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David J. Chavez 
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Liquid hydrazine (Nzb) is a propellant used by the Air Fotce and NASA for aerospace propulsion and power 
systems. Because the propellant modules that contain the hydrazine can be subject to debris impacts during their 
use, the shock states that can occur in the hydrazine need to be characterized to safeIy predict its response. 
Several shock compression experiments have been d u c t e d  in an attempt to investigate the detonability of liquid 
hydrazine; however, the experiments' results disagree. Therefore, in this study, we reproduced each experiment 
numerically to evaluate in &tail the shock wave profiles generated in the liquid hydrazine. This paper presents 
the results of each numexid simulation and compares the results to those obtained in experiment. We also pre- 
sent the methodology of our approach, which includes chemical kinetic experiments, chemical equilibrium calcu- 
lations, and characterization of the equation of state of liquid hy-. 

BACKGROUND 

In the past, the White Sands Test Facility 
(WSTF) has perfarmed tests that attempted to shock 
initiate liquid hydrazine (NzH4) . No evidence of 
hydrazine reaction was found (1,2). 'Ihe most re- 
cent test of the sbock detonability of liquid hydrazine 
was conducted by Science Applications International 
Corporation (SAIC) for Eglin Air Force Base (3). 
The results of this test suggested some evidence of 
hydrazine reaction, although the details of the results 
were poorly substantiated. The following is a short 

"Condensed Phase Detonation Studies," WSTF 
#90-24354, September 28, 1990 (1). 887 g of C-4 
was detonated on top of a stainless steel tube (4 in. 
diam x 10 in. long) filled with liquid hydrazine. 'Ibe 
liquid hydrazine did not detonate or sustain a 
reaction. 

"Demonstration of Hazardous Hypervelocity Test 
Capability," WSTF report TR-692-001, September 
24,1991 (2). A l/S-in. aluminum projectile was shot 

synopsis of tbe previous tests. 

with a velocity of 6.1 km/s at a 300-d stainless steel 
vessel filled with liquid hydrazine. The liquid hy- 
drazine did not &tonate or sustain a reaction. 

"Fuel Tank Explosion Lethality," SAIC 91-5425- 
SH, April 1991 (3). A 100-g cylindrical projectile 
was shot with a velocity of 5.0 km/s at an aluminum, 
1OO-mmdiameter spherical vessel ftlled with liquid 
hydrazine. The test results indicated that there was 
some &on in the liquid hydrazine, although not 
enough evidence was gathered to conclude that a 
detonationocc& 

Given the differences in these results, we con- 
ducted this study in an attempt to investigate in detail 
the shock stimuli that would be necessary to achieve 
an appreciable hydrazine reaction. We employed the 
methodology used by C. L. Ma&r in his success 
with modeling homogeneous energetic materials 
using ArrheNus kinetic parametem determined from 
laboratory thermal stabdity experiments (4, 5). 
Madex was very successful at numexically reproduc- 
ing the shock initiation of nitromethane observed in 
experiment. 

+This work was performed under the auspices of the National Aeronautics and Space Administration (NASA). 



PURPOSE 
An energetic material is me that decomposes 

exothehrmcall * y, i.e., with the release of kat. By this 
definition, liqaid hydrazins--a monopropellant-is 
an energetic material and therefore should detonate 
given the pmper shock stimuli. This study investi- 
gates the stimulus needed to achieve a detonation. 
Specifically, this study determines the minimum 
power density needed for the detonation of homoge- 
news liquid hydrazine. The term "pow@ density" is 
meant to suggest the pressure delivered by a projec- 
tile per unit time. The minimum power density will 
generate suffiint heat for attaining the critical tem- 
perature for a detonation condition. Based on the re- 
sults of thii analysis, we propose an experiment 
aimed at repducing the most reaijstic situation in 
which a hypervelocity projectile impact might initi- 
ate homogeneous liquid hydrazine. 

APPROACH 

s-w 
The initial effort in this study was applied to in- 

vestigating, in detail, previous tests conducted by 
others, Hydrodynamic models of each experiment 
were calculated to determine the pressure generated 
in the liquid hydrazine and the duration of the 
impact 

Then, as chemical kinetic parameters were deter- 
mined, reacfive hydrodynamic models were con- 
structed to demmine if the results of the experiments 
could be dupkated. 

If this was successful, a numerid model would 
be formulated to design an experiment that would 
replicate the actual conditions that might exist for a 
titanium tank filled with liquid hydrazine on board 
SpaceStationFwxiom. 

