This article was downloaded by:

On: 16 January 2011

Access details: Access Details: Free Access
Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Energetic Materials

Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713770432

Thermodynamic analysis of afterburning of detonation products in
confined explosions
Waldemar A. Trzcinski?; Jozef Paszula®; Piotr Wolariski®

@ Military University of Technology, Warsaw, Poland ® Warsaw University of Technology, Warsaw,
Poland

To cite this Article Trzcinski, Waldemar A. , Paszula, Jozef and Wolanski, Piotr(2002) "Thermodynamic analysis of
afterburning of detonation products in confined explosions', Journal of Energetic Materials, 20: 3, 195 — 222

To link to this Article: DOI: 10.1080/07370650208244821
URL: http://dx.doi.org/10.1080/07370650208244821

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713770432
http://dx.doi.org/10.1080/07370650208244821
http://www.informaworld.com/terms-and-conditions-of-access.pdf

13:49 16 January 2011

Downl oaded At:

THERMODYNAMIC ANALYSIS OF AFTERBURNING OF

DETONATION PRODUCTS IN CONFINED EXPLOSIONS

Waldemar A. Trzcifiski, Jézef Paszula
Military University of Technology

Kaliskiego 2, 00 908 Warsaw, Poland

Piotr Wolanski
Warsaw University of Technology

Nowowiejska 25, 00 665 Warsaw, Poland

ABSTRACT

In the paper, an attempt is undertaken to apply the thermodynamic
theory of closed combustion, proposed by A. K. Oppenheim and co-
workers, to analyse the process of afterburning of "the 'detonation
products of condensed explosives in a chamber filled with air. The
principal assumptions of the theory are presented and the problem
of combustion of fuel in a closed volume is formulated. The
relations between thermodynamic parameters and fuel consumption
are determined from the laws of conservation of volume, mass and
energy. These relations are used to estimate the rate and heat
effect of afterburning of - the detonation products of some
explosives in a steel chamber of 150 dm’ volume. The influence of
assumed degree of mixing of the combustion products and air on the
mean pressure in the chamber is discussed.
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INTRODUCTION

Effects of turbulent combustion of the detomation products of
condensed explosives have been studied recently in papers''s.
Explosives of high deficit of oxygen were used in these
investigations. The detonation products of such explosives are
fuels themselves and, under some circumstances, they can react
with oxygen from air, e.g., after detonation in closed wvolumes
(vessels, chambers) . In experimental investigations of
afterburning of the detonation products, overpressure histories at
the chamber wall are measured. To determine the effects of
afterburning, charges of the explosive tested are detonated in the
chamber filled with air or with inert gas. The averaged
overpressure histories are the basis for estimation of the rate of
combustion and the energy released. Moreover, from the averaged
overpressures, TNT equivalents for the explosives tested can be
determined for confined explosions®. The heat effect of
afterburning of detonation products can be also measured in the
calorimetric bomb®’ or estimated from the composition of products
determined after detonation in the chamber™?.

To estimate the rate of energy release in the chamber on the
basis the measured pressure, the theoretical model was applied in
papers*?®, in which the non-equilibrium state of the reacting
mixture was assumed. Apart from the pressure histories measured in
the chamber filled with air and nitrogen, the results of

thermochemical calculations were used in the procedure of
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determining the rate and final heat effect of combustion of the
detonation products of TNT and its mixtures with RDX and Al.

In Ref.?, the thermodynamic model was presented, in which a
pressure in the reacting mixture was homogeneous but temperatures
of the components, i.e., fuel (detonation products), oxidizer
(air) and combustion products, were different. It was assumed that
at the initial state all of the energy of detonation was stored in
the motionless detonation products, which expanded to the average
pressure measured in the chamber filled with inert gas. The model
was applied for estimation of the rate and heat of afterburning of
the detonation products of 875 g TNT in the chamber of 16.64 m® in
volume.

The model® of the reacting mixture of fuel, oxidizer and
combustion products was also applied in Ref.%, in which the final
heat of afterburning of the detonation products of TNT charges of
small mass (about 1 g) in a 100 dm® vessel were determined. The
initial state of air and detonation products was determined from
the laws of conservation of volume and energy.

