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High-speed, time-resolved particle image velocimetry with a pulse-burst laser was used
to measure the gas-phase velocity upstream and downstream of a shock wave-particle
curtain interaction at three shock Mach numbers (1.19, 1.40, and 1.45), at a sampling
rate of 37.5 kHz. Using this data, and data collected from unsteady pressure taps up-
stream/downstream of the curtain, a control volume analysis was performed in order to
determine the curtain drag as a function of time. The particle curtain, formed from free-
falling soda-lime particles with diameters ranging from 300 - 355 ym, had a streamwise
thickness of 3.5 mm and volume fraction of 9% at mid-height. Following impingement of
the initial shock wave on the curtain, spreading of the particle curtain in the streamwise
direction was observed, under the influence of drag. Initially dominated by the pressure
difference upstream/downstream of the curtain, the drag first begins to decrease due to
equilibration of the pressures, followed by a gradual increase associated with acceleration
of the downstream flow field.

Nomenclature

a Speed of sound (m/s)
A.  Cross-sectional area (m?)

g  Acceleration due to gravity (= 9.81 m/s?)

H  Test section’s height (m)

Mmiz Mass flow rate of air/particle mixture (kg/s)
M,  Shockwave Mach number

t Time (s)

to Reference time when shock reaches curtain (s)
t* Uimd(t —¢)

ts g

Uina (S)
u Unsteady streamwise velocity (m/s)
up,  Particle velocity (m/s)
v Unsteady wall-normal velocity (m/s)

Uina Velocity induced by passage of shock wave (m/s)
Viet Total velocity (m/s)

x Streamwise direction (m)

y Wall-normal direction (m)

z Spanwise direction (m)

) Particle curtain’s streamwise thickness (m)

¢p  Particle curtain’s volume fraction
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pair  Density of air (kg/m?)

Pmiz Density of particle/gas mixture (kg/m3)
pp  Density of particles (kg/m?)

Vmiz Volume of particle/gas mixture (m?)

V,  Volume of particles (m?)

I. Introduction

An understanding of the complex physics associated with the interaction of a shock wave with a multiphase
mixture is important in many engineering applications. These include such areas as pulsed detonation
engines,"? mining safety,? rocket propulsion,* and dispersion of heterogeneous mixtures.” When a shock
wave interacts with a multiphase mixture, momentum and energy are exchanged. In addition, most of these
interactions involve clouds or agglomerations of solid or liquid particles. The difficulty therefore arises in
that the inter-particle interactions (collisions) and the aerodynamics of the particles in the presence of a
highly compressible flow (i.e. drag) combine to make sound predictions difficult.®

A solid-gas mixture may be divided into one of three categories based on volume fraction (¢p,): dilute (¢,
< 1%), granular (50% < ¢,), and an intermediate, dense gas-solid regime ranging from 1% < ¢, < 50%.5 In
this sense, dilute mixtures form an extreme where the volume of the solid particles are negligible in relation
to the volume of the gas, such as a fine dust. In comparison, granular mixtures contain solid particle volumes
that are greater than or equal to the volume of fluid within the mixture. In these mixtures, interactions
between the particles cannot be neglected, as the particles may in fact be in direct contact with each other.?
Finally, dense mixtures are those mixtures where the solid volume is non-negligible, but the particles are not
themselves closely packed. Studies of the interaction of a shock wave with a sold-gas mixture therefore may
be grouped together according to the mixture regime under investigation.

Within the literature, a variety of studies have been performed to measure the interaction of a shock
wave with a dilute solid-gas mixture. Outa et al.” used pressure measurements to study the decay a shock
wave propagating through a dilute cloud of particles. Marconi et al.® performed a numerical investigation
of a shock wave propagating through a dusty cloud of varying thicknesses, noting the sensitivity of the
propagated shock wave to a number of parameters such as particle size and concentration. Rudinger® noted
difficulty in standard drag models’ prediction of the dispersal of particles within a dusty cloud. Sommerfeld*°
attempted to define a new drag law for particles within this regime, developing a power law valid for only
a limited range of Mach numbers, and dependent on Reynolds number. Boiko et al.!! experimented with
larger volume fractions (0.1% < ¢, < 3%) and noted the formation of a reflected shock wave propagating
back upstream of the associated particle clouds, an observation also noted by Geng & Groenig.!?

