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ABSTRACT 

A model is proposed to simulate turbulent combustion in confined TNT explosions. It is based on: (i) the 
multi-component gasdynamic conservation laws, (ii) a fast-chemistry model for TNT-air combustion, 
(iii) a thermodynamic model for frozen reactants and equilibrium products, (iv) a high-order Godunov 
scheme providing a non-diffusive solution of the governing equations, and (v) an ILES approach 
whereby adaptive mesh refinement is used to capture the energy bearing scales of the turbulence on the 
grid. Three-dimensional numerical simulations of explosion fields from 1.5-g PETN/TNT charges were 
performed. Explosions in six different chambers were studied: three calorimeters (volumes of 6.6-l, 
21.2-l and 40.5-l with L/D = 1), and three tunnels (L/D = 3.8, 4.65 and 12.5 with volumes of 6.3-l)—to 
investigate the influence of chamber volume and geometry on the combustion process. Predicted 
pressures histories were quite similar to measured pressure histories for all cases studied. 
Experimentally, mass fraction of products, 

! 

Y
P

exp , reached a peak value of 88% at an excess air ratio of 
twice stoichiometric, and then decayed with increasing air dilution; mass fractions 

! 

Y
P

calc  computed from 
the numerical simulations followed similar trends. Based on this agreement, we conclude that the 
dominant effect that controls the rate of TNT combustion with air is the turbulent mixing rate; the ILES 
approach along with the fast-chemistry model used here adequately captures this effect. 
Keywords: TNT Detonation Products, Turbulent Combustion, ILES, Barometric Calorimeter 
__________________________________________________________________________________ 

1. Introduction 

 This paper describes the development of 
a gasdynamic model of turbulent combustion in 
confined TNT explosions. The particular 
problem under consideration is the blast wave 
formed by the detonation of a 1.5-g composite 
charge consisting of 0.5-g spherical booster of 
PETN surrounded by a 1.0-g spherical shell of 
TNT with initial densities of 

! 

"
0

=1.0  g/cc. The 
charge was placed in the center of a chamber. 
Six chambers were used: cylindrical 
calorimeters A (

! 

V
c
=6.6 l, L=21 cm, D=20 cm, 

L/D=1.), B (

! 

V
c
=21.2 l, L=30 cm, D=30 cm, 

L/D=1) and C (

! 

V
c
=40.4 l, L=37.9 cm, D=36.9 

cm, L/D=1), circular cross-section tunnel D 
(

! 

V
c
=6.3 l, D=12 cm, L=55.5 cm, L/D=4.65), 

and rectangular cross-section tunnels E (

! 

V
c
=6.3 

l, X=Y=8 cm, L=100 cm, L/D= 12.5) and F 
(

! 

V
c
=4 l, X=Y=10.1 cm, L=38.6 cm, L/D=3.8). 

The detonation of the charge created a blast 
wave that reflected off the chamber walls. The 
main diagnostic was Kistler 603B pressure 
gauges located on the lid of the calorimeters or 
end walls of the tunnels. Mixing of hot 
detonation products with air created a spherical 
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combustion cloud, which enhanced the chamber 
pressure. A typical example of this combustion 
effect is shown in Fig. 1, which depicts pressure 
history measured for 1.5-g composite 
PETN/TNT charge detonated in air versus N2 
(which suppresses combustion) atmospheres. 
Experimental results for 1.5-g composite 
PETN/TNT charges and PETN/Al charges were 
published in the 32nd Int. Combustion 
Symposium [1]. Here we describe numerical 
modeling of those experiments. 
 Such combustion effects were first 
studied by Ornellas [2] in detonation calorimeter 
experiments. 25-g TNT charges were detonated 
in a 5.3-l spherical bomb calorimeter; tests done 
in a vacuum measured the “Heat of Detonation, 
while tests done in O2 atmosphere measured the 
“Heat of Combustion”. The temporal evolution 
of the combustion energy was studied by Kuhl 
and Reichenbach using the barometric 
calorimeter technique [3]. 
 Previous numerical simulations include: 
gasdynmics of combustion of TNT products in 
air [4], afterburning of detonation products from 
1-kg TNT charges in 16-m3 chamber [5], 
investigation of effects of confinement on 
combustion of TNT explosion products in air 
[6], and numerical simulations of thermobaric 
explosions [7]. In addition, a heterogeneous 
continuum model of Al particle combustion in 
explosions has been used to model the PETN/Al 
experiments [8]. 
 Thermodynamic states in such 
combustion fields can be calculated by the 
Cheetah code developed by Fried [9]. In 
addition, Kuhl has found an analytic model for 
the turbulent combustion of TNT in a chamber, 
based on analysis in thermodynamic state space 
[10]. 
 Presented here is a multi-component 
gasdynamic model of TNT combustion in 
explosions. The model details, along with the 
numerical methods used for integrating the 
governing equations are presented in §2. Three-
dimensional numerical simulations were 

