


N A T I O N A L  A E R O N A U T I C S  A N D  S P A C E  A D M I N I S T R A T I O N  

Technical Report 32-7286 

An Investigation of Spherical Blast Waves and 

Detonation Waves in a Rocket 

Combustion Chamber 

John M. Bonnell 

Approved by: 

Liquid Propulsion Section / 

J E T  P R O P U L S I O N  L A B O R A T O R Y  

C A L I F O R N I A  I N S T I T U T E  OF T E C H N O L O G Y  

P A S A D E N A ,  C A L I F O R N I A  

August 15, 1968 



TECHNICAL REPORT 32- I286 

Copyright 0 196% 
Jet Propulsion Laboratory 

California Institute of Technology 

Prepared Under Contract No. NAS 7-100 
National Aeronautics & Space Administration 



PRECEDING PAGE BLANK NOT FILMED . 

Contents 

1 . Introduction . . . . . . . . . . . . . . . . . . . . . . . .  1 

II . Theoretical Analysis . . . . . . . . . . . . . . . . . . . . .  2 

111 . Experimental Program . . . . . . . . . . . . . . . . . . . .  3 

A . Cold Bomb Test Method and Results . . . . . . . . . . . . . . .  3 

B . Hot Bomb Test Method and Results . . . . . . . . . . . . . . . .  5 

IV . Theory and Experiment Compared . . . . . . . . . . . . . . . .  8 

A . Sample Calculation . . . . . . . . . . . . . . . . . . . . .  10 

B . Bomb Behavior in an Inert Medium . . . . . . . . . . . . . . . .  10 

C . Wave Travel Times . . . . . . . . . . . . . . . . . . . . .  15 

V . Concluding Remarks . . . . . . . . . . . . . . . . . . . . .  15 

A . Inert Environments . . . . . . . . . . . . . . . . . . . . . .  16 

B . Combustion Chamber Environments . . . . . . . . . . . . . . . .  16 

Appendix . Chapman-Jouguet Detonation Properties in a Dilute Spray . . . . . .  17 

References . . . . . . . . . . . . . . . . . . . . . . . . .  18 

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . .  19 

Tables 

1 . Cold bomb test results . . . . . . . . . . . . . . . . . . . . .  4 

2 . Hot bomb test results . . . . . . . . . . . . . . . . . . . . .  7 

1 . Hypothesized blast-detonation wave velocities in reacting and 
nonreacting media . . . . . . . . . . . . . . . . . . . . . .  1 

2 . Setup for cold bomb tests . . . . . . . . . . . . . . . . . . . .  

4 . Shock pressure ratio and average Mach number vs radial distance . . . . . .  

3 

5 

5 

. . 6 

3 . Average propagation velocity vs radial distance . . . . . . . . . . . .  

5 . Parameter E plotted as a function of radial distance for spherical coordinates 

JPL TECHNICAL REPORT 32-1286 ... 
Ill 



Contents (contd) 

Figures (contd) 

6 . Parameter E/p l  plotted as a function of radial distance for spherical 
coordinates . . . . . . . . . . . . . . . . . . . . . . . .  6 

7 . Parameter E vs radial distance. based on cylindrical coordinates . . . . . .  6 
8 . Dimensionless time-distance relationships fvs i) for the five tests . . . . .  7 

9 . Transient pressure records . . . . . . . . . . . . . . . . . . .  7 

wide range of Z and f i  . . . . . . . . . . . . . . . . . . . . .  8 

of Z and H  ̂. . . . . . . . . . . . . . . . . . . . . . . . .  9 

10 . Chapman-Jouguet detonation wave Mach number vs Z. 

