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^  Abstract 

This report is the second in a series of reports discussing mitigation of blasts using water mists. 
The previous report described numerical simulations of a TNT blast. The present report has combined 
that numerical procedure with a two-continuum model for dispersed-phase calculations. The specific 
approach used for the dispersed-phase calculations is the sectional approach, and is described in this 
report along with a series of simulations conducted for validation, and also for the purpose of better 
understanding interactions between shock waves and particle-seeded gases. 

A new derivation of the sectional approach is presented in this report to provide details and to outline 
the limitations of this approach. This approach is then incorporated into a flux-corrected-transport high 
speed flow code, and is used to examine mitigation characteristics of glass particles and water droplets on 
impinging shock waves. First a series of validation cases are presented cehiparing simulations against 
available experiments. Results show that the present solution technique accurately predicts the shock 
wave behavior in particle-seeded gases. Further simulations were conducted to investigate the effect of 
particle size and vaporization for both non-decaying and decaying shocks. For steady shock waves, it 
was determined that for finite-sized particles, the shock front pressure and maximum overpressure are 
not equal, with the shock front pressure typically being smaller than the unmitigated shock pressure, and 
the maximum overpressure being greater than the unmitigated shock pressure for non-decaying shocks, 
dependent primarily on the mass-loading of the particles. For decaying shock waves, there is an optimum 
particle size which gives the most effective mitigation for the peak overpressure, but is specific to the 
shock tube geometry considered. Vaporization effects tended to be minimal for the cases presented in 
this report, because the shock waves were fairly weak resulting in only moderate temperatures for the 
shocked driven gases. Blasts tend to be similar to the decaying shock wave solutions, except that they 
are considerably more powerful, and should have high enough temperatures such that vaporization will 
play a more significant role in mitigation. 

vu 
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BLAST MITIGATION BY WATER MIST 
2) SHOCK WAVE MITIGATION USING GLASS PARTICLES 

AND WATER DROPLETS IN SHOCK TUBES 

1    Introduction 

Explosions and fires have always represented a danger to naval ships. Large amounts of fuel and ord- 

nance on-board these ships provide plentiful fuel for explosions and fires even in peacetime. Recent events 

such as the USS Cole have highlighted the need to be able to mitigate the effects of explosions on board 

ships, whether caused by internal or external factors. 

Several recent studies have looked at water to mitigate the effects of explosions. Using water is attractive 

for several reasons. The large heat capacity and latent heat of vaporization allows water to easily absorb 

a large amount of energy. In addition, water systems have a great deal of flexibility and low cost, are 

environmentally safe and clean to use, and can serve a dual role of fire suppression in peacetime situations 

and explosion mitigation during war and teixorist situations. A recent summary of efforts to use water and 

water mist systems to mitigate the effects of blasts and explosions is given in [1]. 

Of particular interest for the current project is mitigation of the initial and quasi-steady overpressures felt 

within an enclosure that is subjected to an explosive blast. Previous studies [2] demonstrated that the blast 

characteristics within simple enclosures for 2.12 kg of TNT could be effectively simulated, reproducmg 

overpressures and quasi-static pressures that were similar to experimental results [3]. The next step is 

to develop a spray model and incorporate it into the blast simulation, to determine the amount of actual 

mitigation effected by the water spray. 

There has been a substantial amount of research on spray models within the literature. Sirignano [4] pro- 

vides a review of currently popular models and details of useful solution procedures. However, the majority 

of these spray and particle models have been developed for low speed flows such as occurring in engines 

or fire situations. There is unfortunately relatively little information on the effect of an impinging shock 

wave on vaporization of water or fuel droplets, although some work has been done investigating droplet 

breakup processes when exposed to an impinging shock wave [5, 6]. These results are for substantially 

larger droplets than our current interest. 

The intent of this report is to describe the spray model that will be used for the subsequent blast mitiga- 

tion studies, and use this model to characterize shock tube flow where the driven section is seeded with glass 

particles and water droplets. One-dimensional shock tube simulations were chosen because shock tubes have 

Manuscript approved December 3,2002. 
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many similarities with explosive blasts, but are simple enough that concurrent experimental studies can also 

be done by interested researchers. In addition, some experimental studies with particles have already been 

done without vaporization [7]. Of particular interest for our numerical simulations is the reduction in shock 

wave speed and the maximum overpressure felt for different configurations at different locations in the shock 

tube. These are the two main quantities that can be easily compared with experimental results. 

2   Transmission of Shock Waves through Particle-Seeded Gases 

Due to the importance of "dusty" gases (gases seeded with particles that occupy only a small fraction of 

the volume but have a significant mass), there has been a considerable amount of research on the transmis- 

sion of shock waves through particle-seeded flows. For this report, we are interested in how particles and 

droplets affect the pressure and temperature developed behind the shock wave as well as the velocity of the 

shock wave. 

The first step is to understand how the particles affect a typical shock wave as it penetrates from an 

unseeded (pure) gas into a particle-seeded gas. The shock wave essentially hits a material interface as it 

passes into the particle-seeded gas. As happens at most material interfaces, depending on the properties of 

the particles, the shock wave is transmitted through the interface and a reflected wave propagates back into 

the initial (unseeded) mixture as shown in Figure 1 for infinitely small particles. Depending on the material 

properties of the gas mixtures on either side of the reflected wave, the wave can either be a compressive 

wave (U2> < 1*2) or a rarefaction wave (u2' > U2). For the types of particles considered in this paper, 

compressive reflected shocks are generated resulting in lower gas velocities U2' < 1*2 and higher pressures 

P2' > P2. For particles of finite size, thex-t diagram shown in Figure 1 requires some slight modifications 

that are discussed later. We are interested in determining the pressure P2' between the reflected wave and 

the transmitted shock wave. 

For particles that do not evaporate or sublimate, a useful limit that allows analysis of the situation 

shown in Figure 1 is the limit as the particles become infinitely small. In this case, the particles remain in 

equilibrium with the surrounding gas and an "equivalent" gas formulation can be used [8]. For the equivalent 

gas, the total density is represented as pt = p(l + rj), where p is the gas density, and 7/ is the mass-loading. 
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The pressure is computed using the ideal gas law with the gas density and temperature, and the enthalpy of 

the equivalent gas is given by ff = p(l + ric)CpT, where Cp is the gas specific heat, and c is the ratio of 

specific heats between the solid particles and gas (c = Cg/Cp). 

By using these definitions, we develop expressions for the (P, v) Hugoniot and the (P, u) Hugoniot for 

particle-seeded flows that are useful for understanding the transmission of shocks through material inter- 

faces, where v is the specific gas volume (v = 1/p). The Hugoniot expressions are developed assuming 

a single steady shock wave and considering mass, momentum, and energy conservation through the shock. 

For ideal, calorically perfect gases (meaning that the specific heat is constant and independent of temperature 

and pressure), the (P, v) Hugoniot for a particle-seeded flow is: 

7 
^(1 + 'nc)[P2V2 - PlVl] = -(P2 - Pl){vi + V2) (1) 

where 7 is the specific heat ratio of the pure gas. Pi, vi are the unshocked pressure and gas-phase specific 

volume respectively, and P2, V2 are the shocked pressure and gas-phase specific volumes. Another Hugoniot 
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expression useful for shock wave interactions with material interfaces is the (P, u) Hugoniot, where u is the 

velocity in the lab reference frame: 

{P2-P1? 1 + r/ 2 
{A + 1/2) (P2 -P,) + AP,- Avi ^""2 " ""'> ^2> 

where A= :^(1 + rjc). These quantities can be related to the shock wave velocity through the Raleigh 

line, which is developed from a manipulation of the mass and momentum conservation equations: 

' \l+r]) I-V2IV1 ^^> 

where M is the Mach number of the shock wave with respect to the pure unshocked gas. The Hugoniot 

expressions along with the Raleigh expression are extremely useful when determining the characteristics of 

shocks. Using these expressions, one can determine the pressure increase or decrease resulting from a shock 

wave impinging on a particle-seeded gas, knowing that the pressure and velocity in section 2' and 3 from 

Figure 1 are equal. 

Resuhs from this analysis are shown in Figure 2. This figure specifically looks at the effect of seeding 

with glass particles in air. Notable among the results is that the shock pressure is actually increased for 

the seeded flow (Fig. 2b) while the velocity of the shock wave and the shocked gases (Figs. 2a and 2d) 

decreases. Non-vaporizing water droplets have a similar impact on the shock wave velocity and shock 

pressure; however, the effect of vaporization is difficult to account for in such a simplified analysis. 

Particle seeding of gases to mitigate the pressure associated with steady shocks is shown to be ineffectual 

from the above plots. However, explosions are typically more complex than the simple steady shock. A 

representative geometry that more closely approximates an actual blast is a shock tube experimental setup 

with a small driver section. Shock tubes have been used extensively to understand different aspects of 

shock waves and rarefaction waves. They provide an ideal experimental setup because the flow is largely 

one-dimensional and thus facilitates mathematical modeling. 

