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               Studies on Explosion II 

  On the Measurement of the Dynamic Pressure Caused by Explosion 

                          of Powders. 

          By Yoshikazu WAKAZONO and Shigetaka  KITAO 

                      (Manuscript received January 13, 1966) 

                              Abstract 

   Smokeless powders such as nitrocellulose containing nitroglycerine have been used for 
  common propellants. Recently, these powders have also been used as the propellant of 
  rivet steels. The efficiency of a rivet ejector is mainly influenced by the exploding 

  properties of powders. In this respect, we especially measured the dynamic pressure 
  caused by the explosion of powders, and discussed the relation between the dynamic 
  pressure and the several properties of these powders such as particle size, particle 
  from, and surface conditions of particles. 

    We further discussed the initiating methods of these powders. From the results of 
  these expariments, we recognized the following facts  : 

   (1) The wave form of the dynamic pressure caused by the explosion of powders is 
  scarcely influenced by the components and particle form of these powders, if an explo-

  sion is caused in a closed chamber with the loading density of powders of 0.3 g/cc or more. 
   (2) Reacting period of powders in a closed chamber is not effected by the initiating 

  methods. 
   (3) Wave form of the dynamic pressure is influenced by the state of the closed 

  chamber. 
    The details of the measuring methnds for the dynamic pressure and the overall results 

  of the experiments are shown in this paper. 

 1. Introduction 

  To apply powders for  propellants, it is considered extremely important to 
become fully acquained with their exploding or deflagrating properties. In 

 order to investigate the mechanism of explosion and the initiating methods of 
 powders, it is also important to make research into the dynamic pressure 

 caused by explosion. 
  It is needless to say from the thermodynamical view point that the mecha-

 nism of chemical reaction is usually discussed on the basis of the results of 
 measurements of pressure and temperature. In the case of the fast reaction, 

 such as that of powders or explosives, however it is generally difficult to take 
 proper measurement of the temperature caused by the reaction. Therefore 

 the measurement of dynamic pressure is a very important clue and means to 
 account for aspects of explosion. 

  Along this line of thoughts, we constructed two pressure  gauges  : One with 
 an elastic steel plate and another with barium titanate for direct measurement
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of the exploding pressure, and then, we evaluated the measuring methods of 
dynamic pressure under various conditions. Further, we discussed the rela-
tions between the state of dynamic pressure  caused  by  the  _explosion of powders 
and their properties. 

2. Principles of measurement of dynamic pressure 

 Several kinds of manometer such as Bourdon's tube, Pitot bube and mercury 
column have been used for the measurement of hydrostatic pressure. While 
the blastmeter has been widely used for the dynamic pressure measurement, 
the measuring methods with these manomters are sufficient for the static 

pressure, because, the responsiveness of these manometers for pressure can 
be left out of consideration. 

 However the above enumerated methods are not usable for the continuous 
dynamic pressure measurement, as the time responsiveness of manometers 
cannot be neglected and, in addition, the time responsiveness is an important 
factor for the decision of the measurable limits of these pressure gauges. 

 It has been recognized that the responsive time of the pressure gauge must 
be infinitesimal in comparison with the reacting period or reacting time of 

powders or explosives. The reacting time shows the period of pressure develop-
ment when the reaction of the materials (such as powders) are initiated and 
come to a steady state. 

 As the period of pressure development caused by explosion of powders is 
accepted to be 1 ms or below, the responsive time of the continuous pressure 

gauge used for explosion of powders should be within 1 ms. 
 It is customary in the continuous pressure measurement for the pressure to 

be transformed into some other measurable value resulting from the pressure, 
for instance, the value of the strain in the elastic zone of a certain material 
or the value of piezoelectricity. Further, it is generally  convinient  to measure 
these transformed values with electric or electronic equipment such as a 
cathode ray oscillator. 

 Using the elastic steel plates and piezoelectrical materials for the trans-
forming elements of pressure, we constructed pressure gauges, the details of 
which are shown in the next paragraph. 

3. Measuring methods 

 In this measurement of exploding pressure, we adopted two  methods  : one is 
the method using elastic steel plates for the transforming elements, and the 
other is by means of barium titanate which is piezoelectric. 