11 . Chapman-Jouguet detonation wave pressure-ratio vs Z. wide range 

12 . Chapman-Jougu? detonation Mach number vs Z. narrower 

13 . Chapman-Jouguet detonation wave pressure-ratio vs Z. narrower 
ranges of Z and H . . . . . . . . . . . . . . . . . . . . . .  10 

14 . Wave travel time vs C-J Mach number for E = lo4 . . . . . . . . . . .  11 

15 . Wave travel time vs C-J Mach number for E = 5 X lo4 . . . . . . . . .  12 
16 . Wave travel time vs C-J Mach number for E = lo5 . . . . . . . . . . .  13 

17 . Axial distribution of vaporized liquid propellant . . . . . . . . . . . .  14 

18 . Selection of parameter E based on four trial calculations . . . . . . . . .  15 

ranges of Z and H . . . . . . . . . . . . . . . . . . . . . .  10 

A 

iv JPL 7f CHNlCAL REPORT 32- I286 



Abstract 

An investigation was conducted to determine the nature of the shock-like wave 
produced by an explosion in a liquid propellant rocket combustion chamber. A 
relatively simple model of the wave behavior was devised, It consisted of a 
spherical blast wave that developed into a steadily propagating Chapman-Jouguet 
plane detonation wave. The behavior of the blast wave close to the explosive 
source was determined by a series of bomb tests conducted in a chamber pres- 
surized with nitrogen. The behavior of a spherical wave in a reacting medium 
was determined by exploding bombs mounted on the axial centerline of a rocket 
combustor in a series of rocket motor firings. A comparison of the theoretical 
and actual times for a wave to travel from its source to the chamber wall indi- 
cated that the actual times were appreciably larger. However, the theoretical 
detonation conditions of the combustion chamber were rather ill-defined and 
could be adjusted to accommodate the experimental results. The results indicated 
that the bomb-generated wave, on its first pass to the wall, behaved more like a 
blast wave than a detonation wave. 
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An Investigation of Spherical Blast Waves and Detonation Waves 

in a Rocket Combustion Chamber 

1. Introduction 

The transition from a stably operating liquid propel- 
lant rocket engine to one that exhibits a high-amplitude 
and destructive, resonant (or oscillatory) mode is some- 
times accompanied by the sudden appearance at the wall 
of a high-amplitude steep-!fronted wave that resembles 
the detonation waves generated in other reacting sys- 
tems. In some instances, this disturbance is generated 
spontaneously. In others, it is initiated by a controlled 
perturbation, such as a bomb. Such waves have been 
characterized as “detonation-like” waves (Ref. 1). How- 
ever, in rocket engines, the fact that such waves are gen- 
erally superimposed upon another combustion process 
has led to some difficulty in demonstrating that the dis- 
turbance is a true detonation wave. In the sense used 
here, the term “detonation-like” refers to a shock-fronted 
disturbance that is driven by energy release because of 
combustion in a very thin zone immediately behind the 
shock front. This is unlike the more commonly observed 
type of combustion pressure oscillation, which is not 
necessarily steep-fronted and is driven by energy release 
that may occur some distance behind the wave front. 

There are several ways by which such waves may be 
initiated. For example, they may develop spontaneously 
from the combustion noise, in which case the transition 
would be very similar to that observed in a gaseous 
detonation tube. It is equally possible that the initiating 
source might be the spontaneous, explosive decomposi- 
tion of a concentrated pocket of propellant. Hydrazine, 
for example, would exhibit (except for randomness of 
location) initial characteristics that are npprosimated by 
the intentional explosion of a “bomb.” Although the early 
histories of each of these initiating disturbances may be 
quite different, the resulting detonation-like disturbances 
are indistinguishable. This investigation is intended to 
examine the behavior of the blast wave emitted by a 
bomb exploding in a rocket combustion chamber and the 
subsequent interaction of the wave with the burning 
medium. Therefore, the results apply to the explosion- 
initiated transitions, as suggested above. 

The approach employed for studying the problem is 
to simplify it to the special case of one-dimensional 
spherical wave propagation, and to tailor the theoretical 
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analyses and experiments accordingly. There is some 
relatively recent experimental and theoretical evidence 
(Refs. 2 and 3) that a spherical detonation wave is ini- 
tially as either an overdriven or underdriven detonation 
wave that undergoes a transition to a steadily propagat- 
ing Chapman-Jouguet detonation wave. Since a bomb 
explosion is the initiating source in the subject problem, 
the initial blast wave would be an overdriven wave. 