A shock tube is made up of a cylindrical or rectangular pipe divided into two compartments separated by 

a diaphragm of thin material as shown in Figure 3. The smaller compartment contains gas at high pressure 

and is called the driver section. The larger compartment is called the driven section and contains a gas at 

4 
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Figure 2: Mach number (a), pressure (b), density (c), and gas velocity ratios (d) are given for a shock 
wave impinging on a seeded gas as a function of the shock wave Mach number in unseeded gas. Assumes 
infinitely small glass particles with Cs = 766 J/kg K. 
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Driver section 
■P=4.052bar,T=lI92K 
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P=1.013bar,T=298K 

Figure 3: Schematic of experimental setup of Sommerfeld [7]. 

lower pressures. The device is operated by bursting the diaphragm, at which point the driver gas expands 

out (much like a piston), creating a shock wave that propagates through the driven gas while a rarefaction 

wave travels through the driver gas. The shock tube experiments that we are interested in further divide the 

driven section into an unseeded region and a seeded region. Of the shock tube experiments with particles 

and droplets, the Sommerfeld experiments [7] remain the most useful for explaining the various effects of 

the particle on the shock structure. 

Figure 4 shows sax -t diagram of a shock tube experiment with a seeded region in the driven section, 

as shown in Figure 3. The first event that occurs is the bursting of the diaphragm at t = 0. This generates 

a shock wave that propagates through the driven gases (So), and a rarefaction wave that propagates through 

the driver gases (R). The material interface between the driver and driven gases moves forward at a slower 

speed and is labeled C. Eventually the front shock wave impmges on the particle-seeded gases. Again, 

this results in a transmitted shock wave (5) and a reflected wave (Sr). The interface between seeded and 

unseeded driven gas is labeled P. The slope of the material interfaces P and C are equal, indicating both 

move at the same velocity (u2' in Figure 1). 

For finite sized particles, a relaxation period occurs before the shock wave reaches an equilibrium struc- 

ture where it again propagates through the medium at a constant velocity. This is different than the particle- 

gas equilibrium mentioned previously, because when the shock structure reaches equilibrium, not all the 

particles within the gas are necessarily in equilibrium with their surrounding environment. It is an equilib- 

rium in the sense that the shock structure does not change unless it interacts with an outside force. The region 

after the shock wave impinges on the seeded flow but before the equilibrium shock structure is reached is 

called the transition region of the shock. The effect of this relaxation period on the location of the seeded- 



Figure A: x — t diagram of a shock tube experiment. The So line indicates the initial incident shock wave, 
S the transmitted shock, SV is the reflected compressive waves, R is the expansion fan initiated at the 
diaphragm, Co and C is the contact discontinuity separating driver and driven gases, and P is the material 
iaterface separating unseeded and seeded driven gases. The soHd lines represent mitigation with infinitely- 
small particles, the dashed lines represent mitigation with finite-sized particles, and the dotted lines represent 
the unmitigated solution. 
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unseeded interface (P) and the front shock wave (5) are shown as dashed lines in Figure 4. Note that after 

this transition period, the shock wave velocity and seeded-unseeded interface velocity for finite particles 

approach the same velocities as for infinitely small particles, however, the material interface is displaced 

closer to the initial contact discontinuity. 

This transition region is important to understand because it controls how far the particles penetrate 

into the unseeded-driven gases and whether they penetrate into the driver gases. This can considerably 

influence the mitigation aspects for droplets, because penetration into the high temperature driver gases will 

result in considerably more vaporization and reduce the force with which the driver gases are pushing the 

driven gases. Therefore accurately modeling this transition region is essential to give us confidence in our 

simulations. 

In shock tubes with short driver sections and long driven sections, the rarefaction wave reflects off of 

the end of the tube, and then propagates toward the initial shock. When it arrives at the shock, it reUeves 

the shock pressure, slowing down the shock wave and eventually causing the shock wave to dissipate. This 
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situation more closely mirrors an explosive situation, where the "driver" region (the volume of the original 

explosive) is very small and the rarefaction wave almost immediately begins to relieve the pressure at the 

shock front. For that reason, we are interested in examining cases both with long driver sections and short 

driver sections. 

For the simulations conducted within this report, the shock tube is set up similar to the Sommerfeld 

experiments as is shown in Figure 3. For the experiments, the driver section was 2 m long, the unseeded 

driven section was 1.05 m long, and the seeded driven section was 4.76 m long. The seeded region is 

uniformly seeded with glass particles at a specified mass-loading. Similar geometries are also introduced to 

study different aspects of particle- and droplet-shock wave interactions that are not as clear with the original 

Sommerfeld geometry. 

3   Model Development 

The approach chosen for modeling sprays is the sectional Eulerian approach introduced by Tambour [9], 

and expanded on by Tambour [10, 11] and other researchers [12, 13]. Our research group has considerable 

experience with using this approach for low speed fire mitigation studies [14-17], where it has worked quite 

well. Our purpose for this paper is to extend this approach for high speed flows such as found in shock tubes 

and blast simulations. 

Lagrangian tracking of particles and droplets has been widely used to simulate these types of flows 

because of its flexibility and accuracy. However, to do Lagrangian tracking for individual particles is very 

computationally very prohibitive for large numbers of droplets. The Eulerian sectional approach provides an 

alternate method for doing these computations that is well suited to these problems. There are two general 

assumptions that make the Eulerian sectional approach attractive: first, the sprays used for mitigation are 

generally diffuse; that is, the number density and size of particles are small enough that the volume fi-action 

of water is very low. Because of this, collisions between particles have a minimal influence on the dynamics 

of the droplets, and are ignored for this particular model. Second, although the volume fraction is fairly 

small, the total volume of the domain and the spray region can be quite large, thus the total number of 

droplets or particles can be very large. Although there has been several write-ups describing the Eulerian 
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sectional approach, the method is described in detail below because of differences between this approach 

and previous sectional approaches. 

3.1   Gas-Phase Governing Equations 

The governing equations for the gas-phase are the inviscid, compressible form of the conservation equa- 

tions for species, mass, momentum, and energy. They are written as: 

^ -f V • pfcu = S--'^ (4) 

^ + V-pu = S"' (5) 

^ + V • puu = - VP + S"^"^ (6) 

^ + V • (S -f- P) u = S^"*'^ (7) 

where 5""''=, S"^, S'^°^, and 5'^"*'' are the transfer source terms between the dispersed-phase and the gas- 

phase, and are explained below. Given N species, there are iV" -|- 3 conservation equations for the gas-phase 

flow in one-dimension. For the simulations completed in this report, the gas-phase is assumed to be an ideal 

and calorically perfect gas mixture, meaning that each species has a constant specific heat and obeys the 

ideal gas law. This differs from our previous report where the gas was only assumed to be thermally perfect 

and the specific heats were specified as functions of temperature. The relation between pressure, species 

densities, and temperature is given by the ideal gas law as: 

N 

P = RuTj2pk/Wk (8) 

where Ry, is the universal ideal gas constant (in molar units). Because we have a calorically perfect gas, the 

total internal energy is given by the relation: 

^ 1 
E=Y, PkCv,kT + -pu • u (9) 



■x 

The specific heat for each species is specified in terms of the specific heat ratio (7^ = Cp,fc/C„,fe) and the 

ideal gas constant (Rk = Ru/Wk) such that C„,jfc = Rk/{j - 1). We use a muUi-species formulation to 

differentiate between driver gas, driven gas, and water vapor. For air, the molecular weight is Wair = 28.97 

kg/kmol and the specific heat ratio is jair = 1-4, and for water vapor the molecular weight is WH2O = 

18.015 kg/kmol and the specific heat ratio is jH20{g) = 1-324. 

3.2   Dispersed-Phase Governing Equations 

In a very general form, the dispersed-phase can be described by a probability density function at the 

kinetic level. Assuming the spray is made up of spherical particles characterized by a single geometry 

variable ^ (which generally is either the diameter, surface area, or volume of the droplet), single velocity u/, 

and a single temperature T/, a probability density function f^{t, x, (f>, ui,Ti) can be determined such that the 

number density at time t is given as f^ dt dxd(f)dui dTi around the point (i, x, /^, U(, Tj). The Boltzmann 

kinetic transport equation for the probability density function is given by: 

^ + V, ■ {uiU) + f^{R<i,U) + Vu, ■ (FU) + -^{QU) = Te + Te (10) 

where i?^ is the rate of change of the particle geometry {R^ = d4)/dt) due to vaporization, P is the momen- 

tum exchange between the dispersed-phase and gas-phase, Q is the energy exchange between the dispersed- 

phase and gas-phase excluding phase change, Vc represents coalescence and break-up of the particles, and 

Te represents elastic collisions between the particles. For this research, Vc and Tg are negligible and are not 

considered further. All of these functions require modeling or experiments for closure. 

From this general level, one can further develop the equations in several different ways to generate usable 

models for simulations. The method we choose is the so-called sectional approach originally introduced by 

Tambour [9]. The sectional approach divides up the dispersed-phase in each cell into M discrete sections 

based on the size of the particles. Everysectionj is bounded by particle sizes ^^-'^ and^(-'+^). Our discussion 

of the spray model closely follows the work of Laurent and Massot [12]. Within each section, we make the 

following assumptions: 

1. The probability density function of the spray is such that at a given size and location (x, t, (p), there is 
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one and only one characteristic velocity and temperature. 

2. The dispersion of the distribution function at a given size is zero for velocity and temperature. 

3. In one section, the characteristic velocity and temperature do not depend on the size of the particles. 

4. There is a one-to-one correspondence between surface temperature and particle enthalpy. 

For each section, the characteristic velocity and temperature are denoted u^ and T^. These assumptions al- 

low us to express the probability density function in a much simpler form, as n(t, x, ^), such that n(i, x, ^) dt dx d(j) 

is the probable number of particles around the point (i, x, (f). We assume that the liquid or solid material 

is incompressible, thus the constant pressure and constant volume specific heats are equal. The specific 

internal energy of the particle is defined as: 

ed = CiTd + eli (11) 

Ef^i is set such that the latent heat of vaporization L„ is defined as: 

L'o{T) = eH,o{g){T) - eH,o{l){T) = (Cy^H^Oig) - Ci)T - 6% (12) 

This indicates that the latent heat of vaporization should vary with temperature, depending on the difference 

ia constant specific heats of the vapor and liquid phases. 

