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A Class of Ejecta Transport Test Problems (U) 

JE. Hammerberg~ W.T. Buttler, DM. Oro, C. Rousculp, C. Morris, and F. Mariam 

Los Alamos National Laboratory, Los Alamos, NM 87545 

Hydro code implementations of ejecta dynamics at shocked interfaces presume a source 
distribution function ofparticulate masses and velocities, form, v;t). Some of the properties 
of this source distribution function have been determined from extensive Taylor and 
supported wave experiments on shock loaded Sn interfaces of varying surface and 
subsurface morphology. Such experiments measure the mass moment offo under vacuum 
conditions assuming weak particle-particle interaction and, usually, fully inelastic capture 
by piezo-electric diagnostic probes. Recently, planar Sn experiments in He, Ar, and Kr gas 
atmospheres have been carried out to provide transport data both for machined surfaces 
and for coated surfaces. 

A hydro code model of ejecta transport usually specifies a criterion for the instantaneous 
temporal appearance of ejecta with source distribution form, v;to). Under the further 
assumption ofseparability,fo(m,v;to) = Ji(m)h(v), the motion of particles under the 
influence of gas dynamic forces is calculated. For the situation of non-interacting 
particulates, interacting with a gas via drag forces, with the assumption of separability and 
simplified approximations to the Reynolds number dependence of the drag coefficient, the 
dynamical equation for the time evolution of the distributionfunction,j(r,v,m;t), can be 
resolved as a one-dimensional integral which can be compared to a direct hydro 
simulation as a test problem. Such solutions can also be used for preliminary analysis of 
experimental data. We report solutions for several shape dependent drag coefficients and 
analyze the results of recent planar dsh experiments in Ar and Xe. (U) 

Introduction 

The evolution of material which is produced in shock wave experiments when a strong shock 
impinges on a free surface or at a surface in contact with a gas is a complex process. The size 
and velocity distribution of this material for ductile metals depends upon the initial surface 
roughness, the strength and time dependence of the shock wave and the nature of the release 
state which is achieved: solid, liquid, mixed phase, defective, or damaged . Recent 
experimental data for Sn and other metals [1- 3] as well as large scale NonEquilibrium 
Molecular Dynamics (NEMD) simulations are beginning to shed light on the microscopic 
and mesoscopic processes involved and their connections to driven interfacial instabilities [4-
5]. 

Once a distribution of ejected material is produced, its evolution in a shocked gas contiguous 
to the released metal involves a complex interaction of particles (whose shape, size, and state 
may be changing) , with each other and with the flowing gas . For the general calculation of 
material transport in a gas, an accurate hydrodynamic code is necessary . Part of the process 
of assessing the validity of such a calculation includes verification, that is to say assessment 
of the accuracy of the numerical solution of the hydrodynamic algorithms and models in the 
code. One aspect of verification includes test problems with known solutions that can be 
compared with code calculations. In the following sections we present a set of planar test 
problems for a simple model of transport including only particulate drag with the gas at a 
shocked interface, given an initial particulate distribution function which is assumed to be 
separable. The solutions obtained can also be compared with piezo probe measurements [1-
3] of the time dependent mass density measured in gas given the experimental time 
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dependent profiles for the piezo probe response in vacuum. We present comparisons for 
experiments with a Sn/He interface and a W/Ar and W/Xe interface in which the W interface 
consists of a compact distribution of micron size particles. 

Distribution functions for ejecta transport 

We consider the distribution function of particles with position r, velocity v and mass m, in 
the volume element drdvdm about r, v and m at time t, denoted by fer ,v ,m;t). The number of 
particles in this volume element is given by: 

fer ,v ,m;t)drdvdm . 