In the present investigation, a relatively simple analy- 
sis was conducted in an attempt to describe the wave 
behavior theoretically. In addition, a series of experi- 
ments was conducted to obtain measurements of the 
behavior of the spherical blast wave emitted by a bomb 
in both an inert medium and a combustion chamber. 

II. Theoretical Analysis 

For the analysis, it was assumed that the wave emitted 
by the explosive source could be described during its 
transition period by the existing theory of spherical blast 
waves. It was further assumed that the steadily propa- 
gating wave is a Chapman-Jouguet (C-J) detonation 
wave, also described by existing theory. The hypothe- 
sized wave behavior is illustrated in Fig. 1. It is believed 
that the “patching” together of the blast wave and C-J 

INITIAL BLAST 
WAVE VELOCITY 

EXPLOSION DECAY 

PROPAGATING BLAST WAVE 
-- REACTING MEDIUM 
-__---- UNREACTING MEDIUM 1 

I RADIAL DISTANCE r - I 
0 TIME t .-b 

Fig. 1. Hypothesized blast-defonation wave velocities 
in reacting and nonreacting media 

detonation wave solutions is adequate for a first approxi- 
mation of the behavior of the wave produced by a bomb 
in a rocket combustion chamber. 

The case of an intense explosion in an inert gaseous 
medium was treated by Sedov (Ref. 4) utilizing similar- 
ity procedures. In this case, the blast wave decayed, as 
indicated by the dotted line in Fig. 1, asymptoticaIly 
approaching the speed of sound. The exact solutions for 
the motion of a blast wave emitted in an explosion are 
as follows: 

for spherical geometry, 

for cylindrical geometry, 

where 

T = radius of the shock 

t = time 

pl = density of the undisturbed gas 

E = a constant parameter that is some fraction of the 

V = propagation velocity 

total energy liberated in an explosion 

The two geometries are given because the initial shape 
of the blast wave may depend on the shape of the ex- 
plosive charge. Since the bomb energy release parameter, 
E ,  presumed to be some fraction of the total energy of 
the explosion is difficult to determine analytically, it 
must be determined experimentally. 

The behavior of plane detonation waves in a two- 
phase reacting medium was investigated by Williams 
(Ref. 5). He analyzed the Rankine-Hugoniot equations 
for steady-state detonation in dilute sprays and derived 
the expressions presented in the Appendix. To determine 
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the detonation properties of a reacting medium it is nec- DIMENSIONS IN INCHES 

essary to select realistic values of the fraction of total 
mass flux that is liquid, 2, and the fraction of the 
total enthal y of the reacting medium employed to drive 
the wave, i. Utilizing an existing steady-state combus- 
tion model, which is based upon the vaporization of pro- 
pellant droplets as they travel toward the nozzle, the 
mass fraction of the total flowrate, vaporized as a func- 
tion of chamber length, can be estimated. With this ap- 
proximation, one may determine a narrow range of 2 
that seems appropriate for any given axial location. 

111. Experimental Program 

A two-part experimental program was devised to pro- 
vide information on spherical wave behavior both in 
reacting and nonreacting media. The first series of experi- 
ments consisted of bomb explosions in a cylindrical 
chamber pressurized with nitrogen. The object of the 
experiments was to determine the blast wave behavior 
close to the bomb and to verify the applicability of the 
theory by Sedov (Ref. 4). 

Although there was an attempt made to utilize records 
from previous motor firings for this purpose, they were 
not fruitful for the following reasons: (1) the bomb was 
mounted at the wall, resulting in three-dimensional wave 
propagation, which was difficult to analyze; and (2) there 
is no record of the instant of time at which the bomb 
exploded. Thus, the estimated values of propagation 
time are questionable. However, it should be noted that 
the measured overpressures and the crude estimates of 
wave propagation velocities that have been made are 
comparable to those for theoretical Chapman-Jouguet 
plane detonation waves. 

The second part of the experimental program con- 
sisted of exploding bombs during test firings of the 18-in. 
rocket motor. The purpose of the latter experiments was 
primarily to verify theoreticaI estimates of the resultant 
wave behavior. 