performed for 1.5-g PETN/TNT explosions in 
six chambers (A-F). Results are compared with 
experimental pressure histories in §3. This is 
followed by discussion of combustion efficiency 
in §4, and conclusion in §5. 

2. Model 

2.1 Conservation Laws 

We consider an initial value problem starting at 
the time the detonation wave reaches the edge of 
the charge, so the detonation products are gases. 
We model the expansion of the detonation 
products and the ensuing blast waves that are 
created in the surroundings. We model the 
evolution of the combustion fields in the limit of 
large Reynolds and Peclet numbers, where 
effects of molecular diffusion and heat 
conduction are negligible. The flow field is 
governed by the following conservation laws: 
 

! 

"
t
# +$ % (#u) = 0    (1) 

 

! 

"t#u+$ % (#uu+ p) = 0    (2) 
 

! 

"t#E +$ % (#uE + pu) = 0   (3) 

 
where 

! 

" and "  represent the gas density, 
pressure, u is the gas velocity vector, 

! 

E " u + u #u /2  denotes the total energy, and u is 
the specific internal energy. 

2.2 Combustion Model 

We consider two fuels: PETN detonation 
products (

! 

F
1
) and TNT detonation products 

(

! 

F
2
), along with their corresponding combustion 

products: PETN-air (

! 

P
1
) and TNT-air (

! 

P
2
); their 

compositions are given in Tables 1 and 2. We 
model the global combustion of both fuels 

! 

F
k
 

with air (A) producing equilibrium combustion 
products 

! 

P
k
: 

! 

F
k

+ A" P
k
  (

! 

k =1 or 2)  (4) 
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The mass fractions 

! 

Y
k
 of the components are 

governed by the component conservation laws: 

! 

"
t
#Y

Fk
+$ % #Y

Fk
u =& ˙ s 

k
   (5) 

 

! 

"
t
#Y

A
+$ % #Y

A
u = & '

k
˙ s 

k

k

(    (6) 

 

! 

"
t
#Y

Pk
+$ % #Y

Pk
u = (1+&

k
)˙ s 

k

k

'   (7) 

Fuel and air are consumed in stoichiometric 
proportions: 

! 

"
k

= A /F
k
. In the above, 

! 

˙ s 
k
 

represents the global kinetics sink term. In this 
work we use the fast-chemistry limit that is 
consistent with the inviscid gasdynamic model 
(1)-(3), so whenever fuel and air enter a 
computational cell, they are consumed in one 
time step. 

2.3 Equations of State 

 Our code carries the density and specific 
internal energy, along with the gas composition 
in each cell. These are used to calculate the 
pressure and temperature in a computational cell 
based on Equations of State (EOS). The 
thermodynamic states encountered during SDF 
explosions have been analyzed in [11]. Here we 
summarize only the salient features needed for 
the present numerical modeling.  
 Figures 2 and 3 present the locus of states in 
the Le Chatelier diagram of specific internal 
energy versus temperature (

! 

u "T ). Presented in 
Fig. 2 are curves for reactant components: 
PETN detonation products (PETN), TNT 
detonation products (TNT) and air (A); their 
corresponding equilibrium combustion products 
(

! 

P
k
) are depicted in Fig. 3. In this formulation, 

combustion becomes: 
 

material transformations from Reactants → 
Products at constant energy 

 
resulting in combustion temperatures of 3,175 K 
and 2,900 K for PETN-air and TNT-air systems, 

respectively (see Fig. 3). The system is iso-
energetic—so there is no energy addition (e.g., 
“Heat of Combustion”) in the energy 
conservation equation (3). In a reacting cell, 
before combustion, the reactants EOS are used; 
after combustion, the products EOS are used. 
 In [11] we have shown that these 
components behave as calorically-perfect gases 
for 

! 