The basic mass, momentum, and energy equations can be recovered by multiplying Eqn. 10 by 1, u^, 

and Bd and integrating over velocity and temperature: 

-^ + Vx • (nud) + — [nR^) = 0 (13) 

— (nud) -t- Vo; • (nUrfUd) -f- —{nR^Ud) = nF (14) 

gained) + Vx ■ {nudea) + —{nR^ed) = nCiQ (15) 
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For the above equations we have omitted bars associated with averaging over velocity and temperature 

because of the above assumptions and for clarity. To obtain the conservation equations commonly used for 

the sectional approach, we integrate with respect to 0 in each section. The number density of the section is 

simply: 

7i^^^(i,x) = / n{t,y.,(f))d(j> (16) 

Similarly, one can get the mass, momentum, and enthalpy densities of the dispersed-phase by integrating: 

m^.o)= piV{(l>)n{t,x,,f>)d(l> (17) 
JrhO) 

m^^uf = j^_^     piV{(f>)n{t,x,(j>)ud{t,x)d(l> (18) 

^'^e'^P = /^.^      PlV{cj>)n{t,x,cl>)ed{t,x)d<l> (19) m 
/0(. 

where pi is the density and V{(f) is the volume of the particles. Other terms in the overall conservation 

equations are similarly treated: 

/.0O+1) 
^0)FO) = / piV{cf>)n{t,x,(l>)F{t,x,(l>)d<f> (20) 

Jtbu) 

mf^^^t ')QO)= I        piV{cl>)n{t,x,cl>)CiQ{t,x,<t,)d<f> (21) 

'^  = J^^^     PIV{4>)Q^ [n{t,x,<t>)R^{t,x,<t>)] dcj> (22) 

Integration by parts is used for Eqn. 22 to obtain a more convenient representation of the vaporization: 

This allows us to define two vaporization terms, given below: 

E?'^ = -pin{t, X, .^(^■))i?^(^(^))F(<^(^)) (24) 

Physically, E^' represents transport of mass from section ; to section {j - 1), and JS^ represents transport 

of mass from section j to the gas-phase. 

12 
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The conservation equations are then written for each section j in the typical sectional form: 

^ + V, • (m(^)uj')) = - (£;?•) + 4^)) m(^) + Ep+^)m(^+i) (26) 

I (m(^)uj)) + V.■ (m(^)u(f\«)) = - (^p) + EJ)) m(^)4^) +E<^+'^m(^+'^u<i+'^ +m(^)F(^) (27) 

|(mO)ei^))+V,.(m«)eJ\J'))    =   - {E? + E?)m(^)e'^^ + E[^+'^m(^+'^e^J+'^    (28) 

The source terms for the gas-phase are simply: 

M 
5"^ = _^EW^0) (29) 

M 
^'"""^ = - ^ (^^■)m(^)u^^) - F(j)m(^)) (30) 

M 
genth ^ _ ^ (£;0)^(.)4i) _ ^(i) (Q(i) _ £;a)^^) _ ^(i)p(i) . „(i)) (31) 

i=i 

The species source term is sunply the mass source term for the water vapor species, and zero for everything 

else. 

3.3   Particle/Droplet Models 

To develop expressions for E[^\ E'^\ ¥^\ and Q(^') we need to use particle and droplet models to 

represent the processes of vaporization, heat transfer, and drag. The present simulations use models that 

have been used widely ia the droplet community. We describe these models briefly below. The models are 

based on drag and vaporization around a single particle in quiescent flow, that are then corrected for different 

flow regimes based on empirical correlations. 

Particle drag is computed based on Stokes flow with high velocity correction terms [18]. For a single 

particle, 

PlV^ = STTi^UrDil + O.lSiJeO-SS^) (32) 

where /j, is the gas viscosity at the particle temperature. We use this expression to obtain an expression for 

F found in Eqn. 10: 

F = ^u,£>(l + 0.15i?e°-687) (33) 
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The evolution of the temperature of the particle is given as 

PiVCi^ = nD^h[T - T,] + pi^L, (34) 

where h = NuX/D is the heat transfer coefficient, T is the far-field gas temperature, Ly is the latent heat 

of vaporization, T^ is the particle temperature, and Nu is the Nusselt number. The Q in Eqn. 10 is the heat 

transfer from the gas phase into the liquid phase, and does not account for phase change, thus 

^ = ^01^^-"^'^ (^^> 

The Nusselt number can either be assumed to be 2 (appropriate for non-convective envkonments), or for 

convective environments it can be represented by the formula: 

Nu = 2 + 0.459PrV3i2e0-55 (36) 

The vaporization models used for all of the water droplet simulations in this report are based on spherically- 

symmetric isolated droplet solutions, with modifications added based on experimental correlations to ac- 

count for convective effects. The first model we use is the basic D^-law given by: 

|D^ = -^ (37) 

where D is the particle diameter and ^ is the vaporization coefficient. The model used assumes a simple 

temperature dependent expression for the vaporization such that: 

p{T) = /0o [l + 7.4233 x lO"'^ (T - SOO)^-^^*^] (38) 

where /5o = 7600 /izm^/s, obtained from [19, 20]. This will be referred to as the empirical-;^ model, because 

it is based totally on empirical data. Although a simple and efficient model, a significant problem with 

this model is that it does not account for droplet heat-up. For our simulations, as the shock wave passes a 

given droplet, initially the droplet vaporization will be small as most of the available heat is used to heat 

up the droplet to near its boiling point. Only after the droplet is heated somewhat will vaporization become 

si^ificant. This heat-up period is critical, since to be effective the droplet must vaporize close to the shock 

wave. 

14 
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The second vaporization model addresses this issue. It is based on the classical spherically-symmetric 

droplet vaporization model of Spalding [21, 22], but includes effects from droplet heating. The model 

assumes the gaseous-H20 pressure at the surface of the droplet is the equilibrium vapor pressure of water at 

the local temperature, and is thus called the equilibrium model throughout this report. Note that this is yet 

another equilibrium that only pertains to the amount of water vapor at the droplet surface. It is not in any 

way associated with the gas-particle equilibrium or the shock structure equilibrium mentioned previously. 

Assuming a unity Lewis number, the vaporization coefficient fi is calculated as: 

8A 
^ = —ln(B + l) (39) 

where A is the thermal conductivity of the gas, pi is the liquid density, Cp is the constant pressure specific 

heat of the gas, and B is the Spalding transfer number, defined as: 

B = [YH^O^S - yH^o,s)l{YH20,s - 1) (40) 

where IHZO.S is the mass fraction of water in the far-field, YH^O,S is the mass fraction of water at the surface 

of the droplet. YH^O,S is calculated from the partial pressure of water at the droplet surface, 

^H20,s -  p^  (41) 

where PH20,sat is the saturation pressure of water, Ta is the droplet temperature, WH2O is the molecular 

weight of water, and W is the molecular weight of the gas mixture. 

Assuming the D^-law, the spherically-symmetric mass vaporization rate for a single droplet is calculated 

as: 

m.. = p,-=p, —— = -p,^ (42) 
dV        TTD dD^ TTD^ 

where thss represents the spherically symmetric solution. For convective environments, the correlation of 

Ranz and Marshall [23] can be used to determine the correct vaporization rate. This is expressed as: 

m = Thss [1 + 0.3Pri/3 (2iJei/2)] (43) 

where V is the droplet volume, Pr = iiCp/X is the gas-phase Prandtl number at the droplet temperature, 

and Re = purD/fj, is the Reynolds number based on droplet diameter, gas density and viscosity, and relative 

velocity ti^ = |ur| = |u - Ud|. Note that all unsubscripted variables are gas quantities. 
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For the vaporization models, the heat transfer is modified by an additional term that is typically expressed 

in the Nusselt Number: 

rin(l + B)l 
Nu = Nu* (44) 

B 

where Nu* is the original Nusselt number for non-vaporizing particles expressed in Eqn. 36. The additional 

term does not change the expressions developed for the sectional source terms, as the additional term is 

independent of droplet geometry. 

For the drag and heat transfer computations, the Sutherland expression is used for expressing viscosity 

as a function of temperature in air: 

where [Xref = 1-458 x 10"^ kg/(m sec) for a mixture containing predominantly air. The thermal conductivity 

is calculated assuming a constant Prandtl number of 0.75, 

MT) = ^ (46) 

For glass particles, the only physical properties we need are the density of glass Pgiass = 2500 kg/m^ 

and the constant specific heat for glass Cgiass = 766 J/kg K. For liquid water droplets has a constant 

density of ^^^©(O = 1000 kg/m^ and a constant specific heat of Cjj^oQ) = 4184 J/kg K. The latent heat of 

vaporization is L„ = 2.3049 x 10^ J/kg at 300 K. The saturation pressure of water PH20,sat{T) is curve fit 

with widely available data and has a form similar to the Clausius-Clapeyron equation: 

PH,o,sat{T) = Aexp(-^^^ (47) 

where for water, A = 1.20967 x 10^ bar, B = 3835.83 K, and C = -45 K. As with the glass particles, 

we use the Sutherland expressions to determine the viscosity and thermal conductivity as a functions of the 

temperature only (Eqns. 45 and 46). 