A. Cold Bomb Test Method and Results 

For the cold bomb tests, i.e., explosions in a nonreact- 
ing medium, the test setup schematically illustrated in 
Fig. 2 was employed. The bomb was the same config- 
uration employed in previous motor firings (Ref. I), and 
consisted of a Dupont E-83 blasting cap enclosed in a 
OS-in.-OD Micarta shell. The bomb was mounted on the 
axial centerline of the chamber with the centroid of 

Fig. 2, Setup for cold bomb tests 

the explosive charge 2.84 in. from the injector face. That 
axial location was selected because several Kistler pres- 
sure transducers were mounted in that plane in the 
rocket combustion chambers. In addition, a pressure 
transducer probe, containing four Kistler pressure trans- 
ducers, was mounted adjacent to the bomb to measure 
the blast wave overpressure and propagation velocity at 
several points close to the explosive source. Additional 
Kistler pressure transducers were mounted in the wall 
of the chamber. With the chamber pressurized to 300, 
100, and 8 psig, the bombs were exploded. 

Five cold bomb tests were conducted at the three 
chamber pressures, and the data obtained in the tests 
is summarized in Table 1. From the pressure measure- 
ments, it was possible to determine at each transducer 
location the overpressure and the instant of passage of 
the blast wave. Thus, the average wave propagation 
velocity between transducers could be estimated. Utiliz- 
ing the tables for one-dimensional normal shocks, the 
shock pressure ratio at each transducer position and a 
theoretical Mach number were determined. In addition, 
the bomb parameters E/pl and E were calculated for 
each transducer location. Plots of dimensionless time, 
W E ,  vs dimensionless distance, r/R,  were also made to 
determine the trajectory of the blast wave. 
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Fig. 3. Average propagation velocity vs radial distance 

Figure 3 presents curves of average propagation ve- 
locity vs radial distance for four tests (the results of test 
No. 4 were omitted). Figure 4 presents plots of the shock 
pressure ratio, the theoretical Mach number for a plane 
normal shock based upon the pressure ratio, and the 
average Mach number calculated from time-distance 
data, all as functions of radial distance. The results plot- 
ted in Fig. 4 reflect test No. 3 only, whereas the com- 
parable results for test Nos. 1, 2, 4, and 5 are presented 
in Table 1. 

The bomb parameters E and E/p, are plotted as a 
function of radial distance in Figs. 5 and 6, respectively. 
Values of E ,  also determined for cylindrical coordinates 
for runs 1-3, are presented in Fig. 7. The dimensionless 
time-distance relationships for the five tests are pre- 
sented in Fig. 8. 

It should be noted that the results of test 4, conducted 
with a chamber pressure of 8 psig, are questionable. 
The possibility of erroneous pressure measurements exists 
and a repeat test was not made to verify the result. 

30 

7 0  

50 

50 B 
2 

10 9 
I 
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30 

!O 

0 

3 
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Fig. 4. Shock pressure ratio and average Mach number 
vs radial distance 

B. Hot Bomb Test Method and Results 

For the hot bomb tests, j.e., explosion in a reacting 
medium, the lS-in.-diam rozket motor was employed to 
burn N,O, + 50/50 UDMH-N,H, propellants. The bomb 
was mounted at the axial centerline with the charge 
centroid 2.84 in. from the injector face, as in the cold 
tests. Pressure measurements were made utilizing Kistler 
pressure transducers mounted in the chamber wall and 
in its plane, and at other locations, both in the chamber 
wall and injector face. 

Four bomb tests were conducted during engine fir- 
ings. Of the four, the instant of the bomb explosion was 
recorded on only two tests. The pertinent results from 
the latter two tests are presented in Table 2. For the 
other two tests, it was not possible to obtain meaningful 
wave travel times. 

It should be noted that the above results were not 
obtained under ideal conditions since the lS-in.-diam 
test motor was spontaneously unstable during all four 
runs. Prior to the bomb explosion, combustion pressure 
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R A D I A L  DISTANCE r ,  in. 

Fig. 5. Parameter E plotted as a function of radial 
distance for spherical coordinates 

R A D I A L  DISTANCE r, in. 