In this paper, the thermodynamic analysis of afterburning of
detonation products in an enclosure is performed. In this goal,
the model of three-component mixture (fuel, oxidizer, combustion
products) and the theory of thermodynamics of closed combustion
systems (Oppenheim and co-workers!®’) are applied to estimate the
rate and total heat effect of afterburning of the detonation
products of chosen condensed explosives in a 150 dm® chamber. The
main assumptions of the theory are presented and its use for

analysing the process of afterburning is described. In particular,
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the influence of assumed degree of mixing of reacting mixture on
the pressure is studied. Results of experiments performed for 25-g
charges of TNT or TNT/RDX, with and without an aluminium additive,
are used in the analysis. These results are signals of
overpressure recorded after detonation of explosive charges in the

chamber filled with nitrogen or air.

THERMODYNAMIC MODEL OF CLOSED COMBUSTION

Formulation of the Problem

Due to combustion of fuel in an enclosure, the pressure of
closed gas increases. A part of the combustion heat is lost by
reason of heat flow to the walls. However, if these losses are
taken into account, there is an unambiguous relation between the
fuel consumption and the pressure in an enclosure. Thus, the
analysis of the combustion process and determination of combustion
characteristics on the basis on the pressure history are possible.

Like as in Refs, ™3

 let us consider a closed system, in which
the exothermic processes take place as a result of transformation
of reagents, R, into products, P. A rate of chemical reactions is
so fast, that the transition from R to P, if they are mixed, is
instant.

Fuel, ®, and oxidizer, Q, take part in reactions. In a closed
combustion system they form non-stoichiometric mixture - charge,
C. Therefore, the system, S, consisting of fuel, oxidizer and

combustion products, is a multicomponent medium, in which the

distribution of components in space is not taken into account.
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However, the thermodynamic parameters of each component can be
different. The internal energy and specific volume in the system
are assumed to be additive.

It is assumed that the principal thermodynamic reference

parameter is
Wy & D Vg (1)
where p and v denote the thermodynamic pressure and specific
volume, while k =@, Q, R, C, P and S.
The thermodynamic pressure is considered as spatially uniform.
Hence, the effect of pressure gradient is disregarded, so that
px = plt). (2)
where t, the time, is the primary independent variable. In view of
the fact, that p is a monotonic function of t and can be consider
as a measure of time, all the thermodynamic variables are its
functions only.
Under such circumstances, the balances of mass, volume and

energy are expressed, respectively, as

mg + mg + My = mg (3)
Vq Mg + Vo My + Vp Mp = Vg Mg (4)
Ug Mg + Ug Mg + Up Mp = Ug Mg (5)

where m, is the mass, and u, - the internal energy per unit mass.
For closed volume, ms and v are constant, but us may decrease due
to heat losses. Since, the internal energy of the system can be
expressed as ug = ug; - U,, where ug; denotes the internal energy at
the initial state, i, and u, - the heat losses per unit mass of

the mixture.
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After simple transformations, we obtain from Eqs. (3)+(5):

Yo+ Y, +Y% =1 (6)
W Yo + Wog Yy + Wp ¥p = Wy {(7)
Ug Yo + Uy Yy + Up ¥p = Ug (8)

where Y, is the mass fraction of the component k in the mixture.
The system of Eqgs. (6)+(8) is completed by the equation of
state of components. Thermodynamic properties of the componerits
are here presented on the so-called Le Chatelier diagram. This is
a plot of the loci of states of reactants and products on the
plane of specific internal energy, u, and thermodynamic reference
co-érdinate, w, defined by Eq. {1)'2. If components behave during
the adiabatic processes as a perfect gas, the curves on the u - w
plane are straight lines. An example of such a diagram is provided
by Fig. 1 expressing the properties of a hydrogen/oxygen mixture
(2 H; + 1.5 0O;). All the numerical results reported here are
obtained by the use of the CHEETAH code'. Lines Q and ® are the
loci of states of oxygen and hydrogen, respectively, compressed
isentropically from the standard state (0.1 MPa and 293 K) to the
pressure of 1.28 MPa, which is the final pressure of combustion of
a stoichiometric mixture of hydrogen and oxygen in an adiabatic
enclosure. Lines C, referring to the mixture of gases in the
initial ratio, and R, corresponding to the stoichiometric mixture,
are determined from the assuméticn of the additivity of specific
volume and interxnal energy. The properties of the combustion
products (water in gaseous state) are denoted by line P crossing

points hp and uv. These points represent the states of equilibrium
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attained, respectively, at the initial .enthalpy and pressure and
at the initial internal energy and volume. Contrary to lines 0
and ®, the entropy changes on line P. The curve of isentropic
compression of gaseous water from ph point is shown on Fig. 1 by

the dashed line. It is located very close to line P.
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FIGURE 1: Le Chatelier diagram for 2H; + 1,5 O, mixture