Within the relaxation time approximation to the Boltzmann equation , f satisfies 

df + v . af +!... af = dfl = .!. df . 
at Or m av dt scot 't 

For the case of no scattering we have 

fer, v, m; t) = J oCr - r(t))o(v - v( t))fo(ro' v 0' m)drodvo 

where fo(ro,vo,m) is the initial distribution function at t=O. The particle positions and 
velocities ret) and vet) depend implicitly on ro, Vo and m via the initial values for the 
solutions of the equations of motion: 

d 
-r(t)=v(t), 
dt 

d F 
-v(t)=- , 
dt m 

with r(O)=ro, and v(O)=vo. We restrict our discussion here to the case of no scattering. 

Connection to piezo-probe experiments and vacuum solutions 

(1) 

(2) 

(3) 

(4) 

The vacuum experiments of Buttler and Ze11ner [1-3] measure the force transmitted by the 
particles to a piezo-electric probe at a distance z from the shocked interface which results in a 
voltage Vet) at some distance z from the initial interface . The connection between the 
distribution function f and the experimental pressure P is in general: 

P(t) = f f(z, v,m; t)mv 2dmdv . 

For the vacuum situation the expressions in the previous section become 

f(z,v,m;t)=Jo(z-vt)f(z ,v,m)dz , 
o 0 0 

(4) 

(5) 

(6) 

(7) 
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Z 2 I I f Z P (t) = (-) -- f {-,m)mcim, 
o t tA 0 t 

(8) 

(9) 

Thus for zero external field, probe pressure and particle density are related via 

Z 2 
P (z;t)={-f Po{t). 

o t 
( 10) 

This direct proportionality only holds in the free streaming limit. For the situation in which 
the particles interact with the gas, this is no longer the case. 

Solutions for non-zero external field: particle drag 

For nonzero external fields, (2) remains valid but the particulate equations of motion are 
more complicated. We consider the case of particle drag: 

F=-~PC AJv-v J(v-v). 
2 ' D , g 

(11) 

where CD is the drag coefficient A is the area in the direction of the propagation velocity and 
the subscript g denotes gas quantities. We consider expressions for the Reynolds number 
dependence for shape dependent drag coefficients: 

I. General spherical : 

II . Irregular shape: 

Ill. Jet-like: 

CD = ~ (1 +O.l67Re2
/
3

) 

CD =0.42 

2.17 
C =--

o .jRe 

where the Reynolds number is defined as 

Re = D. Iv. - v.l 
v 

(Re:S;103) 

(Re;:: 103) 
(12) 

(13) 

(14) 

(15) 

and v is the kinematic viscosity defined in terms of the coefficient of viscosity as 1] = P, v , 

and Dp and v p are the particle diameter and velocity. 

Writing the solution for z(t) as: 

z(t, uo) = vr,t + Uo r{t,uo) 

equations 3 and 4 may be solved for ret, uo) with the results: 
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II . Irregular shape: 

III. let-like: 

where 
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1 P D2 
t =-_P_ P 

o 18 11 

241 Dp(PpJ t =---t =0.95- - , 
b C R (0) 0 

D e Uo Pg 

and mp and Pp are the particle mass and density. These trajectories are to be substituted in the 
right hand side of equation 2. 

Separable distribution functions 

When the distribution function fo is separable, i.e. 

fo(v,m) = fo(I)(v)fo(2)(m) , 

simplifications can be made and the expressions for p and P may be written as a one 
dimensional integral. The results are given below. 

_ 1 J£(I) 1 £(2) 
p(z ,t)- - 0 (vo(Z,t»1 I lO (m)mdm 

A dz 
duo 

UO(Z,I) 

_ 1 f [ z ] Vo(z,tr
3 

(2) 
--z Po --lifo (m)mdm, 

M vo(Z,t).J!L 
duo 

uo(z ,t) 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

(22) 
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1 f z VO(Z,tt
3 

2 (2) 
P(t)= M Z PO[-( -)]1 1 V(t,VO(Z,t)) ~ (m)mdm 

Vo z,t dz 

duO 
uo(z,t) 