6 

R A D I A L  DISTANCE r ,  in. 

Fig. 6. Parameter E/pl plotted as a function of radial 
distance for spherical coordinates 

Fig. 7. Parameter E vs radial distance, based 
on cylindrical coordinates 
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Run No. Parameter' 

81093' 

Peak to peak 

psi 

amplitude, Pressure Wave trave' 
ratiob time, ps 

B1098' 

I 

118.4 
205.5 
119.0 
162.0 
205.5 
157.5 
197.0 
221.0 
147.5 
68.3 

2.32 170.6 
3.28 174.5 
2.33 162.6 
2.80 147.8 
3.28 71.4 
2.75 65.8 
3.19 95.9 
3.46 112.5 
2.64 129.1 
1.76 156.1 

~ 

P, 3130070 
P, 0880284d 
P, 1630284* 
P, 3130284d 
Pc 18901221 
Pe 20602331 
Pe 21803561 
P, 23304811 
P, 22705901 
P, 228oaoi~ 

Pe 0880284" 

P, 3130284" 
P, 3131082 
Pe 18901221 
P, 20602331 
P, 22304811 
P, 22705901 
Pe 22808011 

P, 1630284~ 

I I I I 

136.2 
82.3 
135.2 
- 

125.5 
109.0 
69.7 
- 
- 

2.51 
1.92 
2.50 

2.40 
2.21 
1.78 

- 

- 
- 

153.0 
763.0 
142.0 

66.0 
68.4 
108.0 
124.0 

- 

- 

"Transducer location code, e.g.: 
PC = chamber pressure 
189 = circumferential position, deg from reference 
0122 
R = radial dimension 

in.; axial station or radius 

bPressure ratio = (pk to pk amplitude + P,)/P, 

'Pc N 90 ptia; mixture ratio E 2.0 
"Wall-mounted pressure transducers in the 0284 plane 

0.e 

0.t 

0. I 

C 

I I I I I 

0 2  0 4  0.6 O F  10 I 

DIMENSIONLESS RADIUS 7 

Fig. 8. Dimensionless t imedis tance  relationships 
(FvsC) for the five tests 

oscillations developed during the starting transient. Fig- 
ure 9 presents some typical pressure records that illus- 
trate the correspondence between the blast wave and 
the oscillating pressure disturbance. 

From Table 2, it is noted that for the transducers 
mounted in the wall at the 0284-in. plane (P, 0880284, 
P, 1630284, P, 3130284) the wave travel times varied 
from 142 to 174.5 ps.  I t  is interesting to note that for the 
shorter wave travel times, the blast wave (or detonation 
wave) was in close proximity to the upper crest of the 
combustion pressure oscillation. A pressure ratio derived 
from a pressure transducer measurement does not corre- 
spond to a theoretical static pressure ratio (pz/pl). The 
pressure transducer measures an impact pressure, which 
may be amplified by enhanced combustion at the point 
of impact. Thus, the wave travel time is the preferred 
parameter for comparing experimental and theoretical 
results. 

" 

RUN E1098 

I 
.t 

Pc 1890122R 

Pc 0800204 

Rid 

R 
I L  Pc 313348 (PROBE) 

,-LOCATION OF 

Pc 3130284 

P 
TIME INCREASING 

,. 

Fig. 9. Transient pressure records 
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IV. Theory and Experiment Compared 

Utilizing the patched blast wave-detonation wave 
approximation, an estimate may be made of the be- 
havior of a spherical wave initiated at the axial center- 
line of the 18-in.-diam combustion chamber burning 
N,O, + 50/50 UDMH-N,H, propellants. The mean 
combustion pressure and propellant mixture ratio are 
assumed to be 100 psia and 2.0, respectively. It is 
further assumed that the combustion gases have a uni- 
form state in the axial plane of interest. 

For a specific heat ratio of k = 1.226, curves of propa- 
gation Mach number and the static pressure ratio for a 
Chapman-Jouguet detonation wave were generated with 
a digital computer utilizing the theory attributable to 
Williams (Ref. 5) (see Appendix). The curves are prE- 
sented in Figs. 10 and 11 for a wide range of 2 and H .  
A portion of the results is also presented in Figs. 12 
and 13 for relatively narrow ranges of 2 and H more 
applicable to this problem. 