For the simulations, a cutoff temperature is arbitrarily chosen below which the vaporization rate becomes 

zero. This temperature is selected above 300 K such that no vaporization takes place before the shock wave 

reaches the droplets. For these simulations, a value of Tc = 310 K was chosen. Lower values between 300 

and 310 K could also be chosen, but only have a minor effect on the solutions. 
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3.4   Cross-coupling Source Terms for the Eulerian Sectional Approach 

Given models that describe single-particle behavior, we develop expressions for the source terms found 

in the sectional conservation Eqns. 26-29. For the model development, we choose the geometry variable cj) 

to be the volume V. An important point to mention is that the resulting source terms are different depending 

on whether (f) represents the diameter D, surface area S, or volume V. In the work of Greenberg and 

Tambour[23], they choose V as their geometric variable, however, Laurent and Massot[12] have chosen the 

surface area S as their geometric variable. 

The fundamental approximation of the sectional approach assumes a relationship between the number 

probability density function n{t, x, (j)) and the geometry variable (f) within each section. The most reasonable 

choice is to take n(t,x, 0) to be a constant (K(^)) in each section. This simplifies the resulting integration 

and gives a clear method of refinement. Either the number density or the mass density formulas can be used 

to fix the value of n{t, x, ^) = «(•') for section j. We find that fixing it with respect to the mass density is 

the most convenient. 

Both the surface area S and the particle diameter D can be related to the particle volume V through: 

D={^ (48) 

5=^(6F)^/^ (49) 

The first step is to determine the value for K(^) for each section. This is done by using the definition of 

mass density for the section, Eqn. 17. 

m(^) = J ^ ,^     piVn{t, X, V) dV (50) 

Noting that n = KS^^ and is a constant with respect to V, this equation is integrated to get 

m(^) = ^P,K(^) [(V(^+I))2 - (F0))2] (51) 

solving for K^^^ we get 

(F0+I))2 _ (y(j))2 ^^^> 
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For calculating the vaporization rate terms -Ef^ and E^^\ we develop an expression for R^ = dV/dt 

based on the D'^-law (Eqn. 37). Knowing that V = {TT/6)D^ and through differentiation and algebraic 

manipulation of the D^-law, we obtain an expression for the change in volume for the spherically synunetric 

droplet: 

dKc 1,/—^   ,„. 
(53) 

dt A 

Using the droplet vaporization correlation of Ranz and Marshall (Eqn. 43), we obtain the change in volume 

for the droplet in a convective environment as: 

ii^ = ^ = ^ [l + 0.3PrV3(2i2eV2)] = _^.^^yi/3^ [i + o.3Pr'/H^Re'^')]       (54) 

Pulling the droplet diameter out of the Reynolds number, substituting this and the value for «;(•') into 

Eqn. 24 we get an expression for E^' as 

where A = 0.3(6/7r)i/^Pr^/3(2/)Ur//x)^/^. By a similar means, we substitute into the definition for E^^^ to 

obtain the integral: 

pV(j+i) 

(56) 

Integrating this and evaluating the result at FW+^) and V^^\ we obtain: 

E: U) ISTT^ 

ivu.^T)^'-ivuJ {i [^^''''^'^'-(^^^■^)^1 + h[(^''')^'^-(^'')^1} 
(57) 

Using the particle drag model (Eqn. 32), we develop an equation for the integrated force felt on section 

j as defined in Eqn. 20. The function F found in Eqn. 20 is the acceleration felt by a particle due to drag, 

and is thus: 

F(F) 
STT/iUr 3/6V 

IT 

Dx 0.687  /gy\ 0.229 
1 + 0.15( —1        ^ (f)    (v) (58) 

D J \   TT 

To solve for the cumulative force, we take Eqn. 20 and substitute the above expression in for F, substitute 

K^^^ for n, and substitute F for £> = ^/WJT: to get 

m (:/-)F(J) 
yO+i) 

JvU) 
3K(^) TT/XU;- 

0.687 

^-•-(t)    (v) 
0.5623 

dy (59) 
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This term is then split into two terms, F^^^ and F^-'^ for simplicity. Integration of the F^ equation with 

respect to V is easily done, and with some rearrangement and substitution of «(•?), we get the following 

expression: 
' ■(yO+l))4/3_(yO))4/3- 

m(^)F(^')=-0").^ ^'^^' m^ 
Pi (y0+i))2 _ (y(j))2 HUr (60) 

?0); Determination of the F^-'^ is also simple, although the algebra is a bit messier. First, we substitute in for the 

Reynolds number Re/D = pUr/n, and integrate with respect to volume: 

substituting in for K^^'> and multiplying out the initial numbers we get the expression: 

m-p(i)        r,) 2.604 7Tn}--''¥x' = TVS''  
Pi 

(V"0+i)) 1.5623 iyio)) 1.5623 
(62) (yO+l))2 _ {y(3))2 

The last expression we need is for m^^'^Q^^'). For this, we need an expression for Q, the change in 

temperature with respect to time. An equation is developed from Eqn. 34 as: 

■V 

^     nD^hTr      irDXTr r I/Q     n 
Q = -T-TTTT- = :r-r777 [2 + 0.459Pri/3i?e°' 55 

4piVCi      ApiVCi 

Expressing this in terms of the volume of the particle V, 

Qiv) = 2 + 0.459PrV3(^y"(^r"^ 
4:PlVCl]l     TT 

This expression is also split this into two terms, Q^^' and Q*"^' to simplify the integrals: )? and Qi^^ 

Jv(i) 2Ci 

Doing the mtegration, and substituting in for K^^\ 

U), 

m^^^Q^^^ = m(^) 
^Cipi 

(yO+l))4/3 _ (pr(j))4/3 

(V0+l))2 _ (y0))2 AT. 

The second term can be obtained similarly, 

^      JvU) 
m^- ^'""   U)^_:l^ f^y''''p,i/s fP^\ 0.55 

XTrV°-^^^''dV 

(63) 

(64) 

(65) 

(66) 

(67) 
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Again, by integrating and substituting into K^^) we obtain a more manageable expression 

■(y(i+l))l-5167 _ (y(j))1.5167 

PiCi \ 11 ) 
XTr (68) (F(J+1))2 _ (F(J))2 

The above expressions for E[^\ E'^\ ¥^^\ and Q(^) close the system of conservation Eqns. 26 -29, and 

allows us to solve the system of equations. 

4   Solution Procedure 

The solution procedure involves solving M + 1 sets of conservation equations, where M is the number 

of sections being simulated. Each set contains a continuity equation, momentum equations, and an energy 

equation. The sets are coupled together through the source terms described above. The present procedure 

used for solving these conservation equations is by a time-step splitting method. Each set of conservation 

equations is solved independently without the cross-coupling source terms. Because the gas-phase and 

dispersed-phase can have significantly different time-step restrictions, the gas-phase solution is allowed to 

take several time-steps for each dispersed-phase time-step taken. The cross-coupling source terms are added 

at the end of each dispersed-phase time-step. 

4.1 Gas-phase solution procedure 

The solution procedure used for the gas-phase conservation Eqns. 5-7 is the FCT-algorithm of Boris 

and Book [24], which is especially well suited for high-speed flows. The version of the algorithm used in 

this project is described in detail in NRL/MR/6410-93-7192 [25], and will not be repeated here for brevity. 

Unlike the computations described in the memorandum report, we use the explicit ideal gas law (Eqn. 8) 

and the energy definition (Eqn. 9) mstead of combining the two to obtain an expression for pressure based 

on internal energy. 

4.2 Dispersed-phase solution procedure 

The solution procedure used for the dispersed-phase conservation Eqns. 26-29, is also based on the 

explicit-FCT algorithm used above. Examining the conservation equations, notice that the momentum equa- 

tion is decoupled from the energy equation. One benefit of this is that the Courant number restriction for the 
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numerical procedure is based on the particle velocity (u^^^) instead of the acoustic velocities as for the gas- 

phase, allowing for much larger time-steps. The internal energy and the temperature of the dispersed-phase 

is similarly related through a constant specific heat (e^-'^ = QTJ-'^ -t- e?;). 

4.3 Gas/dispersed-phase coupling 

The gas/dispersed-phase coupling terms are only added to the solution after each particle-section ad- 

vances one time-step, and the gas-phase has advanced multiple time-steps. The coupling terms are then 

added explicitly. Each section of the dispersed-phase is coupled to the neighboring sections through the 

vaponzation term E]" (Eqn. 24). Every section is coupled to the gas-phase through the second vaporization 

term E'^'' (Eqn. 25), the momentum transfer term F^-?) (Eqn. 20), and the heat transfer term QW) (Eqn. 21). 

For our selection of (j) = V and with the droplet/particle models presented above, the final expression for 

E^^^ is given in Eqn. 55, E'^^ is given in Eqn. 57, the drag source term F(^) is given in Eqns. 60 and 62, and 

the heat transfer source term Q^^) is given in Eqns. 66 and 68. The complete source terms introduced to the 

gas-phase conservation equations are given in Eqns. 29-31. 

4.4 Initial and Boundary Conditions 

The simulations for this report are all one-dimensional shock tube simulations. The basic geometry 

is shown in Figure 3. The solution domain is divided into three sections: a driver section, an unseeded 

driven section, and a seeded driven section. In each section the temperature, pressure, and composition are 

uniform mitially. The seeded region contains uniformly distributed particles at a specified mass-loading. 