Let us assume that the hypothetical process of combustion of
fuel in a closed volume filled with oxidizer proceeds in the
following way. At the initial state, i, a small amount of reagents
maintained at constant pressure and enthalpy changes into
products, i.e., the products reach the state hp. In the next step,
the state of all the components changes immediately in the
adiabatic way to fulfil the condition of constant volume of the

mixture. The succeeding portion of reactants at line R (but from
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the point being different from point i) undergoes the
transformation into the products at the state on line P, when
pressure and enthalpy are at their values from line R. This
process is repeated until the combustion process ends. Thus, the
states of components in the adiabatic processes can change only
alongside the lines u, = ¢ wx + @ (k = Q, ®, P). The method of
solving the set of equations (6)+(8) for the components, which the
thermodynamic properties are expressed in terms of the Le

Chatelier diagram, will be presented hereafter.

Solution of the Problem

The variable Y = Y, is adopted as a progress parameter of the
combustion process. The mass fractions of other components are
expressed as functions of Y. At the initial state we have Y = O,

and from equation (6} the following relations can be obtained

-t

Y., = (9)
ol l+a

o
Yo = {10)
o l+a

where @ = Y¥/Ye; is the ratio of initial mass fractions of
oxidizer and fuel in the mixture. The ratio of their mass contents
in the stoichiometric mixture is denoted by o. Henceforth, the
mass fraction of oxygen is assumed to exceed that needed for full

consuming of the fuel. From the equations (6), (9) and (10), the
following expressions for Ye and Yo can be obtained
Yo =Fc - FRY , (11)

Yo =1-F -1 -FR)Y , (12)
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where F. = and Fy = are mass contents of the fuel in

l+co
the initial mixture (F; = Ye¢:) and in the stoichiometric one,

respectively.

The final mass of products is

Yf = —= . (13)

We normalise all the co-ordinates with respect to the initial

state of oxidizer, i.e.,

w

W, = —— , (14)
Wai
g -~

U = Y ~ 9o , (15)
Wai

»

p=E (16)
Py

where @ = ug for wg = 0.

In normalised co-ordinates, the thermodynamic properties of
the components on the Le Chatelier diagram are expressed by the
lines

Ug =Cq Wy (17)
Up =CeWe =0 (k=0,7), (18)
and the thermodynamic reference parameters, except for the

products, are related to pressure by polytropic functions

W, =W, P Y k=09, (19)

where Ye = 1+1/Ck-
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From the volume balance (Eg.(7)), the parameter W, can be

expressed as a function of Y (for Y > 0)

W — Wy — Fc (Wo — Wa)
’

Wy = Wy + 7

(20)

where Wy = Fp Wo + (1 - F) Wa.
Taking into account the 1linear relations (17)-(18), the
balance equations can be sclved for the products fraction

© =1+ kpWg + Wo(l = kp) + Felko(Wo — Woy) + 1 = Wy — koo — Wo)|
Qp + Woll - kp) + Falie(ke — kp) + Wolke — 1) - Qo]

Y =

(21)

where ke = Co/Cn, ke = Cp/Ca, Qe = Q/Ca, Slo = Qo/Cas® = U./Cn.
The system is assumed to be isolated, i.e., o = 0. In this
case, the relation is true: Ws; = Wy; P, where Wg; = FclWgs + (1 - Fo).
From the equation (21) and relations (19), the mass fraction
of the products, Y, as a function of the pressure P can be
calculated. Due to the fact, that the pressure is unambiguous
function of time, the equation (21) can be used to determine the

rate of combustion on the basis of the measured pressure history.