There has been much discussion recently regarding the true nature of particle drag following impingement
of a shock wave on a dilute solid-gas mixture. Although it has been known that the standard drag model
fails in its underestimation of particle drag following this interaction, more recent work has shown that this
discrepancy is not due to unsteadiness in the long term.'3'* Parmer et al.'* showed that unsteady loading
was largely limited to the transient associated with a shock wave passing over a given particle, quickly
dissipating to negligible values thereafter. Furthermore, their study concluded that drag measurements
tended to rapidly asymptote towards quasi-steady predictions. Using a custom-built Multiphase Shock
Tube (MST) designed for conducting experiments on solid-gas flows, Wagner et al.'® demonstrated that
unsteadiness did not appear to contribute to long-time drag behavior in dilute solid-gas mixtures, rather that
the particle drag showed a strong Mach number dependence, in agreement with Parmer et al.!* In addition,
work by Martinez et al.'® has looked to refine measurements of particle drag within a dilute flow by directly
measuring particle acceleration and positions as functions of time.

Using the MST facility, Wagner et al. performed experiments on the interaction of a particle curtain with
a dense solid-gas mixture.!”1® These tests were performed on a particle curtain formed of soda-lime particles
with a diameter of 100 pm, resulting in a streamwise volume fraction of 20%. From high-speed Schlieren and
unsteady pressure measurements, the formation of a reflected and transmitted shock wave emanating from
the curtain post-interaction with the shock wave (similar to what was seen by Boiko et al.'!) was observed,
along with spreading of the particle curtain in the streamwise direction.!” Work by Ling et al.% developed
a new drag law model that incorporated unsteadiness, compressibility, volume fraction, and inter-particle
interaction effects, which was seen to be able to better model the behavior of the particle curtain after the
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shock wave interaction, in comparison to using a standard drag model. Contrary to dilute mixtures, it was
seen that, in the case of dense mixtures, unsteadiness had a prolonged contribution to the curtain drag over
prolonged time. In addition to these, further work on the dense mixture regime include Regele et al.'® who
performed a two-dimensional simulation to improve on the one-dimensional results of Ling et al.,® Liu et al.20
who suggested dependencies on particle initial temperature and restitution coefficient in are important in an
interaction model, and Kellenberger?' who performed dense mixture tests in a shock tube using a densely
packed particle wafer.

The work presented here is a continuation of the work shown in Wagner et al.'” The study performed
here makes use of a pulse-burst laser, which is capable of producing high-repetition rates (up to 500 kHz)
of ~50 mJ/pulse. Using this laser, time-resolved particle image velocimetry (TR-PIV) measurements are
presented on the gas-phase velocity upstream and downstream of the particle curtain, during interaction
with a planar shock wave. The results of these measurements, along with unsteady pressures, are then used
to in order to perform a control volume analysis in order to calculate the total drag imposed on the particle
curtain as a function of time.

II. Experimental Setup

The multiphase shock tube (MST) is shown in Fig. 1. The driver section of the shock tube was con-
structed from a 2.1 m long stainless steel pipe with an inner diameter of 8) mm and a wall thickness of
12.7 mm, supplied with a high pressure nitrogen source. The driven section consists of square tubing, 5.2
m long, with an inner width of 76 mm and wall thickness of 12.7 mm. The driven gas was air at an initial
temperature and absolute pressure of 300 K and 84.1 kPa, respectively. In lieu of burst discs, a Dynamics
Systems Research (Model 183-1.5-2000) fast acting valve was used to fire the shock tube. The fast valve was
used in these experiments due to its repeatability and comparably rapid turn-around time.

Experiments were conducted at three shock Mach numbers: My = 1.19, 1.40, and 1.45, which corre-
sponded to driver pressures of 690, 2070, and 2760 kPa. Prior to an experiment, soda lime particles rested
on an initially closed gate valve. When the gate valve was opened, particles (under the influence of gravity)
flowed through a beveled slit through the test section ceiling, measuring § = 3.5 mm in streamwise thickness.
The experiments presented here were performed using particles with a diameter distribution of 300 - 355
pm. These larger particles were utilized in comparison to the previous work of Wagner et al.;'” the reason
for this will be elaborated on shortly. The particles exited the test section through a similar slit in the floor,
where they entered a particle collector reservoir. Prior to the start of a test, the particle curtain was allowed
to flow through the test section for 1 s in order to ensure that steady state has been reached within the
curtain. The slit, with a spanwise width of 68.6 mm (87% of the test section width), shaped the particles
into the desired particle curtain. From this slit, the particle curtain was measured to flow at a rate (within
95% confidence) of 52.6 £ 0.25 g/s.

