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LLNL Bomb Calorimeter (V=5.28 1)
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Composition: TNT products in O, & vacuum

- Atmosphere
Vacuum, Carbon dioxide, Oxygen,
Experimental conditions detonation detonation detonation
Balance level attempted - CO and H,0 COp and Hy0
Pressure, atm (absolute) - 1.66 2.46
-AH detonation®
Experimental 1093 + 11 1116 + 11 3575 + 35
Calculated from products 1133 + 15 1105 + 15 3594 + 60

Products, mol/mol TNT No 1.32 1.22 1.54

Ho0 1.60 1.55 2,65

Co,y 1.25 1.19¢ 6.82

co 1.98 2.05 0.38

c(s) 3.65 3.65 Not detected

Hqy 0.46 0.45 0.050

NH3 0.16 0.19 0.0050

CHy 0.099 0.099 0.0011

HCN 0.020 0.009 0.0005

NO Not detected Not detected 0.0011

CoHg 0.004 0.003 Not detected
Material recovery, mol%Z C 47.9 48.2 103

H 100 99.9 109

N 94.1 88.1 103

0 101 99.7 101

n



Multi-Fluid Model

FORMULATION: turbulent combustion in un-mixed gases

e  Three Fluids: Fuel-F, Air-A & Products-P defined by: {Qk,ux} where K = F, 4, P
* Asymptotic Limit: Re = Pe = Da — o

«  Compressible Flow: M > 0

CONSERVATION EQUATIONS: mixture

*  Mass: o2,p, +p,u=0

* Momentum: g u+dp,uu=-0p,

* Energy: 20,p,Ur +Mp,Uru=-0(p,u) where Up=u, +ullr/2
THERMODYANMIC FIELDS: fluids

* Fuel: o,pp + W pru=—p & 0,ppur + Wppupu=—pprlla = purp
 Air: g,p4 + W pm=-0p; & Ipuuy+llpum=—p,Mu-0ou,

« Products: J,pp+Mppu=(1+0)0; & Gppup+ppupu=-ppMu+(1+0)Xup

_ Pr(x,,t)0(t—t,) for A, 21
*  Stoichiometric Source: P = 0,(X,,t)0(—t,)/ 0 for A, <1

«  Adiabatic Constraint: > kux =0
K

SOLUTION: high-order Godunov scheme & AMR to follow turbulent mixing



Thermodynamic Model

Equations of State: fluid K (=F, A & P)

» Perfect Gas Equation:  pyvy =wy = ReTx

« Caloric Equation: uy =Fy(wg) - qg|+ Cx wx = wx =Fx (ug) Olug +laxl]/Ck

Pressures & Temperatures

*  fluid K: px = Pxwi = pxlug HaglV/Cx & Ty =wg /Ry

e mixture m:  Pm =PmWm = Pulty +|qm|]/cm & T,=w,/R,
where

P EZKPK ) YKE:OK /pm s Up EZKYKMK s W EZKYKWK; dm EZKYKqK ; Cm :ZKYKCKWK /Wm
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Le Chatelier Diagram: combustion of TNT in air
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Combustion Model

1. Reactants Formation: stoichiometric sub-grid mass mixing:

up =(up +touy)/(1+o) & wrp=(wrp+owy)/(1+0)
2. Combustion = material transformations in the Le Chatelier plane
» atuv = constant (closed systems): H“r =Ur

_ AQ—(Cp—Crlwp
Cptl

» at hp = constant (deflagrations):  up =uy

3. Thermal Equilibration = sub-grid energy mixing: Tx =Tn

Wle{ = RKTm

ug = —qg|+Cx wi
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Initial Conditions: Self-Similar CJ Detonation
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Evolution: Material & Vorticity Fields

QuickTime™ and a
Quidalpnaband a
are needed tclgeenMisepsOture.
are needed to see this picture.

10



IZ:_Z'u_'l.-i:L'l:'rEPIlZ:I'






IZ:_Zlu_'l.-iJ_trEPIlZ:I'






IZ:_Zlu_'l.-i:LtrEPIII:.'I'












Visualization of Exothermic Fields
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Post-Explosion Combustion of HE in Chamber
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Fuel Consumption
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Résume

Multi-fluid Model

e Gas-dynamic Conservation Equations for the mixture

« Mass & Energy Conservation Equations for each fluid, with source/sink terms

Thermodynamic Model

» Equations of State: for each fluid

*  Thermodynamic-Equilibrium Relations: for mixed cells

Combustion Model

« combustion occurs at thin exothermic sheets: Xs(%) (stoichiometric surface)
» sink for Fuel & Air mass and energy

« source for Products mass and energy

« Combustion = material transformations in the Le Chatelier plane:

ug(wg) = up(wp)
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Conclusions

This Model elucidates the link between turbulence (= vorticity)
and exothermicity (= dilatation) in the limit of fast chemistry.

It thus 1llustrates the dynamics of turbulent combustion where
exothermic effects are controlled by mixing — rather than by the

reaction-diffusion mechanism of Zel’dovich & Frank-Kamenetzkii (1938)
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