3-1 Pressure gauge with elastic steel plates 

 The pressure gauge with elastic steel plates consists of a main body, a plate 
supporter, a rear supporting cap, an elastic plate and an electrode as shown 
in Fig. 1. The main body, plate supporter and rear supporting cap are made 
of iron-chromium steel and the elastic plate is of iron. Young's modulus of 
this plate is  2.2X  106  kg/cm2 and the plate is 0.8 mm or 1.6 mm in thickness. 
The capacity of the exploding chamber is 0.17  cm'. The mechanical strength 
of this equipment is designed to withstand a pressure of more than 4,000  kg/cm'.
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 The elastic plate fixed on its border shown in Fig. 2 is depressed toward 
the electrode by the exploding pressure. The maximum depression in the 
central point of the plate naturally occurs in the direction of the acting pres-
sure and the grade of the depression is in proportion to that of the acting 

pressure in the elastic zone. The relation between the depression and the 
acting pressure is shown by the next proportional equation. 

 W  =  Pa4  /64D  ,  D  =  Eh3  /12  (1—  ti2) 

 In the above equation, W is the maximum value of the depression in the 
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central point of the plate, h is the thickness, a is the radius, E is the Young's 
modulus and  ti is the Poisson's ratio of the plate respectively. 

 In the meantime, the electric capacity between the elastic steel plate and 
the electrode shown in Fig. 1 varies with the depression caused by the pres-
sure  (P), as the capacity is the function of the distance between the steel 

plate and the electrode. 
 Therefore, the exploding pressure in a closed chamber can be measured 

from the variation of the voltage caused by that of electric capacitance in the 
electric circuit shown in Fig. 3. In using this electric circuit, it is important 
to keep the relation between the measuring voltage and the variation of the 
capacitance in a linear condition. 

 In this experiment, we measured the voltage with a Cathode Ray Oscillator 
                        and, by connecting the oil pressure pump to the 

 xie 
  /4 exploding chamber, obtained the calibration curve 

 /3 shown in Fig. 4. The calibration curve shows 
  /2 the relation between the measured voltage and 

 I/                         th
e value of hydrostatic pressure in the oil pump.  .7E  Jo 

   9                           From these data we recognized that the rela- 
  cy) 
s 8 tion between the measured voltage and the  pres-

 (,)7 sure value was linear, if the pressure was within 

  ,n5    6                        1,200  kg/cm3, and that the depression of the steel 

  4plate was caused within the elastic zone of its 
    3  0 plate, which is suitable for continuous pressure 

 2 measurement . 
                           In this exploding pressure measurement, the 

     0/  0.203  0.4  05 0.6  0.7  0.8  09  10 value of exploding pressure of powders was esti-
        Voltage  (mV) mated from the static pressure value represented 

 Fig. 4. Calibration  curve. by this calibration curve. 

3-2  Piezoelectric pressure gauge 

 The piezoelectric pressure gauge is shown in Fig. 5. This equipment con-
sists of a main body, two pistons, two piezoelectric elements, two supporting 
copper springs, two plugs and a rear supporting cap. The main body and 
rear supporting cap are made of iron-chromium steel and the pistons are of 
iron steel. The plugs are the same kind as those used in automotive engines. 
Barium titanate is used for the piezoelectric transforming elements, which 
are supported by the copper springs in the oil chambers. Two iron steel 

pistons form partitions between the oil chambers and the exploding chamber. 
 The capacity of the exploding chamber is designed as 0.34 cm3. As each oil 

chamber is compressed by pressure from the exploding chamber, the capacity 
of exploding chamber increases at the ratio of 0.05  cm3 per 1,000  kg/cm3, which 
is calculated from the compressibility of the oil used. 

 The piezoelectric transforming elements are discoid as shown in Fig. 6 and 

generate electricity by pressure. The relation between the generating voltage 
and the acting pressure is shown in Fig. 7. In these experiments, we used 
this relation for the measurement of pressure. 

 We measured through such an electric circuit as is shown in Fig. 8., the
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generating voltage of the piezoelectric elements with Cathode Ray Oscillator. 
In the circuit, time constant is 1.1 s, which is sufficient for the time required 
for pressure development. 

3-3 Ignition methods 

 In order to ignite powders, we adopted electric ignition system using fuse-
heads shown in Fig. 9. 

 The  ignitinglelectric circuit is shown in Fig. 3 and its electric resistance is 
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                Fig. 5. The equipment of pressure measurement using 

                   piezoelectric elements. 
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approximately 1.2  S2. 

4. Samples 

 4-1 Samples of powders 

 Samples of powders are shown in Table 1. 
4-2 Samples of fuse-heads 

 Samples of fuse-heads are shown in Table 2. 

                              TABLE 1. 
                              Samples of powders. 

