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Effect of pressure on the combustion characteristics of tungsten-

potassium perchlorate-barium chromate delay powder

Hidetsugu NAKAMURA', Norihide SURUGA’, Miyako AKIYOSHI',

and Yasutake HARA'

Some combustion experiments and analysis of the combustion residue were carried out to clarify

the pressure effect on the burning characteristics of a tungsten - potassium perchlorate — barium
chromate delay powder. The results obtained are as follows.
The linear burning rate of the W/KCl10,/BaCrO, delay composition increased with increasing

external pressure, and a fuel-rich composition had a larger burning rate. Additives changed the
combustion characteristics and had a different effect according to the composition. The heat of

reaction and the maximum combustion temperature increased with increasing external pressure,
because of the increase in tungsten oxidation. From the time - temperature history analysis, the
addition of diatomaceous earth caused an improvement in heat conduction of the delay powder.

1. Introduction

So-called gas-less pyrotechnic mixtures of tung-
sten - potassium perchlorate — barium chromate (W
/ KCIO, / BaCrO,) have been used in various pyro-
technic devices because of their precise delay time.
There have been many studies on these delay com-
positions, which dealt with combustion characteris-
tics” and burning rate modifiers”. However, there
have been few studies which deal with the pressure
effect on the combustion of delay powders.

Delay powders in pyrotechnic devices are used in
sealed assemblies. Therefore, a requirement exists
for a minimum change in burning rate at the vari-
ous external pressures. In this study, some com-
bustion experiments, such as burning rate, combus-
tion temperature and heat of reaction, and analysis
of the combustion residue were carried out to clarify
the effect of pressure on the tungsten - potassium
perchlorate — barium chromate delay powder com-

bustion.
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2. Experimental
2. 1 Materials

The sample tungsten powder obtained from a com-
mercial supplier had an average particle diameter
of 1.36 u m. Potassium perchlorate was prepared
by pulverizing and sieving a reagent grade mate-
rial, and its average particle size was about 10 z m.
Barium chromate was a reagent grade with an av-
erage diameter of about 1 2 m. Diatomaceous earth
and sodium fluoride were reagent grade with an
average diameter below 147 u m.

The delay powders were prepared using an ordi-
nary ball-mill mixer after weighing the ingredients.
The formulations of the delay composition are shown
in Table 1.

2. 2 Analysis
Qualitative analysis of the reaction residue was
performed using common X-ray powder diffraction.

2. 3 Combustion experiments

The delay compositions were burned in an alumi-
num cylindrical tube, and the time for 10 mm burn-
ing was recorded using a digital memory with opti-
cal fiber signals. One delay composition divided into
nine equal parts was loaded nine times in one delay
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Table 1 Formulation of W/KC10,/BaCrO, delay

composition

Composition (part) | Additive
W KCIO, | BaCrO, x (part)
64 | 3% | 30 0
’ DE. 1

DE. 5

; . NaF 1

| ; | NaF 5

86 | 4 30 0
! * DE. 1

: DE. 5

; NaF 1

‘} j NaF 5

40 60 | 30 0
* i DE. 1

DE. 5

. NaF 1

NaF 5

x; x part of additive was added to 100 parts of the
mixture of W, KC10, and BaCrO,
D.E.; Diatomaceous earth

tube, and the bulk density was 60% of the theoreti-
cal maximum density. The delay tube has an inside
diameter of 6 mm, an outside diameter of 15 mm
and a 30 mm length. The burning rate was mea-
sured in nitrogen atmosphere in the same way as
for the heat of reaction and combustion tempera-
ture.

A "Shimadzu auto calculating bomb calorimeter”
was used to measure the heat of combustion. The
sample was loaded in the delay tube and then placed
in the bomb before firing. Measurement was car-
ried out in atmospheric and pressurized nitrogen.
The combustion temperature was measured with a
Pt-Pt/-Rh thermocouple ( ¢ = 0.1 mm) using a Digi-
tal Scope DL708 from Hokushin Denki Co., Ltd.