Prior to conducting all experiments, an extensive set of tests were conducted in order to characterize
and quantify the particle curtain. These included measurements of the particle velocity, mass flow rate, and
curtain thickness. As the particles free-fall from the open slit, their velocity increases under the influence
of gravity; i.e. u,(y) = y/2¢9(y+ H/2). Assuming a constant cross-sectional area, A., the density of the
particle curtain, as a function of height, can be shown to be:

mm,ix
uP (y) Ac

where u,, is the velocity of the particles. Since the volume fraction can vary across the height of the particle
curtain, the volume fraction (¢,) reported in this study corresponded to that measured at mid-height,
determined from:

(1)

Pmiz (y) =

vp Pmiz — Pair
Pp = = (2)
P me’ pp - pair

The resulting curtain further narrowed to a streamwise thickness of about 2 mm for the bottom 75% of
the test section height. Figure 2 shows the particle curtain, acquired at an oblique angle, along with a back-
lit image of the curtain used to measure the curtain thickness. Under the assumption of a uniform particle
distribution, the particle volume fraction was measured to be ~9% at the center of the curtain (~91% void
fraction) corresponding to a converging curtain.?2 Note that in reality, the particle distribution within the
curtain is Gaussian,'® %23 however, for purposes of simplicity, this was assumed to be a negligible factor.
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At this height, the particles were measured to flow at a velocity of 0.89 m/s, which corresponds free fall;?

therefore they were essentially frozen in comparison to the shock velocities.

Previous PIV measurements in shock tubes have typically been difficult due to low repetition rates,
allowing for few realization to be obtained in the millisecond test times of a shock tube and/or low energy
per pulse.?* 27 Recent advances and the commercialization of pulse-burst laser technology, however, have
made time-resolved PIV (TR-PIV) in high-speed flows a feasible and attractive option to overcome this
limitation.?® For this study, the light source for the TR-PIV was a Quasi-Modo (Spectral Energies, LLC)
burst-mode laser, with a repetition rate of 37.5 kHz, which provided ~25 mJ per pulse. The duration of the
burst was 10.5 ms, greater than the typical test times in the MST. The laser was operated in a doublet (i.e.
double pulsed) mode, where the time delay between pulses was set to 6t = 4 us. As was previously mentioned,
the larger sized particles were used in this experiment in order to decrease the number of particles entering
into the TR-PIV camera fields of view, where scattering from the soda-lime particles would overpower the
intensity of scattered light from seed particles.

Typical sheet-forming optics were used to shape the laser into two separate 1.5 mm thick laser sheet, as
seen in Fig. 3. Two Photron SA-Z cameras, each with a resolution of 680 pixels x 340 pixels, were placed
side-by-side to extend the field-of-view while maintaining spatial resolution. Each camera was operated
at 75 kHz in order to frame-straddle the 37.5 kHz doublets. Seed particles were produced using a TSI
six-jet atomizer, introduced into the shock tube about 0.5 m downstream of the fast acting valve. In-situ
measurements showed that the atomizer gave a particle size of ~1.6 pm; this resulted in Stokes numbers
ranging from 0.025 - 0.061, depending on flow conditions. Raw images were processed with the LaVision
DaVis 8.2 software package using a multi-pass method, with an initial interrogation window size of 64 x 64
pixels with 50% overlap, followed by two iterations performed with an interrogation window size of 32 x 32
pixels at a 75% overlap. Spurious vectors associated soda-lime particle light scattering were removed using
a vector range filter; remaining errors were addressed with a median filter with a 5 x 5 universal outlier
detector.

Due to excessive reflections from the particle curtain and limitations associated with the camera bodies,
both upstream and downstream fields of view were offset 19 mm from the centerline of the particle curtain, as
shown in Fig. 3. Therefore, Schlieren imaging was also performed in order to visualize the direct interaction
of the shock wave with the particle curtain, along with the resulting relevant flow features. The light source
for the Schlieren was a Visual Instrumentation Corporation continuous-wave high brightness LED (Model
900415). Two 101.6 mm planoconvex lenses with a focal length of ~1 m were used; the first to collimate
the light before entry into the test section. The secondary planoconvex lens focused to light exiting the test
section onto a vertical knife-edge. Images were acquired using a Photron SA-Z camera, with a resolution of
680 pixels x 340 pixels, operating at a framing rate of 75 kHz.