T < 3,500K . Thus it is appropriate to fit 
them solely as a function of temperature. 
Piecewise quadratic functions were used to 
define the components c: 

 

! 

u
c
(T) = a

c
T
2

+ b
c
T + c

c
   (8) 

 

for 

! 

c = A,  F
k
,  P

k
. Given 

! 

u
c
, one can solve the 

quadratic to find the temperature. Then for a 
pure cell, the pressure is computed from the 
perfect gas law: 
 

! 

pc = "cRcTc     (9) 
 

or from the JWL function in the detonation 
products gases [11]: 
 

! 

pJWL (v,T) = A 1"
# $ v

0

R
1
$ v

% 

& 
' 

( 

) 
* e

"R1 $v / v0

+B 1"
# $ v

0

R
2
$ v

% 

& 
' 

( 

) 
* e

"R2 $v / v0 + RT /v    
(10) 

 

where v is the specific volume (

! 

v =1/" ). For 
mixed cells, the caloric equation of state retains 
the same form as (8), but the coefficients are 
weighted by the mass fraction of components in 
the cell. See [11] for more details and fitting 
constants. 

2.4 Numerical Methods 

The governing equations (1)-(3) and (5)-(7) 
were integrated with a high-order Godunov 
scheme based on an efficient Riemann solver 
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for gasdynamics first developed by Colella and 
Glaz [12] and extended to generalized 
conservation laws by Bell et al. [13]. The solver 
was modified to accommodate negative specific 
internal energies (vid. Fig. 2 and 3) associated 
with our thermodynamic formulation. In this 
approach, information propagates along 
characteristics at the correct wave speeds, and it 
incorporates nonlinear wave interactions within 
the cell during the time step. The methodology 
includes a limiting step (slope flattening) that 
automatically reduces the order of 
approximation in the neighborhood of 
discontinuities, while in smooth regions of the 
flow the scheme is second order in time and 
space. 
 The Godunov scheme has been incorporated 
into an adaptive mesh refinement (AMR) 
algorithm that allows one to focus 
computational effort in complex regions of the 
flow such as mixing layers and reaction zones. 
Our adaptive methods are based on the block-
structured AMR algorithms of Berger & Colella 
[14], and extended to three-dimensional 
hyperbolic systems by Bell et al. [15]. 
Embedded boundary methods are used to 
represent irregular geometries [16]. In this AMR 
approach, regions to be refined are organized 
into rectangular patches, with several hundred to 
several thousand grid-points per patch. One can 
refine based on discontinuities (shocks and 
contact surfaces), using Richardson error 
estimates, or for present purposes, on flame 
surfaces.  
2.5 Turbulent Mixing 
 AMR is also used to refine turbulent 
mixing regions; by successive refinements we 
are able to capture the energy-bearing scales of 
the turbulence on the computational grid. In this 
way we are able to compute the effects of 
turbulent mixing without resorting to explicit 
turbulence modeling. This is consistent with the 
so-called MILES (Monotone Integrated Large-
Eddy Simulation) approach of Boris [17]. A 
comprehensive review of implicit Large-Eddy 

Simulation (iLES) methods may be found in 
Grinstein et al [18]. A verification of the ability 
of our Godunov scheme to replicate the 
Kolmogorov spectrum of turbulent flows has 
been demonstrated by Aspden et al [19]. 
2.6 Initial Value Problem 
We assume that the charge is consumed by a 
constant velocity Chapman-Jouguet (CJ) 
detonation wave. Therefore we initialize the 
computational grid with the self-similar 
flowfield corresponding to a spherical CJ 
detonation wave of Taylor [20] when the 
detonation reaches the edge of the charge. 
Initially we use six levels of AMR grid 
refinement—to resolve the initial wave 
structure, and then drop refinement levels as the 
blast wave expands. 

3. Results 

 Evolution of the flowfield engendered 
by the detonation of a 1.5-g PETN/TNT charge 
was computed with the 3-d AMR code. We start 
with numerical simulations of the un-confined 
case, which will be used for flow visualization 
of the mixing (§ 3.1), and then move on to 
simulations of combustion in chambers A-F. 
Results will be compared with experimental 
pressure and impulse histories in §3.2 and §3.3. 
The latter will be used to establish mean 
chamber pressures and combustion 
completeness. 
3.1 Flow Visualization 

 In Fig. 4 we present a cross-sectional 
views of the evolution of the flow field created 
by the detonation of a 1-g spherical TNT charge 
in an unconfined space. Composition of the flow 
field is represented by colors: fuel is yellow, air 
is blue and combustion products are red. White 
dots denote the cells that are burning during the 
current computational cycle. Black lines 
represent contours of 

! 