3. Results and discussion
3. 1 Effect of pressure on the combustion of the W /
KCIO, / BaCrOQ, delay composition
The main reaction of the W / KC10, / BaCrO,
delay composition is the oxidation of tungsten by
potassium perchlorate according to the following

Kayaku Gakkaishi, Vol. 61, No. 5, 2000

5t (W/KCIO¢/BaCrO,) .
I —F
2 --D———D'D"ﬂ 86/14/30 o8
gl o o0000—0°"
1;'.’ i O 64/36/30
é" 0.5 /A/MXA/
1]

i }a/

/A 40/60/30
0.1 _-/A
Lol sl PRI |
0.01 01 1
Pressure (MPa)

Fig. 1 Effect of pressure on the linear burning rate
of the W/KClO,/BaCr0, delay composition

equation;
4W + 3KCI0, — 4WOQ; + 3KCl1 (1)

In this study, the delay compositions are classi-
fied into three types. One is a tungsten— excess or
fuel-rich composition(W / KCIO, = 86/14 by wt.),
and the others are a stoichiometric (64/36) and a
potassium perchlorate-rich (40/60) composition.
Thirty parts of barium chromate were added to 100
parts of the mixture of tungsten and potassium per-
chlorate by weight. Barium chlomate acts as a burn-
ing rate modifier®.

Fig.1 shows the results of the linear burning rate
of the W/KCl0,/BaCr0Q, delay compositions in the
pressure range of 0.01 MPa ~ 5 MPa. For the de-
lay compositions, the linear burning rate increased
with increasing external pressure and increased
with increasing tungsten content; the tungsten-ex-
cess composition had a few to about twenty times
larger value under every external pressure com-
pared to the other compositions. For gasless delays
propagation, the thermal conductivity (or thermal
diffusivity) of the mixture plays a very important
role”. Hill and coworker reported that the linear
burning rate of solid phase combustion S is repre-
sented by the following equation using the thermal
conductivity 1, heat of reaction q, specific heat C,,
density p, reaction zone width w, combustion tem-
perature T, ambient temperature Ta and thermal

— 226—



Table 2 Pressure index of W/KC10,/BaCrO, delay composi-

tion
Composition; W/KC10,/BaCrO,(part)
64/36/30 86/14/30 | 40/60/30
Additive (part) : -- -4 s
‘ Pressure (MPa)
0.01-2.1 2.1-4.6 ;0.01-4.6 : 0.01-4.6
0 \ 0. 081 0.613 0. 099 0.277
DE. 1 | 0.088 0.374 0. 092 0. 160
DE. 5 0. 081 ‘ 0. 100 0.194
NaF | 0.093  0.87 I 0. 097 -
NaF 5 0. 106 1. 061 i 0. 098 0. 336
diffusivity «*-®.
Pressure {00 EI Wwo
S,=1q/{wC}? o (Ti-Ta)} (MPa) 8 S ﬁa 4
=a [q/{ (WC,(Ti-Ta) }] (2) 31 O a 0. AKWOy)Cl
o Sy LATLT e o
According to this, a fuel-rich composition has a high I 1, It | | i l e gl 1
burning rate because of its large thermal conduc- 21 s =
tivity. 8 g 0
In propellant combustion, the linear burning rate A a On . n
under pressurized conditions S, is represented by ‘g rf’ ? I . l [ [ | g |
the following Vieille's equation; 8 o u
g 11 A
S,.=bP" (3) On ] o .
where P is the pressure, n is the pressure index and | ' 1 | l i | N |
b is a constant. A linear relation existed between Sy [ ]
and P in a log-log graph for fuel-rich and potassium 0.1 o
perchlorate-rich compositions, but a stoichiometric 50 B O m n
composition had a break point. The n index values o ? ('? | & , l? | [ I?
2 1 1 al
i ine in Fig. isted in Tabl : T T
obtained from the decline in .Fxg 1 are liste m 'able 10 2IO 3!0 4:0 0 pa 710 20
2. Asmall nindex was obtained for a fuel-rich com- 26 (deg.) CuKa

position below about 5 MPa and for a stoichiomet-
ric composition below 2 MPa.