(23) 

where 

(24) 

and uo(z,t) is the solution of 

(25) 

The one-dimensional integral is a solution which may be compared with numerical 

simulations given the initial distribution functions f(l)(v) and f ( 2)(m) . For cases II and III 
o 0 

uo(z,t)may be solved for analytically. For I it must be obtained numerically except in the 

case of Stokes drag i.e . low Reynolds number flow when it can be obtained analytically. As 
an example, we have taken approximate forms for the size distribution and compared to the 
experimental data for Sn into He gas in the Taylor wave experiments of Buttler et al. using 
the low Reynolds number limit of case I [6] and an approximate form for the size distribution 

where 

[ )

-IY- I ) 

I ') D I 
f - (D) =N Y - -
o 0 D D 

o 0 

P(Z;t)=[Y-3J(AtJ-¥-H]"'ftdx[!oJp [!oJ[l-~[~-V J]2 x¥'y-3] 
y v 0 v v t fs (J-exp-x) 

o 

D2 
A-I = t[minl = t = ~~ 

o 0 18 TJ 

(26) 

(27) 

(28) 

The comparison with the experimental data is given is figure 1 for the particle pressure at the 
piezo-pin. The data are for Sn with a 60 Il-in finish driven with a Taylor wave profile with a 
shock pressure of 33 GPa. A value of y = 6 was chosen for the comparison . The initial He gas 
pressure was 4 bar. 
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Fig.l Calculated P(z;t): dashed line. Vacuum P(z;t) data: green line. He gas data: blue line 

Transport of W surface ejecta in Ar and Xe 

Recent Taylor wave experiments using PRad and piezo-electric probe diagnostics may be 
analyzed in terms of the above expressions. In these experiments a nearly mono-disperse 40 

/lm layer of Tungsten particles with diameters between 0.5 and 1.0 was deposited on an 
Aluminum substrate which was driven with a P25 lens and 16 mm of Calcitol resulting in a 
free surface velocity of 1.25 kmls. In these experiments the vacuum response and the 
response in Ar and Xe gases was measured with Lithium Niobate piezo-electric probes and 
densities were measured with proton radiography at the Los Alamos Neutron Science Center. 
The initial gas densities were 17 kg/m3 and the initial temperatures 300 K. Although the size 

distribution of the W particles has a small dispersion about 1 /lm for a preliminary analysis 

we have taken the mass distribution function f
o
(2)(m) above to be a o-function. In this case 

the integral for pet) becomes a simple function of t at the position z of the probe from the free 
surface given by 

where 

P(z t) = -:--_t.,----_{I_~_I_(1--Vf,;-t)}2 P (_t_) 
, ,,-(z, t}t(t) to ,,-(z, t) z 0 ,,-(z, t) , 

t v t 
,,-(z,t)= l+(--l)(l----IL), 

"t(t) z 

t 
"t(t) = to(1- exp(--)). 

to 

(29) 

(30) 

(31) 

Fig.2 shows a comparison with Ar experimental data for a value of the viscosity of 11=119 

/lPa-s and to=9.0 /ls 
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Fig. 2 Vertical scale: Pressure (bar) . Horizontal scale: Velocity (kmls). Thick curve: Argon gas ex.perimental data. Thin curve: 
Calculation assuming Stokes drag using 10=9.0 i!s corresponding to a value of viscosity of 119 i!Pa-s. 

The actual distribution in particle sizes is from 0.5 -1.0 /lm and if we assume a broader 
distribution in particle sizes we obtain a much better fit to the data as seen in Fig. 3 where 50 
% of the particles are uniformly distributed at diameters from 0 .2 to 0.5 /lm. 