" #u thereby making 
shocks visible, while green contours denote 

! 

" #u thereby making vorticity visible. One can 
see that the detonation products-air interface is 
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unstable and develops Richtmyer [21]-Meshkov 
[22] mixing structures with high vorticity. One 
can also see the spherical shock forming the 
blast wave in air, and an imploding shock in the 
detonation products (DP) gases. By 114 µs, the 
imploding shock has reached the center (r = 0); 
thereafter it propagates back through the DP 
gases (times 161µs and 221 µs), and then 
emerges from the DP cloud forming a second 
blast wave discovered by Brode [23]. This 
imploding shock draws the mixing structures in 
towards the center (114 µs) forming Taylor 
cavities [24,25]; Kelvin [26]-Helmholtz [27] 
structures are visible on the cavity walls. The 
vorticity in these cavities mixes the air with the 
fuel, forming hot (2,900 K) combustion 
products. Similar mixing structures are seen in 
experiments: Fig. 5 presents a shadow 
photograph visualization of mixing inside the 
fireball from a PETN/TNT (0.5g/1g) charge; 
Taylor cavities are prominent. An exterior view 
of the combustion products interface from an 
AMR code simulation is presented in Fig. 6, 
which shows numerous mushroom-capped 
structures. 
3.2 Pressure Histories 

 Pressure histories from numerical 
simulation of the 3-d combustion field in 
chambers A-F are presented in Fig. 7. These are 
compared with pressure histories measured at r 
= 5 cm on the lid of cylindrical calorimeters A-
C of different volumes (L/D=1), and the end-
wall of the tunnels D-F of different L/D ratios. 
Computed waveforms are quite similar to 
measured waveforms—judged on the basis of 
initial shock arrival time, peak pressure and 
waveform, and subsequent shock arrival times, 
peak pressures and waveforms. Agreement of 
various shock arrival times indicates that the 
temperature/sound speed fields computed for 
combustion of PENT/TNT with air similar to 
the experimental fields.  
3.3 Chamber Pressures 
 Pressure histories from Fig. 7 were 
integrated to compute the impulse:  

! 

Ik (t) = "pk (t ')dt '
1ms

3ms

#           (11) 

during 1<t(ms)<3. The impulse histories were 
fit with linear functions of time: 

! 

p(t) fit = a + "p c # t ; the slope then represents the 
mean chamber pressure, 

! 

"p c  (vid. Table 3). The 
so established mean chamber pressures from the 
computations are depicted as a function of 
chamber volume:

! 

V
c
 in Fig. 8 (for L/D = 

constant) and as a function of L/D (at 

! 

V
c
 = 

constant) in Fig. 9. They are similar to values 
inferred from the measured pressure histories 
[3]. Both are somewhat less than the theoretical 
values predicted for a Constant Volume 
Explosion (CVE) in a chamber (Fig. 8). Both 
diverge more and more from the 

! 

pCVE  as L/D 
increases (Fig. 10) because the tube 
confinement suppresses mixing and combustion. 

4. Discussion 

According to theory of combustion in a 
thermodynamically-isolated chamber [10], the 
mass-fraction of combustion products at late 
times (

! 

Y
P

") is related to mean chamber pressures 
by the relation:  
 

! 

YP

"
= [p c

"
# pR ]/[pP # pR ]         (12) 

 

where 

! 

pR  and 

! 

pP  denote the chamber pressures 
predicted for frozen reactants R and equilibrium 
combustion products P (corresponding to CVE 
explosions computed by the Cheetah code). 
Results are compiled in Table 3 and presented in 
Fig. 10 as a function of excess air ratio: 

! 

" =#
chamber

/#
stoich

 (corresponding to chambers 
A-C and F). Combustion products mass-fraction 
reaches a peak value of 88% for air 
concentrations about twice stoichiometric 
(

! 