APPLICATION OF THE MODEL

Experimental

The process of afterburning of the detonation products of
condensed explosives was investigated in a chamber; it schematic
diagram is shown in Fig. 2. The chamber was filled with nitrogen

or air under a normal pressure. Charges of TNT, Tritonal (TNT/Al
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85/15), Hexatol {(TNT/RDX 50/50) and Hexatonal {TNT/RDX/Al
42.5/42.5/15) were detonated. Standard fuses were used to initiate
the detonation of the 25-g mass charges. Signals of overpressure
from two piezoelectric gauges located at opposite walls of the
chamber were measured. To eliminate the influence of the
gasdynamical processes on the averaged overpressure history, the
gauges were placed in special cells (sockets) (Fig. 2). From 3 to
5 tests were made for each type of explosive and gaseous filler of
the chamber. Selected overpressure records for TNT charges are
presented in Fig. 3 by dotted lines. The time starts at the moment

of the first reverberation of a shock wave at the chamber wall.

r”Jr‘4
4-5
—
-
1
>
6]
FIGURE 2: Schematic diagram of a chamber: 1 - pockets with

pressure gauges, 2 - a charge of explosive, 3 - teflon cylinder

sleeve, 4 - teflon separator, 5,6 - steel plates

The overpressure records have the oscillating nature. The main

oscillations are caused by shock waves reverberation at the
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chamber walls. Their amplitudes decrease with time. There is
observed “noise’ on pressure histories of smaller amplitude and
higher frequency. These disturbances are the result of turxbulence
of gaseous medium®, reverberations of shock waves inside the

sockets and vibration of the measuring system.

nitrogen

Ap [ MPa]
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FIGURE 3: Variation of the overpressure (dotted lines}) at the
chamber wall after detonation of 25 g of TNT and averaged

overpressure (solid lines)

The averaged overpressure histories were obtained by using the

following formula:
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cel

1 2
8 Paver(t) = - JAp trr, (22)

e-L

2
where Ap(t) is the measured overpressure, t denotes a “window” in
the averaging procedure. Chosen value of t was about two times
longer than the duration of the main peak on overpressure history.

The results of averaging are presented in Fig. 3 by solid lines.

Taking into considerations the results obtained in all
experiments performed for the given explosive and gaseous filler
of the chamber, the mean overpressure history was determined. In
the case of nitrogen in the chamber, it is assumed that the
reduction of the mean overpressure is caused mainly by the heat
flow to the chamber wall. Thus, the time-dependence of the mean

overpressure can be approximated by the following function:
B Papelt) = 8 po 7% (23)

where Ap, and a are constants, ¢, is the time corresponding to the
first point on the averaged histories (t; = 0.75 ms). The
parameter Ap, can be treated as the mean overpressure in the
chamber with walls isolated adiabatically.

In the case of air filler, the combustion process influences
the mean overpressure data. The averaged histories were
approximated by the following function:

:._.
BPape(t) = | 8Py + (8pa - 8P5)|1 - bEH || @720 (24)
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where App, was determined for the given explosive in the chamber
with nitrogen filler, Aps,, b, and a are constants, & - the final
time of observation of the combustion process (t, = 30 ms). The
calculated values Ap,, a2, Ap. and b are presented in Table 1.
Exemplary averaged histories of overpressure (pointed lines) and

approximating curves (solid lines) are shown in Fig. 4.

nitrogen
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FIGURE 4: Summary of averaged overpressure for 25 g TNT and

approximating lines
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TABLE 1

Calculated parameters for the functions (23) and (24)

Parameter of approximation

Explosive Gas
4p, [MPa] a 4p, [MPa] b
TNT nitrogen 0.278 0.0047 - -
air 0.278 0.0044 0.663 5.712 107
Tritonal nitrogen 0.288 0.0043 - -
air 0.288 0.0028 0.699 8.903 10°°
Hexatol nitrogen 0.294 0.0050 - -
air 0.294 0.0035 0.552 5.542 107
Hexatonal nitrogen 0.338 0.0036 - -
air 0.338 0.0042 0.635 1.300 10°®

Determination of the Initial State

The energy released during the detonation of an explosive
charge transfers into the kinetic and internal energy of air and
kinetic energy of detonation products. In view of the fact that