6000 

>000 

P(t) 4000 -

(bar) 
3000 

2000 ,. 

t 
1000 ' 

0 
1.25 us l AO 1.45 

v (kmJs) 

Fig. 3 Vertical scale: Pressure (bar) . Horizontal scale: Velocity (km/s). Thick curve: Argon gas experimental data. 
Thin curve: Calculation assuming a viscosity of 100 !JPa-s and a distribu'tion of particle diameters in the ratios 
0.1[O.2!Jml +O.1[O.3!Jml + 0.1[0.4!Jml + 0.1[O.5!Jml + 0.5[1 !Jm). 

If the source particle distribution remained the same, the calculated pet) for Xenon would 
only depend on the Xe shear viscosity. Fig. 4 shows the comparison with the same mass 
distribution as Fig.3 for the Xe gas piezo-electric pin data assuming a viscosity of 11 = 186 
/lPa-s to fit the leading edge of the distribution. 
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Fig. 4 Vertical scale: Pressure (bar). Horizontal scale: Velocity (km/s). Thick curve: Xenon gas experimental data. 
Thin curve: Calculation assuming a viscosity of 186 IlPa-s and a distribution of particle diameters in the ratios 

0.1 [0.2 11m] +0.1 [0.3 11m] + 0.1 [0.4 11m] + 0.1 [0.5 11m] + 0.5[1 11m]. Experimental data: Pin 3. 

It is evident that the calculation over-predicts the pin data at low velocities which indicates a 
poor approximation to the mass distribution that may evolve in time. An indication of why 
this might be so can be found in the Hugoniot state achieved behind the gas shock front. An 
estimate based upon a strong shock analysis gives gas shock temperatures in Ar and Xe of 
3200 K and 9500 K respectively. Since the low pressure melting temperature of W is 
approximately 3700 K it is likely that the low velocity discrepancy is due to the formation of 
molten W droplets of smaller size which would shift the low velocity peak to lower 
velocities. Figure 5 summarizes the analysis for gas transport pin data in Ar and Xe and Fig. 
6 includes the vacuum data upon which the analysis is based. 

6000 , - -, 
1 

5000 J 

4000 
P(t) 

(bar) 
3000 

2000 

1.45 

v (km/s) 

Fig. 5 Vertical scale: Pressure (bar). Horizontal scale: Velocity (km/s). Thick curve: Argon and Xenon gas 
experimental data. Thin curves: Calculations assuming viscosities of 100 and 186 IlPa-s and a distribution of particle 
diameters in the ratios 0.1 [0.2 11m] +0.1 [0.3 11m] + 0.1 [0.4 11m] + 0.1 [0.5 11m] + 0.5[1 11m]. Experimental data: Argon -
Pin 1 and Xenon - Pin 3. 
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Fig. 6 Vertical scale: Pressure (bar). Horizontal scale: Velocity (km/s). Same as Fig.5 with the vacuum pin pressure 
(pin 1) shown. Experimental data; heavy lines. 

Discussion 

We have presented a set of solutions for the time dependent distribution function for the 
transport of particles ejected into a gas from a shocked interface under the assumption that 
the distribution function is separable. Solutions have been presented for the case of 
particulate drag for different particle shapes and expressions have been derived for the 
particle density as a function of spatial coordinate and time and for the piezo-electric probe 
response at position z as a function of time. These expressions may be used to verify 
computer code implementations of ejecta transport given an initial source distribution. We 
have also used these expressions in the analysis of ejecta transport measurements, for Sn into 
He gas and a distribution of W particles into Ar and Xe gases. The analysis of these 
experiments is preliminary, in particular the microsopic analysis of the initial W layer is in 
progress. The preliminary indications of particulate break-up in the Xe experiments are of 
particular interest suggesting that experiments which span the gas temperature region below 
and above the W melting temperature would be of great interest. The solutions presented 
refer to particle drag only . There are other terms on the right hand side of equation 4 which 
may modify the transport results . It should also be noted that the thermal transport between 
particle and gas has not been considered in the equations presented here nor have Mach 
number effects been included. Nevertheless the agreement between experiment and theory in 
a minimal model is encouraging. 
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