The static pressure ratio of the hypothesized wave 
some distance from the source is assumed to be that of 

0 z 
I 
V 

I 
a 
w 

$ 
z 
t 
z 
0 F 
W 

-J I 
u 

0 
a 

n 

a C-J detonation wave. The total wave travel time is 
given by 

A t t o t a l  = A t b l a s t  wave + A t d e t o n a t i o n  wave (3) 

The blast wave time is that required for the blast wave 
to decay to the C-J wave propagation velocity (see 
Fig. 1) and is determined from Eq. (1) for a spherical 
wave. The radius at which the C-J detonation wave is 
assumed to start is determined from Eq. (2). The re- 
maining distance to the chamber wall divided by *e 
propagation velocity of the C-J detonation wave yields 
A t d e t o n a t i o n  wave. 

A speed of sound of 3935 ft/s, based upon the adiabatic 
combustion temperature of the above propellants, was 
employed in the calculations. In addition, calculations 
were made for smaller values of the speed of sound. In 
subsequent calculations, the parameter v, defined as 
7 = a/a,, is utilized, where a is the local speed of sound 
and a, is that for the adiabatic combustion temperature. 

Some calculations of the wave travel time as a func- 
were performed for tion of the C-J Mach number and 

2 5  

20 

15 

10 

TOTAL ENTHALPY FRACTION =A 
SPECIFIC HEAT RATIO k = 1.226 

CP T - 

I I 
0 01 0 2  0.3 0.4 0.5 06 

FRACTION OF TOTAL MASS FLUX THAT IS LIQUID Z 

A 
Fig. 10. Chapman-Jouguet detonation wave Mach number vs Z, wide range of Z and H 

0 
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FRACTION OF TOTAL MASS FLUX THAT IS LIQUID Z 
h 

Fig. 1 1. Chapman-Jouguet detonation wave pressure-ratio vs Z, wide range of Z and H 
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1 SPECIFIC H E A T  RATIO k =  1.226 
Z =  njL/"iT 

I I I 

l . l ~  I .o 0 0.04 0.08 012 0.16 0 20 0 24 0 28 032 

F R A C T I O N  OF T O T A L  M A S S  F L U X  T H A T  IS L IQUID Z 

Fig. 12. Chapman-Jouguet detonation MTch number 
vs Z, narrower ranges of Z and H 

the travel-time range of interest. The latter result is pre- 
sented (see Figs. 14-16) for E values of lo4, 5 X lo4, 
and lo', respectively. 

A. Sample Calculation 

Referring to Fig. 17, derived from a steady-state com- 
bustion model, it is evident that a mass fraction of 
Z = 0.30 is a reasonable value for a distance of 2.84 in. 
from the injector face. However, it should be noted that 
the steady-state combustion model is least accurate in the 
vicinity of the injector. For purposes of this sample cal- 
culation, the following range of Z is assumed applicable: 

0.2 5 Z 5 0.3 
A 

The fraction of the total enthalpy H, utilized to drive 
the detonation wave, is assumed to be in the following 
range: 

0.0 5 2 2 0.1 

From Figs. 10 and 12, one obtains the following range of 
C-J Mach number (CJM): 

1.485 5 CJM 1.74 

SPECIFIC H E A T  RATIO k =  I225 

I l l  

Fig. 13. Chapman-Jouguet detonation wave Rressure- 
ratio vs Z, narrower ranges of Z and H 

From Figs. 14 through 16, the following values of wave 
travel time are obtained for 7 = 1.0: 

(for E = 10") 101.5 5 Attotal 5 117.5 S 

(for E = 5 X 10') 

(for E = lo5) 92 5 Attotal 5 105.5 S 

96 5 Attotal 5 110 s 

The static pressure ratio of the wave immediately before 
impact with the chamber wall is determined from 
Figs. 11 and 13, and should be in the following range: 