10412 in which the dynamic processes in

the A. K. Oppenheim theory
a closed system are neglected, is to be used to described
combustion of the detonation products, the detonation energy must
be distributed between the internal energies of the detonation
products and air. We assume that at the initial state the pressure
in the chamber filled with air, p;, is equal to the mean pressure
determined experimentally for the nitrogen filler, i.e., p; = Apg
+ pg, where p; is the atmospheric pressure. Thermodynamic
properties of the detonation products of tested explosives and air

under the initial pressure p; are evaluated in the following

manner. It is assumed that the detonation products expand along
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the Chapman-Jouguet (CJ) isentrope and reactions in the products
are frozen at 1800 K. Simultaneously, air 1is compressed
adiabatically. We assume that the expansion process ends when
pressure in the detonation products and air is just the same - p;.
The increase of the internal energy of air per gram of explosive
is denoted by Au,g. The mechanical work done during adiabatic
expansion of the detonation products from CJ-state to volume v,

corresponding to the pressure p,, is described by the relation'®

U2 vz
w,:—%+ dev, (25)
Ve

where uc; and v; denote, regpectively, mass velocity and specific
volume evaluated at the CJ point.

In the next step, an isochoric process is assumed for the
detonation products and air. Spatially uniform pressure increases
to p = p;. This process can be connected with transformation of
the kinetic energy into the internal enexgy of gases. The increase
of the internal energy of air and detonation products during the
isochoric process is denoted by Au,. At the end of this process,
the sum of energy of the detonation products and air differs from
the expansion work given by Egq. (25). Thus, in final step, the
states of the gases are assumed to change under constant pressure,
pP:, to fulfil the balance of energy. In this process, the increase
of enthalpy for the detonation products and air can be written in

the following manner

By = hy(vey) - ho("ois) ’ (26)
Ahg = ho(v;) - holvasis). (27)
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where subscript “is” denotes the state of gases after the end of
the isochoric process. The balance of energy in the chamber for

the constant pressure changes can be written in the following way
Mgy Ahg + me; Bhy = mey (W, — Bu,y - Buy,) (28)

where me; and mp; are masses of an explosive charge and air,
respectively. The volume of gaseous medium is restricted by the

chamber volume, V.. Thus
Mgy Voj + Moz Ve = Vo (29)

The set of equations (28)-(29) determines univocally the state
of detonation products and air after ending all dynamic processes
in the chamber. In this way, the initial conditions for fuel
(detonation products) and oxidizer (air) are obtained.

The method described is applied to determining the initial
states of gaseous mixtures for 25 g charges of the explosive
tested. In the case of aluminized exployives, it 1s assumed that a
part of aluminium does not react with oxygen during expansion of
the detonation products in nitrogen. It was proved in Ref.® that
in inert atmosphere about 70 and 80 % of aluminium reacted with
the detonation products of Tritonal and Hexatonal, respectively.
Calculated frozen compositions of the detonation products of
explosives detonated in the chamber with nitrogen are presented in

Table 2.
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TABLE 2

Compositions of the detonation products of explosives tested

Detonation Explosive
products TNT Tritonal Hexatol Hexatonal
[mol/kg])
N, 6.562 5.625 9.835 8.405
H,0 7.115 1.697 8.152 1.817
CO, 4.933 0.937 4.931 0.883
co 9.992 14.100 9.241 13.530
H; 1.543 5.257 1.472 5.682
NH3 0.0 0.005 0.007 0.006
CHy 1.160 1.235 1.259 1.235
C,H, 0.006 0.0 0.0 0.0
CH,0, 0.004 0.0 0.0 0.0
Cs 1.397 9.392 6.394 2.795
Al - 1.586 - 1.057
Al,0, - 1.850 - 2.114
4000 -I TTrryreave rl Ty T 1 vrrvrryryrrrr |<
2000 ¢ Mg, (W -Bu,-Au, -Ahy) ;
T or ]
- C Mg, Ahg N
& -2000 3
el - 1
0 - -4
c - h
(%] L 4
-4000 | n
[ v V. ]
-6000 | a ® -
(N B ) /| T A S S | 15 JE B I BN S 0

110 115 120 125 130 135
Volume {dm’]

FIGURE S: Diagram of energy balance in chamber at the initial

state
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To determine the thermodynamic state of the system of
detonation products and air for the initial pressure p;, equations
{28)-(29) are solved graphically. Exemplary diagram of the energy
balance is shown in Fig. 5. The calculated initial parameters of
components of the mixtures tested are presented in Table 3. Beside
of the specific volume, internal energy, enthalpy and polytropic
exponent, the value of initial temperature is given for each
component.