The velocity for the entire domain is initially zero, and the particles are assumed to be perfectly suspended 

m the gas with zero velocity. This type of simulation is equivalent to experiments involving shock tubes 

with diaphragms, where a diaphragm mitially separates the driver and driven gases and is burst at the start 

of the experiment. The driver gas is at a much higher pressure, and thus pushes the driven gases much like 

a piston, creating a shock that propagates through the driven gases. 

Boundary conditions for each end of the shock tube are perfectly reflecting walls. Typically, the sim- 

ulation is stopped before the shock wave reflects off of the right wall. The rarefaction waves do, however, 

reflect off of the left wall and can subsequently influence the shock wave. 
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5   Numerical Model Validation 

Numerical validation of the computational scheme used the exact Sommerfeld geometry [7], consisting 

of a 2 m long driver section, a 1.05 m long unseeded driven section, and a 4.76 m long seeded driven section. 

The driven section was seeded with mono-dispersed 27 /im glass particles. Several experiments were run 

with varying amounts of mass-loading, and with different driver pressures. The driver section pressures are 

indicated below for each case. The resolution of the simulation is approximately 2.5 mm per cell, enough to 

obtain accurate solutions, but it does cause some noise in the shock wave Mach number calculation. 

Sommerfeld was interested primarily in the transition region between a shock wave traveling through 

unseeded flow and seeded flow, as is shown in Figure 4. In the transition region, the shock wave deceler- 

ates from the unseeded shock wave velocity to the equilibrium shock wave velocity m the seeded mixture. 

Because the energy and momentum transfer are not instantaneous between the gas and dispersed-phase, the 

shape of the pressure and temperature profiles behind the shock wave also changes due to the particles. To 

ensure the expansion fan did not reflect back and impact the front shock, he used a fairly long driver section 

(which is typical of many shock tube experiments). In addition, Sommerfeld used a fakly large unseeded 

driven section to ensure that the shock wave was properly formed before impacting the seeded gas. 

In Figure 5, we show comparisons of shock wave Mach number between four separate Sommerfeld 

experiments and thek corresponding simulations. The comparison for all four cases is fairly good. The 

experimental resuhs (shown as symbols on each of the four plots), shows that the transition region can be 

very roughly divided into three almost linear segments. Initially, the deceleration is very fast. At about 

one meter past the seeded-unseeded interface, the deceleration abruptly slows. At about three meters past 

the interface, the deceleration again slows as it approaches the shock structure equilibrium value for the 

gas-particle mixture (found from the equivalent-gas analysis presented earlier). 

For the simulations, the initial deceleration is accurately captured for all cases. The abrupt change in the 

deceleration is not totally caught in all the numerical simulations, resulting in slightly lower Mach numbers 

in the calculations as compared to the experiments for the Mach number 1.49 and 1.26 cases with mass- 

loading of 0.63. Interestingly, the higher mass-loading cases and higher velocity cases capture this shift in 

deceleration fairly accurately, and do not show the same type of errors. The poorest comparison is with the 
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•*>-. 
low Mach number case (Fig. 5d), although there is no clear reason why this discrepancy should exist for this 

case. Our resuhs are consistent with other numerical simulations of the Sommerfeld simulations, presented 

by Sommerfeld and other researchers, indicatiug that the problem is either with the underlying model for 

low Mach number shock waves or with the experiment itself, and not with our implementation of the model. 

The effect of including particle heating in the model is shown clearly in Figure 6. Within two meters 

of the start of the seeded section, the simulation results are very close, with the simulation without particle 

heating actually comparing slightly better with experiments than the simulations with particle heating. Fur- 

ther downstream, however, the case without particle heating underpredicts the attenuation. This is because 
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Figure 6: Effect of particle heating on shock wave Mach number. Mo = 1.49,77 = 0.63, 26-28 fim glass 
particles. 

of the additional energy that is taken out of the gas flow to equilibrate the temperatures for the simulations 

with particle heating. This energy is never removed for the case without particle heating, resulting in an 

incorrect "equilibrium" shock wave Mach number. 

A possible reason for the better comparison early in the transition region for the simulation without 

heat transfer could be because of the infinite conductivity model used for the particle heating. This model 

keeps the surface temperature of the particles artificially low, increasing the heat transfer and decelerating 

the shock wave prematurely. As the particles start to equilibrate, the infinite conductivity model becomes a 

better approximation, and the experimental and numerical results start to show better agreement. One of the 

limitations of the sectional approach is the necessity of using an infinite conductivity approach, instead of 

more complex temperature models for the droplets. This issue also appears when discussing the equilibrium 

vaporization model below. 

In the original Sommerfeld paper, the experimental procedure for producing a pressure ratio of four 

between the driver and driven gas is not specified. In all the simulations to this point, an assumption was 

made that the pressure was raised through heating the driver gas (and having the density remain constant). 
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Another procedure to obtain an initial pressure ratio of four is to compress the gas and keep the temperature 

constant. These two different initial conditions are compared below in Figures 7 and 8 with (dashed) and 

without (solid) particle seeding. There is considerable difference between the solutions due to the initial 

conditions, although the transition behavior is veiy similar between the two cases. From the results above 

it is apparent that Sommerfeld used heating to obtain the correct pressure difference between the driver and 

driven gases. However, we present both results for completeness, and note that most shock tubes generally 

use a combination of heating and compression to obtain the desired pressure difference between driver and 

driven gases. 

Some insight into the reasons for the difference are apparent from examining pressure profiles as shown 

in Figure 8. The left side corresponds to an initial driver temperature ratio of T4/T1 = 1 and a density 

ratio of pi/pi = 4, and the right side corresponds to the inverse {T4/T1 = 4, p^/pi = 1). Note that the 

second case is simply the validation case presented above in Figure 5b. Although both simulations used the 

same driver pressure, the shock pressure that develops for each case is significantly different, resulting in 

the different shock wave Mach numbers observed in Figure 7. The dashed lines show computations with 
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particle-seeding of the flow, and clearly show that in both cases the shock wave slows down after it enters 

the seeded region. 

The Sommerfeld experiments (and many other experiments) focused on the shock wave Mach number 

in the transition region of the flow-field. Although this is an important aspect of mitigation, also of interest is 

the shock overpressure and maximum overpressure felt at any given point in the domain. While for unseeded 

shocks (and shocks seeded with infinitely small particles), shock overpressure and maximum overpressure 

are equivalent, for gases seeded with finite-size particles the maximum overpressure occurs downstream of 

the shock front (shown in Figure 8 and discussed below). In particular, we are interested in the pressure 

response away from the diaphragm in the decay region of the shock. 

Although the Sommerfeld geometry is usefiil for comparison with experimental results, it is not the best 

geometry to use for gaining a complete understanding of characteristics of shock-particle interactions. There 

are several reasons for this. Although the driver section is long enough such that the expansion fan does not 

effect the shock front and shock wave Mach number (the quantity that Sommerfeld was most interested 

in), it does effect the area just behind the shock wave, making it more difficult to interpret temperature and 

pressure profiles obtained at different time intervals. This is especially apparent for the droplet vaporization 
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cases. In addition, the length of the driven section is such that only the transition region for the smallest 

particles and droplets can be captured. Finally, because we are also interested in the decay region of a shock 

wave produced from a shock tube, some simulations require a much smaller driver section and much longer 

driven section. Because of this, our results are split into two sections. One section describes results with a 

very large driver section. This is done to understand different aspects of shock waves impinging on seeded 

flow. The second set of results examines the decay region of the shock wave produced from a shock tube. 

All of the simulations for these results have a short driver section and long driven sections, and examme 

how the pressure decays as the shock wave propagates through the driven section. Because of our interest in 

mitigating the shock wave with either glass particles or water droplets, the seeded simulations are referred 

to as the mitigated cases, and the unseeded simulations as the unmitigated cases. 

6   Propagation of Shock Waves through Seeded Gases 

The geometry used for these simulations has a very large driver section (3 m), a small unseeded driven 

section (0.1 m), and a seeded section of 3-4 m. The smaU size for the unseeded driven section is adequate 

for the one-dimensional simulations to form the shock wave before it impinges on the seeded flow. Also, 

the small seeded region allows us to examine the effect of large particles or droplets penetrating into the 

high-temperature driver gas. The resolution used for these simulations was 1 mm per ceU, which is good 

enough to give a smooth shock wave Mach number variation. Simulations computed with this geometry are 

indicated in Table 1. Only selected simulations are discussed in detail. 

6.1   Representative case with glass particles 

A representative solution (corresponding to case #1 in Table 1) is first exammed with the long driver 

section mentioned above. The seeded regions contains a nearly mono-dispersed flow with one section and 

a diameter range from 26 /zm to 28 //m. The mass-loading for all of these cases is 77 = m(^)/p = 0.63. 

Snapshots of the solution for this specific case are shown in Figure 9 and Figure 10. Solution snapshots were 

taken at 1 ms intervals, to show the development of the shock wave as it interacts with the glass particles. 

Figure 9 shows the unmitigated shock wave results (solid lines) compared with the mitigated shock wave 

results (dashed lines). Figure 10 shows the gas-phase results (solid lines) compared with the dispersed-phase 
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Table 1: Simulations computed with the long driver section geometry. Length of driver section is 3 m, length 
of unseeded driven section is 0.1 m, and length of driven section is 3 m. 

