accuracy, a fifth-order Weighted
Essentially Non-Oscillatory (WENO) scheme [19] is
applied in a direction-by-direction manner to recon-
struct cell-face quantities from their cell-centered
counterparts. To compute intercell fluxes, the
Lax-Fredrich (LF) method [20] is utilized, while
the parabolic terms are handled through a second-
order central differencing scheme similar to [21].
A third-order Total Variation Diminishing Runge-
Kutta (TVD-RK3) scheme is used for time integra-
tion [22, 21]. The Level Set Method (LSM), specif-
ically the fast local LSM [23], was implemented to
track the interface between the two phases. Lastly,
a Riemann Solver-based Ghost Fluid Method (RS-
GFM) [17, 24, 21] was used to establish the coupling
between the two phases.

Initial Conditions

In this work, we simulate an inert (non-reacting,
non-evaporating) flow case for a 2D axisymmetric
liquid fuel droplet impacted by a Mach 5 shockwave.
The simulation setup can be seen in Figure 1. A
zero gradient boundary condition was implemented
along all of the boundaries except for the axis of
symmetry. The simulation was run with a mesh
resolution of 512 cells per diameter (CPD). The n-
Dodecane fuel droplet had an initial diameter of 5
[µm] and was preheated to a temperature of 460 [K].
The gas phase, consisting of pure O2 at 1 [atm] pres-
sure, was preheated to a value of 700 [K]. Both liquid
fuel and oxidizer were preheated as this is known to
increase the combustion efficiency in detonation en-
gines [25, 26, 27]. To achieve a Weber number of 500
in the post-shock flow, the surface tension coefficient
was adjusted to σ = 0.1496 [N/m]. The simulation
was run to a non-dimensional time t∗ = 1.

Figure 1. Schematic for 2D axisymmetric shock-
droplet simulation [18].

Droplet Morphology and Deformation Results

Numerical schlieren images are presented in Fig-
ure 2 at different t∗ values throughout the simula-
tion to show the evolution of the droplet interface
and surrounding flow field. The interface contours
used for deformation measurements are shown in
red. The OTAB deformation model [28] was used
to predict droplet deformation to compare with cal-
culated deformation from simulation data.

Figure 2. Numerical Schlieren of Mach 5 shock
wave impacting 5 µm n-Dodecane liquid droplet.

As the shock wave travels across the droplet, a
compression wave travels within the droplet start-
ing from the windward side. The compression wave
reflects as it reaches the leeward side and forms
an expansion wave, seen in the schlieren image at
t∗ = 0.15 in Figure 2. As the droplet deforms,
the continuous reflection of compression and rarefac-
tion waves from the deformed droplet interface, re-
sults in the complex structure of pressure wave os-
cillations inside the liquid droplet, as visible in the
schlieren images. Kelvin-Helmholtz (KH) instability
waves begin to appear on the droplet surface around
t∗ = 0.15. The KH waves begin to elongate and
are drawn downstream into thin filaments around
t∗ = 0.65. These filaments then start to shear from
the droplet’s surface at t∗ = 0.75, forming elongated
thin sheets. As the shock wave moves across the in-
terface, a recirculation region begins to form on the
leeward side of the droplet. A detached bow shock
is observed upstream of the droplet which shows
the presence of supersonic post-shock gas velocity.
The elongated sheet structures dominate late-time
droplet behavior and drag, while early time droplet
morphology conforms largely to an elliptical shape.

We define the droplet deformation rate as
d(t)/d0, where d represents the y−diameter of the
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best fitting ellipse to the droplet at that time. To ob-
tain d(t), we first obtain dx(t) the horizontal diame-
ter of the ellipse fitting the observed level set surfaces
from the simulations. Then, requiring the distorted
ellipse at time t to have the same volume as its ini-
tial counterpart of diameter d0, the y− diameter can
be computed using (7). The vertical diameter com-
puted d(t) in this manner can be compared directly
with predictions from the OTAB model, which as-
sumes the droplet deforms from an initial sphere into
an axisymmetric ellipsoid, while conserving volume.

d(t) =

√
d30

dx(t)
(7)

Figure 3. Comparison of deformation rate for sim-
ulation (obtained using dmax and the ellipse-fitting
method) and OTAB model predicted data for a 5
µm droplet at Mach 5, We = 500.

In Figure 3, we plot the deformation rate
dy(t)/d0 obtained from the DNS data (processed us-
ing the ellipse fitting method described above), and
the corresponding predictions from the OTABmodel
[8]. We also plot dmax(t)/d0, where dmax(t) was ob-
tained as the maximum y-diameter of the level set
surface at t∗. For t∗ < 0.18, all three methods are
in good agreement, as the droplet stays largely el-
liptical (see Figure 2). For t∗ > 0.18, some discrep-
ancy between the DNS and OTAB model is observed
and attributed to the development of KH instability
waves (seen on the droplet surface in the schlieren
images in Figure 2). At late times (t∗ > 0.5), os-
cillations are observed in the simulation data, and
are likely due to the thin KH filaments separating
from the parent droplet. Results from OTAB model

in Figure 3 compare well with the simulation data
until the KH-driven sheet structures become promi-
nent at late times.