The previous tests were modeled using the by- 
dmcodes SIN, TDL, and ZEUS. The employment of 
tbese codes is shown in the flow diagram in Figure 
1. The following list expands on the approach as 
slmunarized in the flow &gram. 

1. Determine the unreacted equation of state 
(Ea) of liquid bydrazine. 

Accurate detennination of the variables of the 
shock states of any substance usually requires that 
substances EOS, the equation that bridges the gap 
with mass, momentum, and energy. This is an ex- 
perimental plane in which the shock velocity and 

particle velocity (or free surface velocity) are 
measured 

However, tbe EOS of liquid hydrazine is not 
currently known. For the numerical simulations per- 
formed in this study, we assumed that I& EOS of 
liquid hydradne is similar to the EOS of water. This 
assumption is based on the fact that tbe density, boil- 
ing point, melting point, and critical temperature of 
liquid hydrazine are within 2% of the values for 

4uld EOS. 

W md.. 

f f  

FIGURE 1. Flow diagram fa explosive response of liquid 
hydrazine. 



water. Therefore, we assumed t l a  tbe EOS of liquid 
hydrazinecan be taken as 

(1) 
With this EOS, we used a code called SEQS (Solid 
Equation of State) to compute single shock hugo- 
niots in the temperature vs specific voiume plane, 
press= vs partick velocity plane, and the sbock ve- 
locity vs particle velocity plane. 

The lead author of this study is currently pursuing 
a method for determining the EOS of liquid hy- 
drazine in a thesis entitled "Determining the Shock 
Hugoniot for Liquid Hydrazine." ?be experiments 
will be performed in JuIy 1995 at the New Mexico 
Institute of Mining and Technology (NMT) in 
Socono, New Mexico and will cover pressures fnun 
30 to 220 Irk. 

UI= 1.5 + 1.5 Up 

2. Determine tbe reacthe bugoniot equation of 
state for the detonation products. 

To determine the C-3 pressure and velocity, we 
need a description of the expansion isenmpe-a 
curve for the reaction products in the pressure vs 
specifrc volume plane. To determine this infonna- 
tion, we used the BKW (Becker-Kistiakowski- 
Wilson) code, which performs a chemical equiiib- 
rim balance and generates an expansion isenmpe. 
The C-J parameters determined from this computa- 
tion are as follows: 

C-Jpres~~re 139kb~ 
C-J velocity 7750 m/s 

gamma 3.36 

3. Perform tberml stability experimentiu. 

Tbennal stability experiments are needed to de- 
tennine the chemical reaction rate, products, critical 
temperatures, and activation energy for liquid hy- 
drazine. These quantities are constants in the 
Anhenius rate law for burn, which is needed to per- 
fom hydrodynamic calculations in the SIN and TDL 
codes. A series of experiments were performed at 
NMT to validate existing kinetic parameters for liq- 
uid hydrazine. The results of these expetiments are 
shown in Table I. 

The small-scale kinetic values are inconsistent 
with each other; therefore, a series of small-scale 
cook-offs were perfopmed to verify these parameteas. 
The standard glass container used in these experi- 
ments was replaced by a stainless steel container be- 
cause of the high vapar pressure which develops at 
these temperatures. A number of other problems 
hampered the success of this effort. One cook-off 
from these experiments was modeled with a code 
called EXPLO after the experimental results were 
generated. The kinetic parameters tbat best duplicate 
the results of this cook-off were those generated by 
Bishop, Miller, and Benz (6). Tberefote, the numeri- 
cal models generated in this study used an activation 
energy of 17,000 kcaymoI and a Erequeacy factor of 
3.61 x lo6 w-*. 

TABLE I. Anftenius Parameters of NzH4 Decomposition 

hthermal (ulis work) DSC. AR@ Isothermalc 
Ea (kcaymol) 26.8 35.0 17 23.4 20.5 
A (sec-') 6.51 x lo6 3.61 x lo'* 3.5 x 106 
R2 Fit 0.98 1 .o 
Temp Range ("C) 184-314 184-240 317-202 

aDifYemtial scanning calorimetry (16). 
b???????? (15) 
V7) 



4. Determine the mintmum power density for 
eteady-state detonation. 

Tbe SIN code was the primary workhorse for 
modeling the previously conducted tests and in de- 
tennining the detonabiity of Iiiuid hydrazine for the 
proposed experiment. This code is used to model 
explosive flow using onedimensional Lagrangian, 
reactive hydrodynamics. After deteamining the um- 
ditions (i.e. the power density requirement) for at- 
taining 8 steady-state detonation, we performed a 
two-dimensional Lagrangian, reactive hydrocode 
calculation to detennine the effects of geometry on 
the release wave attenuation. These calculations 
were performed using 7'DL. The two-dimensional 
calculations were augmented by calculations using 
&ZEUS code. This code provided a check on tbe 
shock pressures generated in the liquid hydrazine. 