Finally, pressure measurements were conducted using four PCB pressure sensors (Model 113B27), which
collected time-resolved measurements at a rate of 800 kHz (two upstream and two downstream of the curtain)
placed at /H =-1.04, -0.72, 0.40, and 0.72, along the centerline. In addition, both the TR-PIV and Schlieren
measurements were triggered off of a single PCB sensor (Model 113B26) located 0.5 m downstream of the
fast acting valve.

ITI. Results/Discussion

The results/discussion will be broken into two primary subsections. In the first subsection, the flow
within the empty test section is presented; the second subsection discusses measurements collected with the
goal of performing a control volume analysis, resolving the unsteady drag on the particle curtain. Note that
the results are reported within a laboratory frame of reference. In order to create uniformity in the definition
of non-dimensional time, unless otherwise specified, the characteristic length scale to be used will be the test
section height, h, which is a common length scale between the baseline and particle curtain cases.

A. Baseline Flow

The baseline flow of the shock tube is shown in Fig. 4 for the My = 1.40 shock wave, at four separate times,
represented by color contours of total velocity with in-plane velocity vectors. In addition, Schlieren imaging
(collected in a subsequent test) is used to visualize the region that exists between the two TR-PIV fields
of view. Initially, the gas within the driven section of the shock tube is quiescent, as seen in Fig. 4a. The
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initial shock can be seen here to be relatively planar. As time increases to t* = -0.10 (Fig. 4b), the shock
wave enters the Schlieren image, at z/H = -0.25. As the shock wave moves downstream of the Schlieren
image, into the downstream TR-PIV field of view, a series of weaker upstream-propagating, curved waves
can be seen within the Schlieren (Fig. 4c and d). These shock waves are associated with reflections off of
the edges of the particle curtain entrance and exit orifices, centered around z/H = 0.

Across this time, there is a measurable acceleration within the core flow, as can be from Fig. 5.29 This
acceleration is associated with boundary layer growth along the surfaces of the shock tube. This acceleration
results in only small changes to the core velocity across the time of the test. These results show good
agreement with those of Wagner et al.;3Y demonstrating repeatability. Note that there is a discrepancy
associated with M, = 1.19; this is possibly due to the formation of a secondary shock wave, leading to
an additional increase in the induced velocity. This would be caused by non-ideal effects associated with
actuation of the fast acting valve at the lower driver pressures required to obtain this test condition.

B. Interaction With The Particle Curtain
1. Schlieren imaging of curtain interaction

Schlieren imaging is presented in Fig. 6, highlighting particular features of the shock wave-particle curtain
interaction. These representative images correspond to the My = 1.40 shock wave. The normal shock wave
approaches the upstream side of the particle curtain at t* = -0.10 (Fig. 6a); due to the large disparity
between the shock wave speed and the speed of the particles within the curtain (0.89 m/s), the particles
appear to be frozen. In Fig. 6b, the shock wave has now reached the particle curtain, resulting in the
formation of a transmitted shock wave downstream of the curtain and a reflected shock wave that travels
back upstream.

The reflected shock wave moves slower than the transmitted shock wave, as is clear from Fig. 6¢ and d.
A summary of the shock Mach numbers can be seen in Table 1. In addition to this difference in speed, both

Table 1. : Shock Wave Mach Numbers

Initial Transmitted Reflected

1.19 1.23 0.77
1.40 1.36 0.61
1.45 1.42 0.55

shock waves are slightly inclined due to the wall-normal variation in volume fraction of the curtain.

Referring to Eq. (1) to Eq. (2), it can be seen that, as u, — 0, ¢, — o0o; i.e. the particle curtain
becomes more porous closer to the bottom of the test section. Therefore, the reflected shock wave contains
more energy where the volume fraction is largest (at the top of the test section), and less energy where the
volume fraction is smallest (at the bottom), resulting in the inclined shock wave evident in Fig. 6d. Although
not as readily apparent, the transmitted shock wave also is slightly inclined. It is expected that the change
in curtain volume fraction as a function of height should induce two-dimensionalities within the gas phase
upstream and downstream of the curtain, which will be explored in more detail in the following section.