Fig.2 shows the results of X-ray powder diffrac-
tion for the combustion residue of a stoichiometric
composition. The combustion residue contained
unreacted tungsten, barium tungstate(BaWQ,), po-
tassium chloride and potassium tungsten oxide
chloride(K(WQ;)Cl). The diffraction peak intensity
of tungsten became small with increasing external
pressure. This indicated a greater extent of tung-
sten oxidation under high pressure.

3. 2 Effect of pressure on the combustion of the W /
KCIO, / BaCrO, delay composition with additives
Fig.3 shows the effect of the addition of diatoma-

Fig. 2 X-ray powder diffraction of the combustion
residue of W / KC10, / BaCrQ, delay compo-
sition.

Full scale of intensity for pressure 3.1 MPa,
2.1, and 1.1 ; 2000 cps, 0.1 ; 4000 cps

ceous earth on the burning characteristics of the W/
KCl0,/BaCrO, delay composition under nitrogen
atmosphere. The linear burning rate of the W/
KC10,/BaCr0Q, delay composition with diatoma-
ceous earth also increased with increasing ambient
pressure. However, the addition of diatomaceous
earth to a fuel-rich composition decreased the burn-
ing rate. On the other hand, the linear burning rate
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Fig 3 Effect of addition of diatomaceous earth(D.E.)
on the burning characteristics of the W/
KCl0,/BaCrO, delay composition under pres-
surized nitrogen

(W/KCIO/BaCrO,/NaF)
86/14/30/0

—

5 0000
64/36/30/0

N @ ~

L 64/36[3

L @ @

;o 64/36/30/5

al N a g s el i .2 31232

0.01 0.1 1

Pressure (MPa)

Fig. 4 Effect of addition of sodium fluoride on the
burning characteristics of the W/KC10,/
BaCrO, delay composition under pressurized
nitrogen

Burning rate (cm/s)

of a stoichiometric composition increased with the
increasing addition of diatomaceous earth. More-
over, the delay composition of W/KC10,/BaCrQ,/
diatomaceous earth = 64/36/30/5 showed a linear
relation on Vieille's plots over all pressures differ-
ently from that without the additive. Fig.4 shows
the effect of the addition of sodium fluoride. On
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Fig. 5 Effect of pressure on the heat of reaction of
the W/KC1O,/BaCr0,/D.E. (Diatomaceous

earth) or NaF delay combustion
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Fig 6 Example of time - temperature histry for the
W/KCl10,/BaCr0Q,/D.E. delay combustion
Tyx: Maximum combustion temperature
tz: Period which is needed for the tempera-
ture to rise up to its maximum at the point
where the thermocouple is inserted

adding sodium fluoride, the linear burning rate de-
creased for all compositions. The pressure indices
of the compositions with and without additives are
summarized in Table 2. The pressure index was
small for almost all compositions except for a sto-
ichiometric composition under high ambient pres-

sure.
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Table 3 Combustion temperature and temperature
rise time of the delay composition of W/
KC10,/BaCrQ, =86/ 14/ 30 (by part)

Composition (part) | Pressure y TM tr
\"'Z4 KClO,/ BaCrO4/ DE., (MPa) @ (C) | (sec)
01 | 763 135
CL 1076 | 1.40
2.1 1094 | 1.55
86/14/30/0 e | 1101 | 180
N 1135 | 1.40
46 | 1105 | 140
01, 1027 | 1.50
" L1 ' 1051 1.65
' 2.1 1054 ' 1.35
86/14/30/1 i 2.6 | 1084 | 1.35
L o31 | 1081 160
| 4.6 | 1075 @ 1.60
0.1 * 818 | 1.55
L1 | 910 | 1.40
2.1 931 | 1.35
86/14/30/5 26 977  L55
| 3.1 1025 | 1.55
a6 | 932 l 1.65