In Figure 3, we also plot the diametric deforma-
tion obtained from the dmax measure. For t∗ < 0.3,
dmax is in agreement with IMPACT data, corre-
sponding to the initial spherical phase of droplet
growth. For t∗ > 0.3, dmax shows the fastest droplet
deformation, since it accounts for the maximum ex-
tent of the evolving thin filaments. The decrease in
dmax around t∗ = 0.55 is due to the ejected KH
sheets growing radially initially and then being en-
trained into the post-shock flow and towards the lee-
ward end of the droplet. Since the dmax measure is
dominated by the KH sheets at late times, it appears
to follow a different power-law behavior than the es-
sentially core-deformation measure of dy. This will
be investigated in future studies.

Experimental Procedures and Methodology

Shock Tube Facility

The experimental work utilizes a shock tube fa-
cility to create a shock environment with prescribed
pressure and velocity gradients to interact with a
single droplet, see figure 4. This facility generates a
mechanically induced shock wave by utilizing com-
pressed nitrogen into standard pressure and temper-
ature atmospheric air. The shock tube consists of
three interconnected sections: (1) the driver section,
which stores high-pressure gas to initiate and sus-
tain the shock wave; (2) the driven section, where
the shock wave develops into a planar shock; and
(3) the test section, where the shock wave interacts
with the single droplet and the morphological evolu-
tion is captured through imaging techniques. The
driver and driven sections are separated by a di-
aphragm, which is ruptured to initiate the shock.
The diaphragm is cut by an ”X-shaped” knife lo-
cated immediately downstream of it to guarantee
consistent and repeatable shock initiation. This di-
aphragm is designed to rupture rapidly when neces-
sary, and the strength of the shock wave can be mod-
ulated by using more durable diaphragms to gener-
ate the shock. Upon rupture of the diaphragm, com-
pressed gas from the driver section is expelled into
the driven section. For this study, three shock condi-
tions have been selected by utilizing 0.254 [mm]and
0.762 [mm] polycarbonate diaphragms, and a 24
gauge (0.51 [mm]) galvanized steel sheet-metal di-
aphragm to generate post-shock gas velocities of
180[m/s], 270[m/s] and 470[m/s] respectively. For
more detail, on the shock-tube facility and opera-
tion, please see [29].

A single monodispersed droplet is created with
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Figure 4. Experimental Facility

a vibrating dispensing needle from the MICRO-
FAB model MJ − Aof60[µm]. The droplet size
is controlled by the needle diameter, liquid velocity
(driven by the needle’s backpressure), and frequency.
In order to decrease droplet-droplet interactions, the
distance between the droplets is maximized by utiliz-
ing higher frequencies and velocities. The dispensing
pressure is set to 300 [mmHg] providing a downward
droplet velocity of ∼ 6.5[m/s]. The size distribution
of droplets produced was extensively characterized
via high-speed shadowgraph microscopy. Acetone
is utilized in this study because its thermophysical
properties are similar to fuels such as n-Dodecane
while also having a high vapor pressure, driving more
rapid evaporation. This makes it an excellent fluid
to study high We droplet breakup and vaporization.

For the initial conditions, Acetone droplets are
injected a few seconds before the shock wave reaches
the test section, preventing a high level of evapora-
tion of the droplet liquid before the experiment. In
order to enter the shock tube, liquid passes through
an orifice hole of diameter ∼ 1.5 [mm], and exits a
3/8 [in] diameter hole to prevent over-pressure into
the orifice. This system provides reliable and well-
defined initial conditions at the start of an experi-
ment.

The development of the droplet morphology is
captured utilizing a SIMX 16 camera with a Dis-
tamax K-2 long-distance microscope and a high-
power SI-LUX burst laser at 643 [nm], offering a
distortion-free image of the droplets. The SIMX 16
camera records 16 images with adjustable frame ex-

dp[µm] Vg[m/s] M We

158 ∼ 180 1.357 395
158 ∼ 270 1.566 1095
158 ∼ 470 2.095 4899

posure and delay between successive images. For
the present experiments, a 10 ± 2ns exposure time
was used. The magnification power is chosen such
that the system has enough resolution to resolve the
droplets and their wave structures. For the 150 um
droplets, a magnification power of ∼ 11.5 providing
a FOV of 550 x 700 [µm] was selected, providing a
resolution of ∼ 0.55µm per pixel.