The particle curtain itself does not immediately respond to the presence of the shock wave. The initial
shock wave travels with a speed of Us = 486 m/s; using the induced velocity of Ujp,q = 198.4 m/s, it is
anticipated that the particle time of flight of the curtain (at mid-height) should be on the order of ts = 17.64
us, based on the streamwise thickness of the particle curtain at mid-height. Deformation of the particle
curtain begins in Fig. 6d, under the action of the total curtain drag at t* = 0.30, resulting in a time lag of
~108 ps, which is equal to ~6ts. This value of 6ts is common across all three interaction conditions tested,
representing the non-dimensional time lag between impingement of the initial shock wave on the particle
curtain and beginning of the curtain deformation process.

Deformation of the particle curtain is caused by a mismatch in the gas-phase velocities upstream and
downstream of the curtain. As will be shown subsequently, the upstream traveling reflected shock wave
decelerates the flow upstream of the particle curtain to a magnitude slower than that downstream of the
curtain. This can be seen qualitatively, beginning in Fig. 6e, where the downstream side of the curtain
begins moving downstream itself. By Fig. 6f, the upstream edge of the curtain has also begun to move in
the streamwise direction, albeit at a slower rate.

5 of 20

American Institute of Aeronautics and Astronautics



Recall that the true streamwise volume fraction of the curtain (prior to impingement of the initial shock
wave) contains a Gaussian distribution in the streamwise direction, with the maximum volume fraction
centered at x/H = 0. As was seen by Wagner et al.,'® as time increases, this absolute maximum is shifted
downstream, resulting in a skewed distribution. Along with the streamwise widening of the particle curtain,
the curtain volume fraction begins to decrease in time, creating a decreasing resistance to gas-phase flow.
At t* = 1.24 (Fig. 6g), this decreasing volume fraction is not readily apparent; however, beginning with ¢*
= 1.90 (Fig. 6h), light begins to penetrate through the upstream side of the curtain, implying a localized
increase in porosity. The process continues at t* = 2.57 and 3.24 (Fig. 6i and j), where further breakdown
of the particle curtain results in increasing porosity becoming more evident within the upstream portion of
the curtain. Note that the images in Fig. 6 encompass a total length of time lasting ~1.3 ms.

2. Time-resolved PIV measurement of upstream/downstream flows

Although the Schlieren images of the shock wave /particle curtain interaction can shed much light qualitatively
on the dynamics of the curtain, it leaves many questions unanswered. In contrast, TR-PIV of the gas phase
upstream and downstream of the particle curtain can provide further insight into (1) the unsteady drag
on the curtain and (2) whether the height-distribution of the curtain volume fraction could result in two-
dimensionalities within the gas phase.

Color contours of total velocity with in-plane velocity vectors at five separate times are shown in Fig. 7 -
Fig. 9, for M, = 1.19, 1.40, and 1.45, respectively. Many features of the interaction appear to be repeatable
among the three different Mach numbers. Initially a planar shock wave is visible at times leading up to
impingement with the curtain (Fig. 7a, 8a, 9a). As shown in Fig. 6, the interaction with the particle curtain
results in the formation of a transmitted and a reflected shock wave, both slightly inclined away from the
curtain (Fig. 7b-c, 8b-c, 9b-c).

As the transmitted shock wave enters into the downstream field of view, the induced flow that it generates
initially appears rather steady (compared to later times) for the My = 1.40 and 1.45 cases, seen in Fig. 8d
and Fig. 9d, respectively, whereas there seems to be a larger degree of unsteadiness apparent at M, = 1.19
(Fig. 7d). This may, once again, be a bi-product of the double initial shock wave associated with non-ideal
actuation of the fast valve at this lower driver pressure. With increasing time, the degree of unsteadiness
grows in all three cases, an observation that will be elaborated on later.