1.96 5 p d p l  5 2.84 

B. Bomb Behavior in an Inert Medium 

The results obtained in the few cold bomb tests that 
have been conducted indicate that the repeatability of 
the bomb behavior is reasonably good, except very close 
to the bomb. This is evidenced by comparing the repeat 
tests in Figs. 3, 5, 6, and 8. The lack of repeatability 
close to the bomb is probably due to slight differences 
in the Micarta shells, manufacturer's tolerances in mak- 
ing the blasting caps, and possibly erratic pressure mea- 
surements. The strange behavior of the bomb blast in 
test No. 4 is particularly obvious in the mean velocity 
calculations (see Table 1). Therefore, it is suspected that 
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WAVE TRAVEL TIME, ps 

Fig. 14. Wave travel time vs C-J Mach number for E = IO4 

the data of test No. 4 may be faulty. It is observed, how- 
ever, that there is some variation of the bomb behavior 
with variations in gas pressure and density. Also, test 
No. 4 results are utilized to a limited extent to indicate 
the general trend of the blast wave behavior with de- 
creased gas pressure and density. 

A comparison of the theoretical plane wave Mach 
numbers with the average Mach numbers, experimen- 
tally determined (see Fig. 4 and Table l), indicates that 
there is considerable error in utilizing one-dimensional 
shock theory for sphericaI waves very close to the bomb. 
Since experimentally determined pressure ratios were 
utilized to determine the theoretical Mach numbers, a 
part of the apparent error may be due to errors in the 
pressure measurements. 

Figures 5-7 indicate that the blast wave theory of 
Sedov is not valid in the vicinity of the explosive source, 
since E and E/pl are not constants. However, it appears 
that for the different bomb tests, constant values of E 

and E/p,  are approached as the radius increases. In this 
light, the experimentally determined values of E have 
no physical significance, but they do provide a means of 
empirically estimating the wave behavior close to the 
bomb. It should be noted that the predicted wave be- 
havior close to the bomb is approximately the same, 
utilizing either a spherical or a cylindrical coordinate 
system (see Figs. 5 and 7). 

At this time, it is difficult to select an accurate value 
of E for blast wave calculations in a combustion cham- 
ber. More bomb tests are required in an inert medium 
at a pressure and density approaching that of the com- 
bustion products, and more repeat tests are necessary to 
increase the confidence level of the results. From the 
trend of the triaI caIcuIations (see Fig. 18) and the trend 
of E with decreasing density, there is some basis for 
choosing an E between lo4 and lo5 to characterize the 
type of bomb employed here. Interestingly enough, a 
difference of one order of magnitude in the selection of 
E makes a difference of less than 12 ps in the calculation 
of wave travel time. 
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Fig. 15. Wave travel time vs C-J Mach number for E = 5 X lo4 
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Fig. 16. Wave travel time vs C-J Mach number for E = lo5 
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Fig. 18. Selection of parameter E based on 
four trial calculations 

C. Wave Travel limes 

The experimental results presented in Table 2 indicate 
that the wave travel times may be in the vicinity of 142 
to 175 ps. The sample calculation, based upon a theoreti- 
cal steady-state combustion model, and an 7 of 1.0, re- 
sulted in theoretical values in a range of 92 to 118 ps.  
The agreement between the experimental prediction 
and the actual result is not good, but this lack of agree- 
ment does not necessarily impugn the theoretical wave 
model employed. 

Assuming that the patched wave model is still appli- 
cable, the following two factors could account for the 
low predictions of wave travel time: 

(1) The inadequacy of the steady-state combustion 
model for predicting 2 close to the injector face. 

(2) The local speed of sound may be less than that 
based upon the adiabatic combustion temperature 
(7 < 1.0). 

Referring to Figs. 3.2 and 14 through 16 it is clear that, 
for small values of 2 and q _< 1.0, wave travel times 
within the range of experimentally observed values can 
easily be obtained. Thus, one may conclude that more 
information is required concerning the mean liquid 
droplet mass fraction and the speed of sound in the 
plane close to the injector, where the measurements are 
taken. It wouldAalso be helpful to have more explicit 
information on H and E ,  but it is believed that realistic 
ranges of these parameters were chosen for the sample 
calculation. 