Imaging Processing

AMATLAB edge-boundary detection algorithm
is used to obtain the droplet growth rate. Initially,
the algorithm takes a region of interest three times
bigger than the droplet based on the original refer-
ence particle location. Next, a Gaussian smoothing
filter is applied to eliminate spurious noise and then
a binary image is generated. The sensitivity of this
binary process was adjusted to ensure accurate de-
tection of droplet morphology. A boundary tracing
built-in function is used to identify the maximum
particle boundaries in the X and Y directions. After
analyzing all images, the deformation rates (the ra-
tio of the maximum to the initial particle diameter,
d/d0) are estimated.

Once the experimental results are obtained, im-
age sizing data are transformed from pixels to [µm]
to confirm the initial particle diameter and calcu-
late the shock reference to the leading edge of the
droplet. Every experimental time is offset from
the shock arrival. The experimental times are then
normalized with the characteristic breakup time as
shown in eqn 1.

Deformation Experimental results

Experimental results of the single acetone
droplet experiment at three different pressures and
velocities are shown table and in figures 7,8 and 9.
The initial droplet velocity before the shock is es-
timated to be Vg ∼ 0. As the shock traverses the
droplet, the deformation process starts. The rate of
deformation obtained from the experimental results
increases slightly with an increase of Weber num-
bers, see figure 5. However, there is not a strong
dependency of the deformation rate on the Weber
number in the cases presented here.

From 0 < t∗ < 0.225, the deformation rate is not
a function of Weber number. At later times, the de-
formation rate increases slightly with increasing ve-
locity. This departure could be an indication of the

6



Figure 5. Experimental results of the deformation
rate for a 158 um droplet

We M Breakup initi-
ation (t∗)

Deformation at
breakup (d/do)

395 1.357 0.517− 0.577 < 2.01
1095 1.566 0.339− 0.375 < 1.43
4899 2.095 0.324− 0.35 < 1.38

breakup initiation which can be seen to start more
rapidly when there is a shearing of droplet edges, as
shown in figures 7, 8 and 9. Table provides breakup
initiation times and total deformation for each of the
cases studied.

Deformation rates comparison

The overall comparison of the deformation rate
has been considered by including the deformation
rate of large droplet work from [3], and the exper-
imental and simulation of small droplets presented
in this work. It can be seen in figure 6 that the
droplet deformation rate decreases with particle size.
In other words, the smaller the particle the faster the
particle response time and the slower the deforma-
tion rate.

When comparing the results to existing defor-
mation models, it’s not evident which model accu-
rately captures the physical characteristics of the de-
formation process. The OTAB model performs bet-
ter in predicting droplet deformation rates as parti-
cle size decreases. However, it deviates from accu-
rate predictions as particle size increases. The ITAB
model closely predicts the deformation rate within
its model validity range when compared to experi-
mental data. However, it significantly underpredicts
the deformation rate outside these expected condi-
tions. Additionally, the model’s performance at sim-

ilar conditions, does not seem to capture the rate of
very small particle size. The DDB model shows a
similar deformation rate to the experiments but it
has distinct offset.

Conclusions

The result presented here represent a work
in progress, but highlight the dynamics of small
droplets at high Weber numbers. The deformation
of small (∼ 150µm) droplets is explored at high spa-
tial ( 300 pixels per diameter) and temporal (down
to 100ns interframe times) resolutions. The defor-
mation of smaller droplets is obtained from high-
fidelity DNS of ∼ 5µm droplets at high Mach num-
bers (M¿5).

The results here show that Weber number does
not fully describe the deformation rate on its own.
We observe a diameter dependence with larger
droplets deforming faster than smaller droplets. The
deformation process is highly dependent on the
droplet dynamics. As the droplet size decreases the
particle response time decreases and the droplet dy-
namics influence the rate of deformation. The ITAB
model shows faster deformation with increasing We-
ber number, capturing some of the behavior ob-
served here, but it overpredicts deformation rates,
and cannot capture the size effects independent of
We.

Further improvements to deformation models
may need to consider the time-dependent gas veloc-
ity as a function of the particle response time. Fu-
ture experimental and simulation work will seek to
bridge the length-scale difference, exploring smaller
droplets (∼ 50µm) at high Mach numbers (M¿2.0).
Additionally, we will seek to understand the role
of the changing relative gas conditions by explor-
ing prescribed time dependent gas conditions using
a coupled shock-expansion wave system.
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Appendix

Figure 6. Simulation and experimental deformation rates compare to models
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Figure 7. Experimental results of the deformation rate for a 158 um droplet at Mach 1.357, We = 395
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Figure 8. Experimental results of the deformation rate for a 158 um droplet at Mach 1.566, We = 1095
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Figure 9. Experimental results of the deformation rate for a 158 um droplet at Mach 2.095, We = 4899
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