The inclined reflected and transmitted shock waves imply that a small wall-normal velocity component
should be generated within the gas-phase flows. Figure 10a, c, and e shows color contours of V;,; with
in-plane streamlines, corresponding to ¢t* = 0.36, 0.70, and 0.89, respectively. In addition, to better highlight
the increased two-dimensionalities, the corresponding contours of wall-normal velocity, V', are also shown in
Fig. 10b, d, and f. The reflected shock wave induces a wall-normal velocity directed towards the floor of
test section, upstream of the curtain (Fig. 10b, d, and f). Similarly, a stronger positive wall-normal velocity
is consistently formed downstream of the particle curtain (Fig. 10b, d, and f). Comparing the wall-normal
velocity contours (Fig. 10b, d, and f) with the V;,; contours (Fig. 10a, c, and e), it is apparent that the
upstream negative wall-normal velocity is a consequence of the inclined reflected shock. The downstream
positive wall-normal velocity appears to also be a consequence of the slight inclination in the transmitted
shock (best evident in Fig. 7c, Fig. 8¢, and Fig. 9¢, towards the top of the field of view). In addition to the
wall-normal velocity, an acceleration of the downstream induced flow is consistently seen (Fig. 7e-g, Fig. 8e-
g, Fig. 9e-g). When the shock wave impinges on the particle curtain, the reflected shock, propagating back
upstream, increases the pressure upstream of the particle curtain, while reducing the upstream gas-phase
velocity. Downstream of the curtain, the pressure is lower in comparison to the upstream pressure (implied
by larger velocities), resulting in a favorable pressure gradient that accelerates flow through the curtain.
Because both shock waves are tilted (upstream more than the downstream), the portion of the shock wave
pointed back towards the particle curtain contains less energy than the rest of the shock wave, resulting in
a Ou/dy (and therefore a dv/0z) velocity gradient.

Unsteadiness downstream of the particle curtain increases as a function of time, as shown in Fig. 7d,
e, Fig. 8d, e, and Fig. 9d, e. One question that arises is whether or not this is a measure of small
scale unsteadiness induced by flow past individual particles within the curtain. Initially, the length scales
associated with particle-induced turbulence are on the order of 0.3 mm. In contrast, the vector resolution of
the data in Fig. 7 - Fig. 9 is ~0.8 mm; therefore, these vector fields lack the spacial resolution necessary to
properly resolve turbulent length scales less than or equal to the vector resolution. However, as the curtain
begins to deform in the manner described in Fig. 6, the streamwise volume fraction of the particle curtain
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decreases, increasing the interstitial spacing between particles; likewise, jetting becomes increasingly evident
downstream of the curtain. As time increases, the length scales associated with this jetting grow; in addition,
with increasing distance downstream of the curtain, these jets entrain flow from their surroundings and each
other. Therefore, the jetting seen in Fig. 7g, Fig. 8g, and Fig. 9g represent larger scale motions than
particle-induced turbulence.

3. Time traces of unsteady measurements

The unsteady streamwise velocity (averaged across the height of the measurement domain) and the time-
resolved pressure data upstream and downstream of the curtain at «/H = £ 0.72, are shown in Fig. 11.
Prior to performing calculations of the curtain drag, 6*® degree polynomials were fit to the unsteady data,
with their associated R? values given in Fig. 11. For the velocity data, this simplified performing operations
such as taking time-derivatives. It should be noted that the pressure curve fits were performed using a much
longer length of time, effectively smoothing out fluctuations. Early in the upstream pressure trace, a series
of (relatively) low frequency oscillations can be seen at ¢ < 2 ms. For now, these oscillations have not been
incorporated into the analysis, given that the presence of these oscillations does not appear to be recognizable
within the velocity data.

Given that the upstream data represents measurements prior to t* = 0, the initial shock wave can be
seen in Fig. 11a in the upstream time trace as a sudden jump at ¢ ~ -0.2 ms. The transmitted shock reaches
the downstream sensor faster than the reflected shock reaches the upstream sensor, as can be seen in both
Fig. 11a and b. The TR-PIV measurements encompass a timespan of ¢ < 1 ms; it is clear from Fig. 11 that,
within this time, the pressure upstream of the curtain is in fact larger than the pressure downstream. As time
increases, however, it can be seen that the downstream pressure achieves a value greater than the upstream
(t > 2 ms), and then begins to steadily decrease. This is due to the spreading of the particle curtain, moving
downstream past the sensor location, resulting in false inaccurate measurements. The steady decrease in
pressure towards the upstream pressure value therefore is mostly due to the bulk of the curtain propagating
past the sensor.

4. Estimation of particle curtain sectional drag

To reiterate, the overarching goal of this study was to resolve the unsteady drag imposed on the particle
curtain as a function of time. For this reason, a control volume approach was used to estimate the total
drag. The streamwise momentum equation is:

YF,=(P,—P)H-D' = %// pudzdy + /qudy (3)

where P; and P, are the upstream and downstream pressures, respectively; D’ is the drag on the curtain
per unity depth; p is the density of the gas phase, and u is the gas-phase velocity.