TABLE 3

Initial parameters of air and detonation products

Gas Parameter TNT Tritonal Hexatol Hexatonal
vas [emP/g)  699.1 645.4 625.5 654.3
he [cal/g] 154.9 144.0 140.9 178.9
Air ups [cal/g] 92.2 84.1 81.8 110.1
T [K] 911 870 859 999
*u 1.33 1.33 1.33 1.32
ves [cmi/g]  912.4  1281.4 1418.1 1220.4
hey [cal/g] -808.5  -677.4 -614.7 -799.6
giggszgim ver [cal/g] -891.4 -796.3  -748.6  -927.8
Tey (K] 1327 2322 1925 2024
Yor 1.18 1.16 1.20 1.18

Results of Calculations

Let us consider two models differing essentially in the degree
of hixing of detonation products and air. In first model, we
assume that the detonation products and air react in their
stoichiometric ratio, and the combustion products and excess air
are isolated adiabatically during the combustion process. The

thermodynamic properties of the components of reacting mixture for
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all explosives tested are expressed in terms of the Le Chatelier
diagrams. For example, the diagram in normalised co-ordinates is
presented in Fig. 6 for the TNT charge. Points i denote the
initial state, points f represent the final states corresponding

to complete combustion of the detonation products.

10

PRV N T S

"

Up = -20.192 + 5.512 W,

U U ST U S S VT WU N W S A B B T O

T

1.0 1.5 2.0 2.5 3.0
w

FIGURE 6: Le Chatelier diagram for confined combustion of 25-g TNT

detonation products in air (Fp > F¢)

The values of coefficients (¢ and ¢ (k = Q, @, P), obtained
from the Le Chatelier diagram, are. used to determine, from the
Egs. (19)+(21), the dependence of the thermodynamic parameters W,
and the fraction of combustion products Y on the non-dimensional
pressure P. If we assume, that the pressure in the chamber is

equal at any time to the mean pressure obtained from the
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approximation of the experimental data, then the degree of fuel
combustion, x = Y/Y, can be determined as a function of time.
Reduction of the mean pressure caused by the heat losses into the

chamber walls is taken into account by the following manner

o) = pp + [Ap,p,(t)] elt-to) (30)

3 4000 [
3 3 3s00f
3 i _3000f
3 EG [

i s F )

x E 2500 B

—— T ] 3 1 N ]

.......... T!‘itonal -E ; o E - . ]

——— Hexatol 3 2000 4 e Tritonal 7
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Hexatonal [ ——- Hexatonal ]
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FIGURE 7: Burning rate and heat effect of combustion of the

detonation products (Fy > Fc)

After calculation of the degree of combustion, we can
determine the combustion heat released according to the relation
AQ = X (Ceom — Quec)s Where Qcon, denotes the heat of combustion and
Csee is the heat of detonation of the explosive. The values of QOn
and Cg4: are estimated on the basis of the calculated compositions
of the products of combustion in oxygen atmosphere and detonation
in an inert gas, respectively. The time-dependence of the
combustion degree and the heat released in the chamber (Q = Qs +

AQ) for the explosive tested is presented in Fig. 7.
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The maximal degree of combustion of the detonation products
varies from 0.90 to 0.95 (Fig. 7). Meanwhile, the values of
0.68+0.76 were obtained in Ref.® for the same charges. But in
Ref.® the model was applied, in which the thermal equilibrium in
the reacting mixture was assumed. In the model used here, two
final components, 1i.e., air and combustion products, have
different temperatures and physical properties. To investigate the
influence of the degree of mixing of the components on the
dependence of x on P, we have used the second model, in which it
is assumed that air and detonation products react in the
proportion of these gases in the chamber at the initial state. It
means that reagents, R, are identical with the non-stoichiometric
mixture, C, i.e., Fp = F.. The Le Chatelier diagram for such a
mixture is shown in Fig. B8 for TNT. The dependence of the degree
of combustion and the heat released on the time is presented in
Fig. 9 for the explosives tested.