-N 

Mass Number Particle Vaporization 
Case# Dispersed-Phase Loading Sections Size ifim) Model 

1 None 0 NA NA 
2 Glass 0.63 26-28 
2 Glass 0.63 13-14 
3 Glass 0.63 6.5-7 
4 Glass 0.63 NA 0 
5 Glass 0.63 4-6 
6 Glass 0.63 14-16 
7 Glass 0.63 24-26 
8 Glass 0.63 34-36 
9 Glass 0.63 49-51 

10 Glass 0.63 99-101 
11 Water 0.63 6 0-30 None 
12 Water 0.63 6 0-30 Empirical-/? 
13 Water 0.63 6 0-30 Equilibrium 
14 Water 0.63 6 0-60 Empirical-/? 
15 Water 0.63 6 0-15 Empuical-/? 
16 Water 0.63 6 0-120 Empirical-/? 
17 Water 0.63 12 0-30 Empirical-^ 
18 Water 1.26 6 0-51.3 Empirical-;S 
19 Water 0.315 6 0-17.54 Empirical-/? 
20 Water 0.63 6 0-60 Equilibrium 
21 Water 0.63 6 0-15 Equilibrium 
22 Water 0.63 6 0-120 Equilibrium 
23 Water 0.63 12 0-30 Equilibrium 
24 Water 1.26 6 0-51.3 Equilibrium 
25 Water 0.315 6 0-17.54 Equilibrium 
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results (dashed.lines) for the mitigated case. 

The glass particles tend to have the maximum effect on the gas flow at the very front of the shock 

wave, where the velocity and temperature differences between the gas and the beads are largest. Behind the 

shock wave, the velocity and temperature of the beads (and gas) adjusts such that the momentum and energy 

exchange is lessened. Because of this effect, the solution snapshots appear rounded at the front of the shock 

wave, instead of having flat profiles as they do for the unmitigated cases (this is clearly shown in Figure 9.) 

Note that there still is a shock front with an associated pressure, density, and temperature jump, but the jump 

is much smaller than for the unmitigated case. It is also much lower than the maximum pressure developed 

behind the shock waves for the mitigated cases. 

An interesting aspect of the mitigation studies is that the maximum pressure behind the shock wave is 

actually greater for the "mitigated" cases than for the non-mitigating cases (Figure 9c). The mam reason 

for this seems to be an increase in gas density behind the shock wave for the mitigating cases (Figure 

9a). This effect is predicted from the equivalent-gas analysis above, and is due to the compression wave 

generated by the gas slowing down. The left-moving reflected shock wave mentioned in the equivalent-gas 

analysis is seen in the 1 ms profiles at an axial location of aiound 0.4 m. It can be seen most easily in the 

velocity profiles in Figure 9f Although a compressive shock, it is not sharp because momentum and energy 

equilibration is not instantaneous between the particles and gas. 

The dispersed-phase solution is shown compared with the gas-phase solution in Figure 10. Here we see 

that the dispersed-phase eventually penetrates into the driver gas, as shown clearly in the density (Fig. 10a) 

and temperature (Fig. 10b) plots. The mass-loading of the dispersed-phase tends to spike to a maximum 

within the driver gas. This is caused by the larger viscosity within the driver gas (due to the higher tem- 

peratures) increasing the amount of drag feU by the glass particles. Whether the particles penetrate into the 

driver gas depends on the size of the unseeded section and the size of the particles, as we show later. 

Anx -t diagram of the location of the shock wave (green), the contact discontinuity (red), and the 

particle interface (blue), as weU as the shock wave Mach number is shown in Figure 11. The mitigated 

case is shown as a dashed line. Here we can clearly see that the glass particles penetrate past the contact 

discontinuity, and that both the contact discontinuity and the shock wave are slowed considerably by the 
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particles. For the representative case, the shock wave Mach number does not reach the equilibrium value 

within the domain (Figure 1 lb). 

6.2   Glass particle size effects 

In addition to the above representative case, several other simulations were run with a similar geometry 

to determine the effect of particle size and mass-loading on the shock wave characteristics. Particle size 

has a significant impact on the mitigation produced by flie glass particles. Changing the size of the glass 

particles changes the relaxation time required for the particles to reach equilibrium with the gas in terms of 

temperature and velocity. This affects how well the particles slow the initial shock wave down and penetrate 

into the driver gases. We examined droplet diameters ranging from 100 /xm to infinitely small, with a mass- 

loadmg of 77 = 0.63. For the infinitely small particles, we assume the glass particles are in thermal and 

velocity equilibrium with the gas at all times. 

Results from the simulations are shown in Figure 12 and 13. For infinitely small particles, the shock 

structure remains a square wave, although the shock wave itself is slowed down due to the additional mass 

being carried along with the shock. Although the shock pressure varies considerably with particle size, the 

32 



maximum pressure within the driven gases remains essentially the same and is independent of the particle 

size. Comparing the shock front pressure profile (Fig. 12a) at 1 ms, 2 ms, 3 ms, and 4 ms, the profile for the 

simulation with 27 fim particles changes as the shock wave moves downstream. The shock front pressure 

profile for the simulation with infinitely small particles does not change, and the profile for the simulation 

with very small particles (6.75 /im) only has small changes as the shock moves downstream. Again, this is 

related to the relaxation tune associated with the different droplet size. At a certain pomt downstream, each 

profile reaches an equilibrium value after which the profile does not change (assuming the driver section 

is long enough that rarefaction waves do not effect the shock front) and the shock wave Mach number is 

constant. 

Figure 13 shows the a; - i diagram and the shock wave Mach number as a function of location for 

similar cases. Note that both the 5 /im and the infinitely small particle cases shock Mach number have 

settled to the same equilibrium Mach number. Also note that the contact discontmuity has slowed down 

by almost exactly the same amount for all the mitigation cases regardless of the particle size. Note that the 

infinitely small particles very quickly reach the equilibrium value, whereas the finite size particles require 

considerable distance to reach this equilibrium value. This equilibrium value is only weakly dependent on 

the particle size, and is much more dependent on the mass-loadiag of particles. 

Only the largest particles considered actaally penetrated mto the driver section for these cases. The 

amount that the particles penetrate into the driver gas is seen both in the x - f diagram (Fig. 13a) and in the 

driver-gas density plot (Fig. 12b). Only for the 25 fj,m case have the particles penetrated into the driver gas. 

X 6.3   Representative case with water droplets 

Realistic mitigation systems would use water droplets and not solid particles, as in the simulations 

described previously. Our first resuhs using water droplets for mitigation show snapshots of the solution 

with no vaporization, empirical-;^ vaporization (Eqn. 38), and with the equilibrium vaporization (Eqn. 39). 

The density profiles are plotted in Figure 14, and the temperature, pressure, and velocity profiles are plotted 

in Figure 15. As shown m Figure 14, the total density and the density of the air both rise sharply for the 

vaporization cases compared to the non-vaporizing case. This is because vaporization adds mass to the 

gas-phase and also compresses the gas-phase by slowing the shock wave down further.  Looking at the 
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water vapor density, we see that the empirical-/? vaporization model evaporates considerably more of the 

droplets than the equilibrium vaporization model, and most likely represents an upper bound on the amount 

of vaporization taking place. 

Some interesting aspects of Figure 15 should be pointed out. For both vaporization cases, the tempera- 

ture is reduced significantly. For the empirical-/^ vaporization, the temperature in the shocked driven gases 

goes down to the cut-off temperature of 310 K, at which point no further vaporization takes place and the 

temperature remains constant. Although the temperature and density have both changed significantly with 

vaporization, the effects of these changes tend to cancel out such that the resulting shock pressure remains 

approximately the same (it is actually slightly lower for high levels of vaporization). 

Another interesting result is the total water mass in each of the sections. This quantity tells us how much 

water has evaporated, and how much mass has transferred between the different sections. The iategrated 

mass is shown in Figure 16. Because of the large differences in mass between sections, the y-axis is shown 

as a log plot, although withm each section the relationship between integrated mass and time is more linear 

than exponential. The interesting aspect of this plot is how little mass has actually evaporated. Finally, the 

effect of vaporization on the shock wave Mach number is shown in Figure 17. 

The small amount of vaporization seen in Fig. 16 is due primarily to the low temperatme of the shocked 

driven gases (about 400 K). The vaporization reduces this temperature quite rapidly to the limiting temper- 

ature for vaporization (for this study, the limiting temperature is set to 310K). This is a limitation of the 

present simulations, and only studies with stronger shocks will show the effect of appreciable vaporization. 

Also of interest is the considerably lower amount of vaporization for the equilibrium model as opposed 

to the empirical-jS model. There are several reasons for this resuh, some of which are physical and others 

are limitations of the model. First, the amount of vaporization for the equilibrium model is closely coupled 

to the temperature of the droplet. At low temperatures, the amount of vaporization is minimal, and much 

of the heat flux to a droplet is used to increase the temperatare of the droplet. Only after the droplet is 

heated will the vaporization rate become large. This is physically realistic and is an important improvement 

over the empirical-;^ model. However, because we are using the infinite conductivity model, we once again 

artificially limit the surface temperature of the droplet by requiring the entire droplet to be at a constant 
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Figure 16: Total integrated mass of water in individual sections for the representative water droplet cases. 
Mo = 1.49, ry = 0.63. Water droplets initially evenly dispersed from 25 /xm to 30 /xm. 

temperature. Near the shock front (where vaporization will be most important), however, the outer region of 

the droplet will be at a higher temperature and allow for more vaporization than the interior regions of the 

droplet, and thus the vaporization rate will be higher than that predicted by the infinite conductivity model. 