Integrating Eq.(3) results in:
2 L 2
piuy  Oprug 2 (pous  Opaus
Pt O g p2ly | B2z ) g 4
<5a;+8t) /g(ax+at>y] )

where dz is the streamwise length of the measurement domain. Equation (4) can be simplified further if uy
is assumed constant across the height of the test section (i.e. an average value). In order to solve Eq. (4), it
is necessary to have measurements of the pressure upstream and downstream of the curtain, along with the
corresponding densities (two thermodynamic state variables). Further simplification results in:

D/ = (Pl — PQ)H + ox

P —P  py(us 2 ox O
D =pulH |14 22 P22y, 0T 9 . 5
pri pru? p1 \u1 pru? ot (prux = poua) (5)

Since the previous measurements have shown that the induced flow fields upstream and downstream of the
particle curtain are in fact two-dimensional, Eq. (4) provides only an estimate of the unsteady drag.

The terms in Eq. (5) represent the change in momentum and pressure across the particle curtain. The
pressure difference across the boundaries of the control volume is given by:

(P, — P,)H = APH

7 of 20

American Institute of Aeronautics and Astronautics



Likewise, the difference in momentum flux across the same boundaries is:
(prui — pouz) H = Apu®H

Finally, the change in the rate change of momentum with time:

5xH% (prus — paug) = %(tpu)da:}[

Prior to implementation of Eq. (5), a curve fit was applied to the experimental data for times ranging from
after passage of the reflected shock wave in the upstream field of view until the particle curtain entered the
downstream field of view. This was done in order to facilitate determination of the time derivatives in Eq.
(5). With regards to the pressure measurements, a curve fit was also implemented in order to provide for
interpolated values at time steps that corresponded with TR-PIV measurements. Values of density were
from 1D compressible flow equations and were assumed constant after the passage of each respective shock
wave.

The resulting drag on the curtain and the percentage contribution of each term are shown in Fig. 12a
and b, respectively, for My = 1.40. The drag appears to be large at t* = 0, decreasing with time until
around a value of t* ~ 1.4. From Fig. 8f and e, it is clear that this time corresponds to the beginning of the
large jetting that appears downstream of the particle curtain. In comparison with the other components,
the pressure difference across the boundaries of the control volume provides the largest single contribution
to the total value of drag within the depicted time span (Fig. 12b), exhibiting a similar trend to the total
drag as a function of time. However, as can be seen from the slopes, given enough time, the pressure
contribution should approach zero as the upstream and downstream conditions equilibrate. The change in
momentum flux, for example, increases from negative quantities towards zero, and slightly positive. Given
the apparently larger, positive slope of the momentum flux term, it seems that as ¢ — oo, this term could
potentially dominate the total drag.

The increase in the momentum flux term is associated with acceleration of the core velocity (due to
increased blockage associated with growing test section boundary layers). As was seen in Fig. 7, Fig. 8, and
Fig. 9, the upstream gas-phase velocity becomes less than the downstream velocity once the reflected shock
wave propagates through the field of view. However, the core velocity accelerates as a function of time (Fig.
5). This acceleration is apparent by the positive slope in the momentum flux difference, which begins to add
to the overall drag in the curtain. Note that although the downstream velocity accelerates to values greater
than the upstream, the upstream value of density (1.97 kg/m?) is larger than the downstream density (1.59
kg/m?). Finally, the rate change in momentum as a function of time was found to be relatively constant
within the timescale of this calculation, with its percentage contribution to the overall drag appearing to
almost asymptote.

IV. Conclusions

Experiments were conducted using TR-PIV with a pulse-burst laser and high-speed Schlieren imaging in
order to make time-resolved measurements of the gas-phase velocity upstream and downstream of a particle
curtain interaction with a shock wave. The purpose of these measurements was to collect the data necessary
for determining the unsteady drag experienced by the particle curtain immediately following the shock wave
interaction. The particle curtain was formed from soda-lime particles free-falling through a 3.2 mm slit,
with a diameter ranging from 300 - 355 um, resulting in a curtain with a streamwise volume fraction of 9%
at mid-height. Three separate tests of the shock wave-particle curtain interaction were measured, at shock
Mach numbers corresponding to My = 1.19, 1.40, and 1.45. In addition, time-resolved pressure measurements
made upstream and downstream of the particle curtain allowed for the determination of the total drag on
the curtain as a function of time.