" # 2), and then decay as air dilution increases. 
Presumably this is due to quenching by the cold 
excess air. The mass-fraction of combustion 
products computed from the numerical 
simulations (at t = 3 ms) follows similar trends, 



COMBUSTION IN TNT EXPLOSIONS 

6 

but their values are about 10% lower than the 
experimental values (see Table 3). 
5. Conclusions 
 A gasdynamic model has been proposed 
for numerical simulations of turbulent 
combustion of detonation products gases with 
air. It is based on the following elements: (i) the 
multi-component gasdynamic conservation 
laws, (ii) a combustion model utilizing the fast-
chemistry limit, (iii) a thermodynamic model 
assuming frozen reactants and equilibrium 
products, (iv) a high-order Godunov scheme 
providing non-diffusive solutions to the 
conservation laws, and (v) adaptive mesh 
refinement algorithm to capture the energy-
bearing scales of the turbulent mixing. Pressures 
histories from the numerical simulations were 
quite similar to measured pressure histories for 
all cases studied (chambers A-F). The model 
was able to capture the influence of chamber 
volume and geometry on the global fuel 
consumption; numerical results followed trends 
similar to the experiments in regard to mass-
fraction of products versus excess air ratio: 

! 

Y
P

"
(#) . Based on this agreement, we conclude 

that the dominant effect that controls the rate of 
TNT combustion with air is the turbulent 
mixing rate; the ILES approach along with the 
fast-chemistry model used here adequately 
captures this effect in the high turbulent post 
blast wave environment studied here. 
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Table 1. Composition (moles/kg) of frozen 
reactants 

Fuel H2O CO2 N2 CO CH4 H2 

PETN 11.5 10.7 6.3 5.2 — 1.1 

TNT 3.6 6.0 6.8 10.8 2.9 1.1 
 
Table 2. Composition (moles/kg) of 
stoichiometric equilibrium products 

Fuel H2O CO2 N2 O2 CO 
PETN-air 7.6 6.1 12.8 2.3 4.6 
TNT-air 2.4 5.1 22.3 1.1 2.0 

 
Table 3. Chamber pressures and mass-fraction 
of products 
 
Case 

! 

p CVE

*  
bars 

! 

p exp
*  

bars 

! 

p calc

*  
bars 

! 

YP,exp  
(%) 

! 

Y
P,calc

 
(%) 

A 8.94 8.37 7.65 88.4 73.6 
B 3.98 3.52 3.24 70.9 53.4 
C 2.64 2.13 2.17 39.3 45.1 
D 9.36 7.04 6.49 54.4 43.6 
E 9.36 5.44 5.84 22.9 30.7 
F 12.1 10.1 9.12 68.2 51.8 

* 

! 

p c = pa + "p  where 

! 

pa = 0.978 bars  

 
Figure 1. Comparison of pressure histories 
measured in calorimeter A, for a 1.5-g 
PETN/TNT charge detonated in air versus N2 
atmospheres. 
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Figure 2. Detonation products isentropes for 
TNT and PETN charges (

! 

"
0

=1g /cc ), with 
frozen Products composition for T<1,800 K.  
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c
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Figure 3. Combustion Products (CP) loci for 
stoichiometric mixtures of TNT-air (

! 

"
s

= 3.35) 
and PETN-air (

! 

"
s

= 0.482). Horizontal lines 
represent adiabatic combustion. 
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Figure 8. Comparison of mean chamber 
pressures with thermodynamic predictions of 
Constant-Volume-Explosions (CVE) as a 
function of chamber volume 

! 

V
c
 (L/D=1). 

 

 
Figure 9. Comparison of mean chamber 
pressures with thermodynamic predictions of 
Constant-Volume-Explosions (CVE) as a 
function of tunnel L/D (

! 

V
c
 = 6.3 liters). 

 
Figure 10. Mass fraction of combustion 
Products 

! 

Yp,c  as a function of 

! 

" .  
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    COLOR PLATE 1 
 

(a) t=56 µs 

 
 

(c) t=221 µs 

 
 

(b) t=114 µs 

 
 

(d) t=230 µs 

 
 

Figure 4. Evolution of turbulent mixing in a TNT fireball. 
 

 

 

 

 
Figure 5. Shadow photograph of a 
PETN/TNT (0.2g/0.5g) detonation 
products cloud. 

Figure 6. Combustion products 
surface from PETN/TNT charge 
(0.5g/1g) in air. 
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Case C (40.5-liter calorimeter) 
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Case F (4-liter tunnel, L/D=3.8) 
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Figure 7. Comparison of pressure histories from numerical simulations with experimental data 
for explosion of 1.5-g PETN/TNT charges in cylindrical (L/D=1) chambers with different 
volumes (Cases A, B and C) and tunnels with different L/D ratios (Cases D, E and F). 
 