Also, because of the extremely high velocities encountered within the shock, the correlations currenfly used 

for convective effects may be inadequate. Therefore we feel that the equilibrium model represents a lower 

bound on vaporization, while the empirical-j8 model serves as a useful upper bound. 

6.4   Water droplet size effects 

Two parametiic studies were done to examine the effect of droplet size on shock mitigation. The first 

study keeps the mass-loading of water droplets constant, while varying tiie droplet size. This has tiie effect of 

also changing the number density of tiie droplets. The second set of cases keeps the number density constant 

while varying die droplet size. The results (in terms of shock wave Mach number) are shown in Figure 18. 

As can be seen comparing the two figures, tiie equilibrium value for the shock wave Mach number appears 

to be closely tied to the mass-loading and relatively independent of droplet size (apparent when comparing 

the 12.5-15 iim. and tiie 25-30 /um results), even tiiough close to tiie diaphragm die mitigation curves for the 
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Figure 17: Effect of vaporization on shock wave Mach number for the representative water droplet cases. 
Mo = 1.49,77 = 0.63. Water droplets initially evenly dispersed from 25 fim to 30 nm. 

constant number-density cases appear to more closely resemble each other. This may imply that the initial 

region may be more dependent on vaporization processes, whereas the equilibrium region is more dependent 

on the mass-loading, however, the results are not conclusive in this respect. 

7   Shock Wave Decay in Seeded Gases 

One of the key observations made in the section above is that maximum overpressure is greater for the 

"mitigated" cases than the unmitigated cases. Therefore, one may tWnk that injecting glass particles into 

the flow is rather poor at mitigating the effects of the blast overpressure. However, we now examine some 

cases with much smaller driver sections. These cases have a much shorter driver section of 0.5 m, while the 

seeded driven section and the unseeded driven section remain the same at 3.4 m and 0.1 m respectively. In 

these cases, the reflected rarefaction waves play an important role in the shock wave dynamics. 

7.1   Representative case with glass particles 

A representative solution was first run with identical gas and particle conditions as the representative 

solution with the long driver section. The seeded region contains a nearly mono-dispersed flow with one 
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constant at 
used. 

Effect of droplet size on shock wave Mach number.  Mass-loading of water droplets is held 
0.63 (a), number-density is held constant (b). Mg = 1.49. Empirical-^ vaporization model is 

Table 2: Simulations computed with the short driver section geometry. Length of driver section is 0.5 m for 
all simulations. 

■•V 

Section Length Mass Number Particle Vaporization 
Case# Dispersed-Phase Unseeded Seeded Loading Sections Size (/xm) Model 

1 None 0.1 3 0 NA NA 
2 Glass 0.1 3 0.63 1 26-28 
3 None 0.5 10 0 NA NA 
4 Glass 0.5 10 0.63 NA 0 
5 Glass 0.5 10 0.63 1 4-6 
6 Glass 0.5 10 0.63 1 9-11 
7 Glass 0.5 10 0.63 1 19-21 
8 Glass 0.5 10 0.63 1 39-41 
9 Glass 0.5 10 0.63 1 59-61 

10 Glass 0.5 10 0.63 1 99-101 
11 Water 0.1 3 0.63 6 0-30 None 
12 Water 0.1 3 0.63 6 0-30 Empirical-/^ 
13 Water 0.1 3 0.63 6 0-30 Equilibrium 
14 Water 0.1 3 0.63 6 0-60 Empirical-;5 
15 Water 0.1 3 0.63 6 0-15 Empirical-/? 
16 Water 0.1 3 0.63 6 0-120 Empirical-/? 
17 Water 0.1 3 0.63 12 0-30 Empuical-;S 
18 Water 0.1 3 1.26 6 0-51.3 Empirical-y5 
19 Water 0.1 3 0.315 6 0-17.54 Empirical-yS 
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section and a diameter range from 26 /xm to 28 nm. The mass-loading for all of these cases is 77 = rrS^^ Ip = 

0.63. As before, we show the gas-phase solution profiles at 1 ms intervals for the mitigated and unmitigated 

cases in Figure 19. For the unmitigated simulations, we see the classical shock-tube behavior. Even before 

1 ms, the rarefaction wave has reflected off the back wall. The rarefaction wave then tends to reduce the 

pressure just behind the shock wave until it finally reaches the shock front and affects the shock wave. The 

rarefaction wave also lowers the temperature behind the shock wave and substantially slows down the driver 

gases. 

Comparing the unmitigated (dashed) and the mitigated (solid) pressure results in Figure 19c, the overall 

pressure is clearly reduced for the mitigation simulations away from the initial diaphragm (after approxi- 

mately X = 1.2 m). Because of the shape of the pressure profiles for the mitigated studies, the rarefaction 

wave has less far to travel to relieve the maximum overpressure for the shock front, and thus reduces the 

maximum overpressure much more quickly than the unmitigated case. The same is true for the momentum, 

density, and velocity within the shock front. 

Figure 20 shows the gas-phase and particle-phase profiles for the representative solution. The particle- 

phase profiles tend to follow the same behavior as for the mitigation cases with long driver sections. One 

difference is found in the temperature solutions. Figure 20b. For the long driver sections, the particles reach 

a high-temperature only within the driver gases. For the mitigated cases, the particle temperature increases 

past the contact discontinuity, but then this high temperature moves into the region of flow with the driven 

gas. The reason for this is that the driver gas is being slowed by the rarefaction wave. Because the particles 

adjust to the gas velocity slowly (as shown in Figure 20d), the particles move from the driver gas back into 

the driven gas. This is also why we see a higher velocity for the mitigated cases away from the initial shock, 

such as in Figure 19f for the 4 ms (red) results. 

Close to the diaphragm, before the rarefaction wave affects the shock front (at a time of 1 ms), the 

pressure for the mitigated cases is slightly greater than the unmitigated cases. Further downstream, how- 

ever, shown in Figure 19c, the overpressure does decrease for the mitigation cases. To quantify better the 

resulting overpressure decrease due to the glass particles for specific distances from the diaphragm, pressure 

sensors were placed at 5 cm intervals in the seeded driven section of the shock tube. Taking the maximum 
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Figure 19: Snapshot of representative solution at 1 ms intervals for unmitigated (solid) and mitigated 
(dashed) shocks. Mo = 1.49, r? = 0.63, 26-28 /xm particles with small driver section geometry. 
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Figure 21: Maximum overpressure for representative solution as a function of sensor location. Mo = 1.49, 
T) = 0.63, 26-28 nm particles with small driver section geometry. 

overpressure at each point and plotting it versus sensor location, the amount of pressure mitigation observed 

for a given distance from the initial diaphragm is quantified. This is plotted in Figure 21 to give a good idea 

of the amount of mitigation to be expected for the given geometry. 

7.2   Glass particle size effects 

Important to this study is a determination of the effect of particle size on the mitigation characteristics 

of shock waves in seeded gases. A parametric study of particle size was done using the same set up as 

described above for the representative solution. The size of the driven section is extended to 10 meters such 

that we capture a larger portion of the decay region of the shock wave. The diaphragm is located at axial 

location x = -0.5 m such that the unseeded/seeded interface is now at the origin. 

The range of sizes considered for the parametric study varied from infinitely small particles (equivalent- 

gas formulation) to 100 fim particles. The results are divided into two groups: small particles (particles 

smaller than around 40 fim) and large particles (particles larger than around 40 ij.m). The pressure profile at 

five ms intervals is shown in Figure 22 for several different particle sizes. Fig. 22a shows the smaller particle 

group, and Fig. 22b shows the larger particle group. With the smaller driver section, attenuation starts very 
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Figure 22: Snapshots of pressure profiles at 5 ms intervals for particle size study. Mg = 1.49, rj = 0.63, 
with the small driver section geometry (0.5m) and an extended seeded driven section (10m). 

soon after the diaphragm breaks. The dotted line for both plots indicate an unmitigated case. Attenuation of 

the unmitigated shock wave begins about 2 m downstream from the seeded/unseeded interface (about 2.5 m 

from the diaphragm). Attenuation of the mitigated shocks begins before that, as we saw in the representative 

case. Looking at the smaller particles, as the size increases, the peak pressure that is sharp for the infinitely 

small particles becomes rounded and more diffuse for the larger particles. This is especially apparent for the 

largest particles shown in Fig. 22a, which shows considerably more overpressure reduction than the smaller 

particle cases, but less reduction in the shock wave velocity . 

For the larger droplets, a different trend is evident. Early in the calculation (at 0.01 seconds) the pressure 

profiles for the largest particles (60 //m and 100 /im) still resembles the unmitigated pressure wave (although 

the maximum pressure is reduced substantially). At this point, the flow is still transitioning from the un- 

mitigated profile to the mitigated equilibrium profiles. During this transition, the pressure is not reduced as 

fast as the smaller particle cases. However, once the transition is complete, the pressure reduction becomes 

much greater, and is more similar to the smaller particle cases. 