RESULTS 

The tests performed by other investigators were 
numerically modeled with the following assump- 
tions. A shock travels into the homogeneous hy- 
drazine, compressing and heating the propellant. 
The shock heating results in chemical decomposition 
that accelerates exponentially. The r each  begins 
at the rear boundary, because it has been hot fhe 
longest, and a detonation wave propagates at the C-J 

ing or thermal initiation analysis has been success- 
fully performed by C. L. Mader for homogeneous 
energetic materials using the Frank-Kamenetskii 
equation with the Amhenius chemical kinetics. 
Using this type of d y s i s ,  each test was modeled to 
investigate the shock stimuli provided in each situa- 
tion and to formulate the minimum power density 
that would be required for steady-state detonation. 

state Of the Shock propellant. This type Of h l k  beat- 

Condemed Phase Detonation Studies 
(WSTF #1) 

This test was modeled using the SIN code witb 
the chemical kinetic parameters from Benz. 'Ibis 
calculation indicated that tbe shock wave generated 
by the C-4 explosive was not sufficient to generate a 
hydrazine reaction. ?he shock pressure gemted m 
tbehydrazinewas150~,foradurationofapprox- 
imately 2 m i m n d s .  

Demorrptration ot Hazardw Hypervtbcjty 
Test Capability (WSTF #2) 

This test was modeled in tbe TDL code with tbe 
Benz chemical kinetics and in the ZEUS code with 
no chemical kinetics. ZEUS calculations were per- 
formed to provide a better representation of the 
shock wave generated by the sphere impacting the 
cylindrical vessel. This model showed that tbe re- 
lease waves cause the shock wave to attenuate very 
quickly in the liquid hydrazine, rendering the shock 
wave ineffective. The pressure and duration, as cai- 
culated by ZEUS, were 83 kbar and approximately 
0.8 mi-&, which is in agreement with the 
TDL dculatior~~. Figure 2 (ZEUS) shows tbe shock 
pressure generated in the liquid hydrazine. The TDL 
calculation revealed that the pressure generated by 
the aluminum projectile was not suffiient to gener- 
ate a hydrazine reaction. Figure 3 (TDL) shows the 
initial projectile impact and Figure 4 shows that no 
hydrazine reaction occurred. 

.6 kilobars 

FIGURE 2. ZEUS calculation of the shock pressure generated in 
the liquid hydrazine for WSTF #2. 
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FIGURE 3. l D L  ulculrlion of projectile impading the cylin- 
drical vessel far WSTF 12 

FIGURE 4. TDL calculation showing no hydrazine reaction for 
WSTF Y2. 

Fuel Tank Explosion Lethality 
(SAIC) 

This test was modeled in the SIN code with the 
Benz chemical kinetics and in the ZEUS code with 
no chemical kinetics. TEe SIN code calculation re- 
vealed that the sbock wave generated by the alu- 
minum projectile was sufficient to cause some de- 
composition of the hydrazine. One reason a higher 
shock pssw was generated in the liquid hydrazine 
as compared to the other experiments was the 

uid hydrazine. Figures 5 and 6 provide a graphical 
represxWion of the shock impedance matching of 

impedance matching of materials adjacent to the liq- 

Paltide veiocily (brJI.0) 

FIGURE 5. Shock-matching curves fa: the SAIC test. 

ParlW Velocity (knlsec) 

FIGURE 6. Shock-matching awes far WSTF #l. 

this test and of WSTF #1, "Condensed Phase Deto- 
nation Study," respectively. 