When the initial shock wave impinged on the particle curtain, an upstream-propagating reflected shock
wave, and a downstream-propagating transmitted shock wave were created. Following this impingement, a
time-lag corresponding to ~6t5 was observed before the particle curtain began to deform due to the imposed
drag. The variation of the particle curtain streamwise volume fraction as a function of height caused for
the reflected shock wave to be inclined away from the particle curtain, whereas the transmitted shock wave
was slightly inclined back towards the curtain, leading to the formation of two-dimensionalities within the
respective induced gas-phase velocity fields.
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The pressure difference between the upstream and downstream sides of the curtain encouraged flow to
accelerate through the curtain, resulting in an increase in downstream gas-phase velocity. Furthermore,
as time increased, the pressure difference across the curtain decreased. By calculating the drag on the
curtain using a control volume method, it was shown that this pressure difference across the curtain initially
contributes the largest percentage of drag to the total drag out of all the terms shown in Eq. (5). With
increasing time, the pressure difference decreases, whereas the contribution associated with momentum flux
across the boundaries of the control volume increases at a greater rate. These trends suggest that as time
increases, the change in momentum flux may dominant over the pressure difference.
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Figure 1. The multiphase shock tube (MST) with relevant sections identified.

(a) (b)

Figure 2. Instantaneous image of the particle curtain obtained at an oblique angle (a); instantaneous side-view
of the particle curtain used to measure the curtain thickness (b). Note that a background subtraction has
been performed in both images in order to highlight the relevant features.
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Laser Sheets

Particle Curtain

Figure 3. Schematic of the experimental setup with axis orientation, including upstream and downstream
locations of TR-PIV measurements. The coordinate system is defined such that the origin is at mid-height in
the center of the curtain slit.
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Figure 4. Core flow, without particle curtain, with shock wave a at M, = 1.40, t* = (a) -0.43; (b) -0.10; (c)
0.30; (d) 0.50. Note that z/H = 0 corresponds to the center of the particle curtain slit.
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Figure 5. Increase in core flow as a function of time.
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Figure 6. Schlieren imaging of the shock wave/particle curtain interaction: t* = (a) -0.10; (b) 0.03; (c) 0.17;
(d) 0.30 (curtain begins to deform); (e) 0.57; (f) 0.90; (g) 1.24; (h) 1.90; (i)2.57; (j) 3.24.
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Figure 7. TR-PIV color contours of total velocity with in-plane velocity vectors for M; = 1.19 upstream and
downstream of the particle curtain, with associated Schlieren at t* = (a) -0.22; (b) -0.05; (c) 0.09; (d) 0.15; (e)
0.26; (f) 0.43; (g) 0.80.
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Figure 8. TR-PIV color contours of total velocity with in-plane velocity vectors for M; = 1.40 upstream and
downstream of the particle curtain, with associated Schlieren at t* = (a) -0.30; (b) -0.10; (c) 0.17; (d) 0.43; (e)
0.70; (f) 1.24; (g) 1.57.
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Figure 9. TR-PIV color contours of total velocity with in-plane velocity vectors for M; = 1.45 upstream and
downstream of the particle curtain, with associated Schlieren at t* = (a) -0.30; (b) -0.07; (c) 0.22; (d) 0.44; (e)
0.81; (f) 1.26; (g) 1.55.
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Figure 10. Color contours of V¢ with in-plane streamlines for M, = (a) 1.19; (c) 1.40; (e) 1.45. Color contours
of V-velocity with in-plane streamlines for M, = (b) 1.19; (d) 1.40; (f) 1.45. These images correspond to t* =
(a, b) 0.36; (c, d) 0.70; (e, f) 0.89.
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Figure 11. Time-traces and curve fits of the upstream and downstream (a) streamwise velocities (37.5 kHz)
and (b) pressure taps (800 kHz), for M; = 1.40. The time-traces represent the average of three runs. For drag
calculations performed using Eq. (5), only data within the first 1 ms, after the passge of the reflected shock
wave was utilized.
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Figure 12. (a) Estimation for the change in drag as a function of time for the case where M, = 1.40, along

with the contributions of the different terms of Eq. (5); (b) percentage contribution to the total drag as a
function of time.
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