From comparison of Figs. 7 and 9 it follows that, for the
given explosive, the calculated degree of afterburning depends on
the model assumed. The highest difference in the final degree of
afterburning (about 30 %) is observed for Hexatonal. For all the
explosives tested, the lower values of the degree are obtained for
the model with more homogeneous distribution of the temperature in
the reacting mixture. To explain this fact, the dependence of P on
x calculated for both models is presented in Fig. 10 for TNT and

Hexatonal.

216



13:49 16 January 2011

Downl oaded At:

10

5 J
)
0
5 -5 ]

_10.:
] Uy, = -20.192. + 5.512 W,
] : £

-15 ] *

- R —

1.0 1.5 2,0 2.5 3.0
4

FIGURE 8: Le Chatelier diagram for confined combustion of 25-g TNT
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FIGURE 9: Burning rate and heat effect of combustion of the

detonation products (Fgp = Fc)
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FIGURE 10: Dependence of the non-dimensional pressure on the

degree of combustion of detonation products for the models used

From the Figure 10 it is visible that for the model with
combustion broducts isolated adiabatically from air (Fy > Fc) the
pressure in the chamber growths slowly with the degree of
combustion than for the model, in which a part of air is mixed
with the combustion products as an inert gas (Fs = Fc). It seems
that such dependence is caused by the fact that the physical
properties and contents of the combustion products are different
for both the models. One of the physical parameters is a
polytropic exponent. Its value influences the pressure of
compressed gas. In Table 4, the values of this exponent for
combustion products of explosive tested, and the final, maximal
fractions of the products are given. For comparison, the exponent

of air under conditions existing in the chamber is about 1.33, and

218



13:49 16 January 2011

Downl oaded At:

that of the detonation products varies from 1.16 to 1.20 (see
Table 3). Moreover, the initial states of the combustion products
are different for both models {(points i on lines P in Fig. 6 and
8).

TABLE 4

Parameters of combustion products for the models used

FR > Fc FR - Fc
Explosive
Ye Ye Te Y,
TNT 1.22 0.516 1.26 1
Tritonal 1.20 0.527 1.23 1
Hexatol 1.22 0.379 1.27 1
Hexatonal 1.20 0.412 1.25 1

From the results presented in this work and in Ref.%, the
conclusiomr can be formulated that the degree of combustion
estimated on the basis of the measured pressure history depends of
the model assumed for describing the mixture of detonation
products, air and combustion products. Generally, the degree of
combustion is higher for the model, in which the state of the
mixture is far from that being in the thermal equilibrium. To
choose the model appropriate to the actual afterburning of
detonation products in a-closed volume, the final composition of
the combustion products should be measured. The comparison of the
degree of combustion determined from the products composition with
that estimated from the pressure history enable us to verify the
model. The chemical composition of the combustion products can be

established by the use of the methods of gas chromatography®™”.
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SUMMARY

In the paper, the principal assumptions of the thermodynamic
model of combustion in a closed volume are presented. The
relationship between the mass fraction of ‘fuel consumed by the
exothermic process and the pressure in reacting system is given.
The model is applied in analysing the process of afterburning of
the detonation products of condensed explosives in an explosion
chamber. The pressure histories measured in the chamber filled
with nitregen or air after detonation of charges of four high
explosives are used. The initial state of fuel (detonation
products) and oxidizer (air) in the chamber is determined. The
thermodynamic properties of components of the reacting mixture are
expressed in terms of the Le Chatelier diagram. From the solution
of the inverse problem, i.e., estimation of the fraction of fuel
consumed on the basis of the pressure, the time-dependence of the
degree of combustion of the detonation products is determined.

Two models of combustion are considered. In the first model,
fuel and oxidizer react in a stoichiometric proportion and the
combustion products and excess air are isolated adiabatically each
another during the combustion process. In the second model, the
ratio of fuel to oxidizer in reactions is equal to their initial
proportion in the closed volume. This means that the excess air is
assumed to mix with the combustion products. The results obtained
indicate that the time-history of consumption of the detonation
product and the maximal heat effect estimated on the basis of the

pressure measured in the chamber depend on the assumed means of
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mixing of reacting gases. The estimated degree of combustion is

higher in case of the model with gases being in thermal non-

equilibrium.
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