The above 2 sets of results suggest fliat there is an optimum droplet size. Another way of look at the 

results is given in Figure 23. These plots show the maximum overpressure felt at any point downstream of 

the seeded/unseeded section interface. Again, the plot is divided into two groups dependent on the particle 
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Figure 23: Maximum overpressure as a function of sensor location. Mo = 1.49, rj = 0.63, with the small 
driver section geometry (0.5m) and an extended seeded driven section (10m). 

size for clarity of presentation. The graph of smaller droplets (Figure 23a), shows that increasing the size 

clearly increases the amount of pressure reduction up to about 40 urn. At this point, the plot becomes much 

more difficult to interpret because during the initial phases of decay, the shock wave is still transitioning to 

its equilibrium setup with respect to the particles. Thus the deceleration of the shock wave is slower, until it 

completes the transition at which point it increases. This effect is more clearly shown for the larger particles 

in Fig. 23b. 

7.3   Representative case with water droplets 

As before, we first examine the effect of the vaporization models on the decay characteristics of the 

shock wave for a representative case. This representative solution uses the same conditions as the previous 

representative solution for glass particles, except that water droplets are used instead of glass particles. The 

density, pressure, and temperature profiles are shown in Figure 24. As with the glass particles, downstream 

from the diaphragm the pressure is reduced for mitigated cases compared with the unmitigated case, with 

the greatest reductions in maximum overpressure seen with vaporization. Also interesting to note is that 

the temperature goes below 300 K for both vaporization cases. This is because the droplet vaporization 

tends to reduce the temperature drastically before the rarefaction wave reflects and penetrates into the driven 
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gases, as demonstrated in Figure 15b for steady shock waves. When the rarefaction wave penetrates into 

the driven gases, the temperature is further reduced, at which point it goes below 300 K. Currently there is 

no condensation model in the program, but clearly some condensation may occur at this point raising the 

temperature. The total integrated mass in several sections is shown in Figure 25. 

In terms of mitigation, we again have pressure sensors spaced 25 cm apart. Plotting the maxunum 

overpressure for each sensor m Figure 26 and comparing the non-mitigating and mitigating cases, we clearly 

see the effect of vaporization on the maximum overpressure felt at any location. Interesting to note is that 

the equilibrium vaporization model initially gives results similar to the non-evaporating results; however, 

by the end of the domain the maximum overpressure is close to the empirical-^ vaporization results. This 

is because the equilibrium model produces much smaller vaporization rates initially, until the surface of 

the droplets increase m temperature; however, as the shock wave continues to travel the total amount of 

vaporization tends to approach the amount vaporized with the empirical-/^ model (Figure 25.) 

7.4   Water droplet size effects 

The next set of sunulations looked at the effect of droplet size on mitigation of the maximum overpres- 

sure. As with the previous studies on droplet size, we do two sets of simulations and compared the results. 

All of these cases used the empirical-/? vaporization model. The first set kept the mass-loading constant at 

0.63 and varied the droplet size from 12.5-15 ^m to 100-120 /xm. The second set of computations kept the 

number density constant for all cases and varied the mass-loading with the particle size. 

The results for maxunum overpressure as a function of location for both series of computations are 

shown in Figure 27. Because the shock wave is fairly weak, the temperature of the shocked driven gases 

only reaches about 400K, and this is rapidly cooled by evaporation of only a small part of the water avail- 

able. Because of this, the parametric study with the mass-loading constant (Fig. 27a) follows closely the 

characteristics of the glass particle study presented earlier in this report. 

The parametric study keeping the number density constant as the droplet size and mass-loading varies 

is shown in Fig. 27b. The idea behind this study is that for the smaller droplets, a larger percentage of the 

available water is able to vaporize, thus the reduction in pressure (relative to the larger droplets and larger 

mass-loading) is more similar even though much less water is used. From the results, it is difficuh to tell 
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whether there is any benefit from using smaller droplets and a smaller mass-loading. Part of the reason for 

this is that it is not appropriate to keep the number density constant. A more appropriate study would keep 

the surface area constant between different droplet sizes, thus the amount of vaporization is similar. For 

our case, there will still be more total vaporization for the larger droplet cases, even though the percentage 

of water evaporated is smaller. Apart from this, these cases suffer from the same problem as the other 

vaporization studies; namely, that the shock wave is too weak to create high temperatures in the shocked 

gases, limiting the amount of vaporization that will occur. 

8   Summary and Conclusions 

Because of the number of simulations conducted for this report, we first summarize our results before 

presenting conclusions discussing the relevance to blast mitigation. The report started with a summary of 

shock relations for transmission of shock waves through particle-laden flows for infinitely small particles. 

From this analysis, it was found that for most cases, transmission of the shock wave results in compression 

of the particle-laden gases by a reflected shock wave, an increase in the overpressure behind the shock 

wave and a decrease in the shock wave velocity. The increase in overpressure is caused by compression of 
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the gases due to lower gas velocities. This analysis, however, did not account for particle size effects or 

vaporization effects, which requires a numerical treatment. 

The sectional approach for dispersed-phase numerical simulations was consequently developed for a 

convective flow-field. This approach allows the dispersed-phase to be treated by continuum conservation 

equations. Cross-coupling terms between the gas and dispersed-phase, and between the different sections 

in the dispersed-phase were developed using single-droplet models. The infinite conductivity model was 

used for calculating the energy of the particles, and the equilibrium vaporization model was used for cal- 

culating vaporization rates with corrections to account for convective effects. The sectional approach was 

then incorporated into a high-speed computational fluid dynamics code based on the flux-corrected-transport 

algorithm. 

The numerical methodology was first validated using experimental data. The experiments investigated 

the transition of the shock wave from unseeded gases to gases seeded with glass particles. Good agreement 

was found with the results for different Mach number shock waves and different mass-loading of particles. 

Interestingly, it was found that better agreement could be found at the beginning of the transition region 

for simulations that did not include heat transfer, although these simulations generally did not get the equi- 

librium shock wave Mach number correct. This is most likely caused by the infinite conductivity model, 

which keeps the particle surface temperature artificially low initially, thus overpredicting heat transfer to the 

particles. 

Further simulations were conducted to examine the mitigation characteristics of steady and decaymg 

shock waves impinging on seeded flows. First, we simulated the effects of steady shock waves, produced 

using shock tubes with long driver sections. We described both the effect of non-vaporizing particles and 

vaporizing droplets on the pressure and velocity of the shock wave. We found that although seeding the 

flow generally causes the shock wave to slow down, the pressure developed behind the shock wave actually 

increases in particle-laden flows. For infinitely small particles, the square wave form is maintained, however, 

for finite sized particles the shock structure is spread out such that the maximum overpressure is developed 

downstream of the actual shock front. With vaporization, the temperature is reduced considerably. The 

pressure, however, is reduced only slightly because the density of the gas has now also increased significantly 
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due to the water vapor. For the cases presented in this report, the amount of vaporization is quite small due to 

the weak shocks we investigated, which result in only moderate temperatures for the shocked driven gases. 

Another set of simulations examined decaying shock waves, produced using shock tubes with short 

driver sections. Again, we looked at the effect of different particle sizes on the velocity of the shock wave and 

the pressure developed behind the shock front. Unlike the steady shock waves, the maximum overpressure 

for decaying shock waves is reduced for the particle-seeded simulations. This effect is caused because the 

droplets tend to disperse energy away from the sharp peak. As the particle size mcreases, this effect becomes 

more pronounced. However, there is a conflicting effect. If the shock wave has not fully transitioned to 

the final shock structure corresponding to the equilibrium condition, the particles are not as effective in 

dispersing the energy away from the sharp peak. This results in higher maxunum overpressures compared 

to smaller droplets. The eifect of vaporization for these cases is to further reduce the maximum overpressure 

felt at specific locations. The degree to which the maximum overpressure is reduced depends on the amount 

of vaporization that occurs. For the simulations done, we found a small overall reduction in maximum 

overpressure and a somewhat larger reduction in the velocity of the shock wave. As for the previous studies, 

the small effect of vaporization on the maximum overpressures is due to the low temperature of the shocked 

driven gases. 

Additional studies are required to further quantify the effects of water droplets on blast mitigation and 

how to effectively mitigate them. In particular, vaporization needs to be more closely studied. These sim- 

ulations indicated that vaporization decreases the air temperature significantly, but only has a small effect 

on the shock overpressure. Because of the low temperatures in the shocked driven gases for these cases, 

vaporization had only a secondary role in the mitigation studies conducted above. A stronger shock wave is 

essential to allow the vaporization to have a more critical role in mitigating the shock wave produced from 

either a blast or a shock tube. 

Blasts from explosives are in many ways similar to the shock tube flows used for this study. The initial 

explosive is analogous to the shock tube driver section, and acts to form the shock wave after the energy 

is released. For blasts, because of the small size of the explosive and the fact that most blasts spherically 

emanate from the initial explosive (unlike shock tubes, which are usually planar), the shock wave for the 
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blast almost instantly starts decaying. From the simulations with the planar shock wave, we would expect a 

particle-laden flow to effectively mitigate this type of shock wave since it is similar to the decaying shock 

waves discussed in this report. 

Although shock tubes and explosive blasts share many similarities, they also have significant differences. 

In addition to the previously mentioned difference between planar and spherical shock wave, explosive blasts 

have density ratios that are significantly greater (by orders of magnitude) than these produced in a shock 

tube. Also, many explosives are oxygen-deficient, and thus have reactions occurring withm the driver gases. 

Penetration of the droplets into the driver gas region will lead to additional mitigating effects. Although 

numerical simulations may guide experimental work for determining mitigation of explosive blasts from 

water mist, experimental work is crucial in determining the validity of the simulation technique and for 

refining the models to the extreme environments found for explosive blasts. 
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