3. 3 Effect of the pressure on heat of reaction and
combustion temperature

Fig.5 shows the effect of pressure on the heat of
reaction of the W/KC10,/BaCrQ,/additive = 64/36/
30/x(by wt.) delay combustion. The heat of reac-
tion increased with increasing external pressure.
From X-ray powder diffraction of reaction residue,
it was confirmed that the extent of oxidation of tung-
sten became greater under pressurized nitrogen.
This caused a high heat of combustion under high
external pressure. Additives decreased the heat of
reaction.

In a combustion wave, the unreacted layer was
heated by thermal conductance. Fig.6 showed the
time - temperature history at the point where the
thermocouple was inserted for the combustion of the
mixture of W/KC10,/BaCrO, = 64/36/30 with and
without an additive under 4.6 MPa. The time needed
for the temperature to rise to maximum tempera-
ture (Ty,) was designated as tg (abbreviated as tem-
perature rise time), where the time zero was deter-

Table 4 Combustion temperature and temperature
rise time of the delay composition of W/
KClO4/ BaCrO, = 64/36/30 (by part)

e - .

Composmon (part) ’Pressure tr
W/KClO4/BaCrO4/DEi (MPa) (°c) ' (sec)
0.1 | 872 § 1.25
L1 | 1065 | 1.00
{ 2.1 | 1034 | 1.15
64/36/30/0 2.6 } 1141 | 1.15
3.1 | 1077 | 1.05
| 4.6 ! 1058 | 0.95
o E 854 | 1.30
L1 . 924 1.20
2.1 1005  1.25
64/36/30/1 2.6 | 1037 | 1.20
© 3.1 {102 [ 115
| 4.6 | 1032 | 110
0.1 718 | 1.35
1.1 911 : 1.30
_ 21 991 . 1.45
64/36/30/5 26 968 | 1.25
31 994 i 1.35
46 104

1. 50

i
|
i
i
|
i
|

mined as a time at which the temperature rise of
thermocouple commenced. Table 3 and 4 showed
the maximum temperature and temperature rise
time measured for the composition of W/KC10,/
BaCrO, = 86/14/30 and 64/36/30 with and with-
out diatomaceous earth under nitrogen atmosphere.
Though the fuel-rich composition had a larger val-
ues of ty compared to the stoichiometric composi-
tion, it could not be found that the additive had a
principal effect on combustion (Table 3). However,
if diatomaceous earth was added to the composition
of W/KC10,/BaCrQO, = 64/36/30, the temperature
rise time (tp) of the mixture with additive became
longer compared with the data without additives
under the same pressure. tg is dependent on ther-
mal diffusivity and combustion temperature. There-
fore, this result means that a large t; corresponds
to a large thermal diffusivity, even though the maxi-
mum temperature of the mixture with additive was
lower compared with that without additive. From
these results, we can conclude that the addition of
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diatomaceous earth causes an improvement in the
thermal diffusivity.

4. Conclusions

The linear burning rate of a W/KC10,/BaCrO,
delay composition increased with increasing ambi-
ent pressure, and a fuel-rich composition had a large
burning rate. Addition of diatomaceous earth to a
fuel-rich composition decreased the burning rate. On
the other hand, the linear burning rate of a stoichio-
metric composition increased with increasing diato-
maceous earth.

The heat of reaction and the maximum tempera-
ture increased with increasing external pressure.
This was ascribed to the high extent of tungsten
oxidation in the composition. From the time - tem-
perature history, the addition of diatomaceous earth

caused an improvement in the thermal conductance
for a stoichiometric composition.
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