The experimental blast wave measurements obtained 
during the firing of a rocket combustion chamber were 
taken during a condition of oscillatory combustion. The 
nonequilibrium conditions that contributed to the non- 
uniformity of combustion in each axial plane probably 
accounts for the difference of approximately 20 and 
27 p s  in readings between transducers located in the 
same axial plane. It is difficult to say what wave travel 
times would be measured during steady-state conditions, 
although they would probably be close to the observed 
range of values. 

An attempt was made to estimate the local speed of 
sound in a dispersion of droplets. Existing theory (Ref. 6) 
indicates that, in an inert medium with droplets having 
diameters of approximately 10 pm and larger, the speed 
of sound is unchanged by the presence of the droplets. 
However, it appears that the subject problem may not 
be a valid application of a theory designed for aerosols. 
Undoubtedly, the mean temperature of the gases in the 
vicinity of the injector is less than the adiabatic combus- 
tion temperature. 

It is interes5ng to note that the experimen2l results 
indicate that H is a very small quantity-. If H is very 
close to zero, then the shock wave on its first trip to the 
wall has the characteristics of a blast wave rather than 
a detonation wave. After impacting with the chamber 
wall, the wave could very likely develop into a deto- 
nation wave in its subsequent travel throughout the 
chamber. 

V. Concluding Remarks 

This work represents a starting point for understand- 
ing the behavior of spherical waves in a combustion 
chamber. Based on the experimental and analytical find- 
ings to date, conclusions may be made with respect to 
inert and combustion chamber environments. 
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A. Inert Environments 

There is considerable difference in bomb behavior 
in an inert medium as the ambient pressure and 
density vary. 

There is a reasonable degree of repeatability of 
the behavior of the bomb blast waves investigated 
in an inert medium, except in the immediate vicin- 
ity of the bomb. 

The explosive blast wave theory, attributed to 
Sedov, is not valid close to the explosive source. 

Inaccurate results are obtained when one- 
dimensional shock wave theory is applied to 
spherical shocks in the vicinity of the bomb. 

8. Combustion Chamber Environments 

(1) There is insufficient knowledge of the state of the 
burning liquid-gas medium close to the injector to 

accurately determine the local detonation proper- 
ties and the speed of sound. 

(2) The total enthalpy fraction ( H )  utilized to drive a 
blast wave (at least on its first pass to the wall) is 
very small. Thus, the wave may more accurately 
be described as a blast wave rather than a detona- 
tion wave. 

A 

This investigation has shown that the behavior of a 
blast wave on its initial pass to the chamber wall is 
governed to a very large extent by the local detonation 
properties of the burning medium. An interesting corol- 
lary, which may be derived from this study, is that the 
blast wave measurements be employed to determine 
the detonation properties of the gases. This requires an 
acceptance of the blast wave-C-J detonation wave 
model. By measuring the wave travel time, and by as- 
suming E and 7, one may derive the CJM. The latter 
parameter is a detonation propertyA of the burning me- 
dium that is a function of Z and H .  A first estimate of 
2 is %thieved immediately by letting E = lo4, 7 = 1.0, 
and H = 0. 
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Appendix 

Chapman-Jouguet Detonation Properties in a Dilute Spray 

Williams (Ref. 5 )  investigated the characteristics of plane detonation waves in a mixture of reacting gases and 
liquid dropIets. From his theoretical analysis of the Rankine-Hugoniot equations, the following expressions for 
Chapman-Jouguet waves were derived: 

1/L 

-=- u2 = H + 1 - [HZ + (=) 2 
H I  

pr 
pz u1 

where 

pz = density of gas behind the wave 

u = gas velocity 

k = specific heat ratio 

p = static pressure 

Tg = gas temperature 

2 = fraction of the total mass flux that is liquid 

H = (ii + Z)/(1 - 2) 
A 
H = Q/CJ’gi 

C, = specific heat 

Q = total heat release per unit mass 

M = Mach number of the detonation wave, relative 
to the undisturbed medium and the subscripts 

I = upstream properties 

2 = downstream properties 

g = gas property 
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