                  Ingredients  (%)                                            Particle size Sample No.  Particle form 
              Nitroglycerine Nitrocellulose(mesh) 

  1 40 60 +35 Plate 
  2 40 60 —35 Plate 
  3 0 100 +35 Plate 
  4 0 100 —35 Plate 
  5 10 90  +35 Spheroid 
  6 10 90 —60 Spheroid 
  7 20 80 +35 Spheroid 
  8 20 80 —60 Spheroid 
  9 30 70 +35 Spheroid 
  10 30 70 —60 Spheroid 
  11 40 60 +35 Spheroid 
  12 40 60 —60 Spheroid 

                              TABLE 2. 
                               Samples of fuse-heads. 

 Sample No. Sign Chemical composition of fuse-head 

      1 RF barium nitrate , tricinate, tetracene, ferrosilicon 

    2 DDNP diazodinitrophenol 

     3  1S diazodinitrophenol, potassium  perchlorate 

  The total weight of chemical composition of fuse-head is about 10 mg.
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 5„ Results of experiments 

 Example of pressure wave forms are shown in Photos 1, 2 and 3. Photos 1 

and 2 show the results of the measurement using the pressure gauge with an 
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elastic steel plate as described in sub-paragraph 3-1, and Photo 3 was obtained 
from the piezoelectric pressure gauge as explained in sub-paragraph 3-2. 

 In the wave form shown in Fig. 10 which represents the general wave form 
obtained from these measurements, t1 shows the initiating time, t2 shows the 
reacting time,  pi shows the maximum pressure value and P2 stands for the 
steady pressure value after the exploding reaction of the powders. 

 The results of these experiments are shown in the sub-paragraphs below. 
Those results in sub-paragraphs from 5-1 to 5-3 were obtained by the pressure 

gauge with elastic steel plate and those in sub-paragraph 5-4 were obtained 
by the piezoelectric pressure gauge. 

 5-1 Relations between initiating time and electric current flowing through the 
ignition circuit with fuse-head (Fig. 11) 

 5  - 

                                 4- •                                                                         Q.) 
                                                                              •... 3- 

                                                        cy)2- 

                                                                                  IliiIi1111  
 2  3  4  5  6  7  8  '9  10 

 IElectric current = E/R (A) 

 

t  kt,  I t2   Fuse-head  Sample  No.2  (DDNP) 
 t,: Initiating time Powder Sample  No.I 

    t2: Reacting time  Initiating voltage 
 P,: Maximum pressure value  /3 Electric resistance of 

 P2. Steady pressure value  igniting circuit ( 1.252) 

      Fig. 10. General wave form. Fig.  11. Relations between initiating 
                                              time and electric current. 

                              TABLE 3. 
                           Initiating time (ms). 

     Fuse-head RF DDNP  1S 

    Initiating 1.2  2.0  4.  3 
 voltage  : 6V 1. 3 1. 5 5. 5 
 1.5  2.6  6.0 

     Resistance of  1.  2  2.2  6.  9           i
gniting circuit  :      1

. 20 1.  5  2.  5  5.  0 
 1.4  2.8  4.2 

 Powder  :  2.  0  2.  3  3.  6            S
ample No. 1  1.3  4.8 

      Average  1.  43  2.  27  5.  0
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                                TABLE 4. 
           Relations between maximum pressure and particle size and other 

        properties. 

    Samples of powder t1 Pi  t2  P2 C
onditions of 

   No.         Ingredients of Particle(ms) (kg!cm2)(ms) (kg/C IIIi                                                      2^measurements   nitrogrlyceri ne size  
 (%)  I (mesh) 

  1 40  +35 1.0 800 6.5 95 Fuse-head : RF 

  2 40  -35 1.0 840 5.0 100 Loading  density 
  3 0 +35 1.3 1080 7.5 80  0 .3  g/cc 

  4 0  1  -35  1.1 1180 6.5  1  95                                                         I
nitiating voltage 

 5 10 +35 1.7 840 7.0 93 7.5V 

  6 10 -60 1.1 900 6.0  93                                                            Re
sistance of 

  7 20 +35 1.1 980  5.5 97 igniting  circuit  : 

  8 20  1 -60 1.01000 5.0 96 1.252 

  9 30  +  35 1.1 940 5.3 105 
  10 30  -60 0.9  1 1000 5.0 100 
 11 40 +35 0.6 820 5.6 95 

 12 40 -60 0.5 880 5.4 110 

^  

 X103  0                                    C
orrected curve--I 

 1 
 ^  3-  1  0 

                                I                                                     --
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    co /  0 
                                                                    1... 
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, I I , I I I ^ i , ^ I  
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                         Loading  density  (g/cc) 

                 Fig. 12. Relations between maximum pressure and 
                  loading density. 