The pressure and duration as calculated by SIN 
were 285 kbar and approximately 5 microwon&. 
The pressure and duration as calculated by ZEUS 
was 267 kbar and approximately 1.5 microseconds, 
which is in agreement with the SIN calculations. 
Rgure 7 (ZEUS) shows the shock pressure generated 
in the liquid hydrazine. Another reason that there 
was more bydrazine decomposition in this test as 
compared to the other tests is that the projectile ge- 
ometry sustained the shock pressure for a longer du- 
ration before the release wave reduced its magnitude, 



FicuRE 7. ZEUS ulcvtrtioa oftbe shck pressure- generated in 
the liquid hydrazine for the SAlC tes~ 

The goal of this study was to use the information 
gathered from analyzing tbe previous tests to define 
a test situation in which the minimum power density 
requirement is met, replicating the actual conditions 
that might exist for a titanium tank filled with hy- 
drazine on board Space Station Freedom. Our nu- 
merical model of this experiment sirnuiated a steel 
slug impacting a titanium vessel filled with liquid 
hydrazine. A cylindrical projectile was chosen to 
provide the sustained pressure necessary to generate 
enough shock heating. The ptojeaile velocities were 
also chosen such that they could be achieved using 
W S F s  1-in. light gas gun. Tbe desired projectile 
velocity was between 7-7.5 Wsx. 

This experiment was modeled in the SIN and 
TDL codes with the Benz chemical kinetics and in 
the ZEUS code with no ckmicd kinetics. The re- 
sult of the SIN and TDL model revealed that the 
shock wave generated by the steel slug was suffi- 
cient to achieve a substantial hydrazine reaction. 
The shock pressure generated in the hydrazine, as 
calculated by SIN, was 600 kbar for a duration of 
approximately 2.4 microseconds. Figure 8 shows 
the shock pressure generated in the liquid hydrazine 
and Figure 9 shows the amount of decomposition. 
F3gUre 10 Shows the m u n t  of h y m  decompo- 
Sition as calculated by TDL. Tbe press~re and d W -  
tim, as calculated by ZEUS, w a ~  600 kbar and @- 
proximately 1 microsecond, which is in agreement 
with the TDL calculations. Figure 11 shows the 
&bock pressure generated in the liquid hydrazine. 
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FIGURE 9. TDL crlarlatioo of projtctile impacting the cylindri- 
cal vessel for WSTF #Z. 
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FIGURE 11. Zeus calculation dtbe shock pressure generated in 
the liquid hy- far the pmposed experment (TITANK). 

Table 2 compares the results of all  the previous 
tests and the proposed experiment. The relative 
ranking is based on the power density requirement 
for homogeneous materials, PT*. 

CONCLUSIONS 

Numerical reactive models of the WSTF and 
SAIC tests successfully reproduced their respective 
test results. nose tests emphasized that, under par- 

t k u k  shock loading coaditims, a minimum power 
density is required to acbieve a bydrazine reaction. 
The models suggest that sbock heating increases as a 
hnction of the power density applied to the liquid 
hydrazine. Based on our results, we have suggested 
an experiment that will replicate the minimum- 
pOWeraensity conditjoas m a real-life scenario. 

Future work should involve tests in which many 
of the patameten used in reactive modeling are un- 
lrnown for the propellants used by NASA and otber 
agencies. This work should also include a program 
for determining the equations of state of propellants 
of interest, and a program for enlarging the data base 

cally for use in d v e  hydrodynamic models. 
Finally. the proposed experiment should be car- 

ried out to verify tbe results of the our modeling ef- 
fort. Tbis should not be viewed as a pass-or-fail ex- 
periment, but as a means of verifying the calculated 
parameters. The experiment must employ enough 
detailed instruments to provide sufficient informa- 
tion on the extent of tbe hydrazine reaction and to 
verify model parametets for future tests. 
NASA is currently pursuing two experiments as a 

result of this analysis. The results of those ex- 
periements have not been published as of the time 

suits of the lead author's equation of state experi- 
ments. 

of kinetic parameters for various propellants specifi- 

this pa~er W ~ S  Written. A~SO unpubiished tbe R- 

TABLE 2. Reactive Analysis of Tests 

SIN (1-D) ZEUS Power 
Pressure Duration Mass h u r e  Time hdQ 

Test Test Description (kbiu) W) Fraction fib=) W) ( k b d - 4  
WSTF #1 C-4 on NZH4 150' 0.7 .99 - -- 0.016 

WSTF#2 Al projectile (YS in.) impacting - - - 83 To 0.0024 
on N z Q  @ 6 W s .  62.7 0.8 

SAIC Al slug (2 cm) impacting Al 285 5 0.81 267 To 0.137 
sphere filled wl NzH4 0 5 kznls. 267 15 

178 1.8 
178 2.4 

TlTANK Steel slug (1 cm) impacting Ti 600 2.4 058 600 To 0.398 
tank filled WJ N2H4 @ 7.5 MS. 444 1 

300 15 
178 2 
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