5-2 Relations between kinds of fuse-heads and initiating time (Table 3) 

5-3 Relations between maximum pressure and particle size and other pro-

perties (Table 4) 

5-4 Relations between maximum pressure and loading density (Fig. 12)
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6. Evaluation of measuring methods 

 By means of the pressure gauge with the elastic steel plate, it is impossible 
to measure the continuous exploding pressure, when its maximum value is 
more than 1,200 kg/cm2, for, once the elastic steel plate is deformed in its 

plastic zone by a high pressure, it does not return to the original state as 
described in paragraph 3. 

 Although the resonance frequency of the steel plate is 3,000 cycles in its 
elastic zone by theoretical calculation, this calculated value is not adoptable if 
the deformation is caused in its plastic zone. 

 Therefore, the pressure gauge with elastic plate is usable only for the 
measurement of a pressure which causes the depression of the plate in its 
elastic zone. The time responsiveness of the pressure gauge is suitable for the 
exploding pressure continuing for more than 1 ms, as shown in paragraph 5. 

 In the estimation, by the piezoelectric pressure gauge, of the exploding pres-
sure in the chamber with an assumed constant capacity, the unavoidable 
increase in the capacity by explosion must be taken into consideration and 
the measured pressure must be corrected based on the increment. The re-
sonance frequency of the vibratory system in the gauge consisting of an 
exploding chamber, a piston and an oil chamber, is 2,500 cycles by the meas-
urement. 
 The time responsivness of this pressure gauge can be improved, as the 
resonance frequency of barium titanate is as high as 500 kc/s which shows 
the capability of improving the time responsiveness of the piezoelectric pres-
sure gauge. 

7. Consideration 

 7--1 Initiating time and electric current 

 From Fig. 11 in subparagraph 5-1, we observed that the igniting time using 
the same kind and same weight of fuse head became stable when the electric 
current was 4 A or more, and it was unstable when the electric current less 
than 4 A was used. From these facts, it is recognized that the priming 
energy for a fuse head with more than a certain energetic value is required 
in order to get a stable initiating time. 

7-2 Influence on initiating time by the kinds  of fuse head 

 From Table 3, we know that the average initiating time is 1.43 ms  when 
RF-priming composition is used for fuse heads, 2.27 ms in the case DDNP-

priming composition and 5.0 ms when  1S-priming composition is used. 
 Therefore, it is recognized that the initiating time or the starting period of 

ignition can be controlled by selecting the kind of priming composition used 
for the fuse head. 

7-3 Maximum pressure and particle size 

 From Table 4, it is noticed that the maximum pressure caused by explosion 
is influenced by the particle size of powders, even if the loading density it 
kept constant. The smaller the particle size is, the higher the maximum
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pressure becomes. From Table 4, we recognize that the maximum pressure 
was scarcely influenced by the particle form, and also wave forms could 
scarcely be influenced by such properties as particle size and form. 

 From these facts, it is recognized that the maximum pressure of explosion 
depends mainly on the particle size of powders, when the same kind of pow-
ders are ignited in a constant loading density. 

7-4 Maximum pressure and loading density 

 From Fig. 12, we know that the maximum pressure in the closed chamber 
with an assumed constant capacity was influenced by the loading density. 
The larger the loading density is, the higher the maximum pressure becomes. 
The measured maximum pressure value in closed chamber agrees with that 
from thermodynamical calculation. We further noticed that the maximum 

pressure was influenced by the condition of the closed exploding chamber. 
 Therefore, from the above facts, it is recognized that the condition of the 

exploding chamber is one of the most important factors for the effective 
utilization of powders for propellant. 

8. Conclusion 

 In these experiments, we recognized that these above described pressure 

gauges were usable for the continuous exploding pressure measurement of 
powders, and that the time responsiveness of these pressure gauges were ade-
quate to acquire the time-pressure curve of powders. 

 From the results of these exploding pressure measurements, we came to the 
conclusion that the priming energy for the fuse head, and the kind of fuse 
head were the main factors deciding the initiating time, and that the maximum 

pressure in closed chamber could be influenced by the loading density and the 
condition of closed chamber. Also, it was recognized that the wave forms of 
exploding pressure were influenced by the condition of the exploding chamber, 
but were scarcely influenced by such properties as particle size and particle 
form of powders. 

 In these experiments, we did not pay much attention to the influences by 
the thermal effects upon the explosion. We are now anxious to make further 
reserches into the mechanism of the exploding reaction of powders from the 
view poin of thermal measuerment. 
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