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Vacuum Startup of Reactors for Catalytic Decomposition of

Hydrazine

H. GrREER*
The Aerospace Corporation, El Segundo, Calif.

Experimental results characterizing the first-pulse startup of monopropellant hydrazine
thrusters, using a spontaneous catalyst (Shell 405), are presented and analyzed. Typical
reactor dynamics are presented as approximations in simulating spacecraft control system
dynamics. Possible reasons for first-pulse pressure spiking are explored as an approach
toward controlling or alleviating catalyst attrition. Among the variables investigated are in-
jector/catalyst configuration and initial temperature, vacuum exposure time and catalyst

degassing, thrust level, and water immersion.

Potential problems of propellant valve leak-

age and injector clogging are discussed. Several apparent trends are postulated from the test
results, but additional study is needed for a clear understanding of the mechanisms involved.

Nomenclature
C, = heat capacity of liquid
D = diameter
H; = heat of fusion
H, = heat of vaporization
m = molecular weight
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Introduction

HE development of a spontaneous catalyst (Shell 405)

made monopropellant hydrazine propulsion more at-
tractive for many applications. Because data on NI,
thruster operation with this catalyst in a space environment
is meager, experiments have been performed in reactors
(Fig. 1) to a) identify mechanisms which might be involved
in the spikes during startup as the first step toward improv-
ing first-pulse operation, b) provide a better understanding
of the general dynamic characteristics of typical monopro-
pellant N,H, reactors, and c) establish approximate trends
for use in simulating spacecraft control system dynamies.

Reactor Configurations and Instrumentation

The tests were performed with a 0.12-1bf and a 1.7-lbf
thruster. Reactors for the 0.12-bf thruster were con-~
structed from both aluminum and Pyrex-lined Lucite.
The transparent chamber was designed to permit high-speed
color movies to be taken of the injection-ignition process.
The aluminum chamber provided better utility as a labora-
tory unit and was consequently used for the 1.7-1b thruster,
Fig. 2. Each reactor comprised a N,H, reservoir pressurized
by N, gas, a propellant solenoid valve, a single-orifice in-
jector, a bed of Shell 405 catalyst supported by a 60-mesh
screen welded to an instrumentation spacer and conical,
15° half-angle, nozzle with an expansion ratio of 48 or 50
(see Table 1). ,

With the 0.12-1bf reactor, tests were performed both with-
out screens and with sereens placed between the injector
orifice and a 14-18 mesh catalyst bed. Three sereen con-
figurations were tested; in two configurations a screen
(40 and 120 mesh) was installed flush between the injector
and the catalyst; and in the third configuration a 40-mesh
screen was positioned downstream of the injector, resting on
the catalyst, to create a screen void space amounting to
approximately 109 of the empty reaction chamber.

The following catalyst configurations were tested in the
1.7-Ibf aluminum thruster; configuration A, used homo-
geneous 14-18 mesh without screens; configuration B, new
homogeneous 14-18 mesh with a 60-mesh screen at the in-
jector face and another 60-mesh screen 0.2-in. below the
first, and with 14-18 mesh catalyst between the screens;

Table 1 Thruster design characteristics (at an assumed
gas temperature of 135°F)

Estimated thrust, F, Ib 0.12 1.7
Downstream chamber pressure, :

P,, psia 75 160
Nozzle expansion ratio, e 48 50
Assumed nozzle coefficient, C; 1.73 1.73
Estimated specific impulse, 7,

sec 125 125
Nozzle throat diameter, D,, in. 0.035 0.088
Nozzle exit diameter, D,, in. 0.24 0.62
Flow rate, W, lb/sec 0.001 0.014
Chamber diameter, D., in. 0.35 0.51
First catalyst layer, mesh size  14-18 25-30{ =
Second catalyst layer, mesh size ... 8-12
Total catalyst bed length, in. 1.25 ’ 1.58
Total chamber length, in. 1.75 2.10

Type of injector Single orifice Single orifice

(with screen)

Injector orifice diameter, D;,in.  0.0082 0.024
Reservoir pressure, P, psia 115 315
Total catalyst weight, g 2.7 6.7
Catalyst bed loading, G, Ib/sec-

in.2 0.01 0.07
Calculated residence time, 6,,

msec 5 1

@ Corresponds to configuration D.
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Fig. 1 Schematic of monopropellant N;H, reactor.

configuration D, new 25-30 mesh catalyst between 60-mesh
screens 0.2 in. apart at the injector face with new 8-12 mesh
catalyst in the lower bed; and configuration E, in which the
25-30 mesh catalyst, normally contained in the 0.2-in. layer
between the screens, was homogeneously blended with 8-12
mesh catalyst and used without screens.

A high-response Kistler transducer was used to measure
peak spiking pressure downstream of the catalyst bed. A
standard controls (strain-gage) transducer obtained the
chamber pressure profile which was not available with the
Kistler transducer. The conditioned outputs of the two
pressure transducers, the solenoid valve coil current, and
the thermocouple in the catalyst bed were simultaneously
displayed on a oscilloscope and photographed.

One probe of a dual-head Pirani gage was installed in the
reactor at the end of the catalyst bed just upstream of the
nozzle, and the other was located in the vacuum chamber.
Gas desorption from the catalyst surface was indicated by the
pressure difference between the two probes.

A chromel-alumel thermocouple, mounted in the catalyst
bed 0.5 in. downstream of the injector orifice, was used
to monitor average catalyst bed temperature 7T,. The

Bernion

Fig. 2 1.7-1b-thrust reactor.
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Fig. 3 Pressure impulse repeatability.

solenoid valve circuitry used a dual preset counter to provide
the desired valve command pulse duration and a two-stage
transistor power amplifier to actuate the valve. The valve
coil current was monitored by a sampling resistor in series
with the valve coil and current profiles were monitored for
all short-pulse firings made. An electric resistance heater
was wrapped around the reactor; and an on-off control
system having a =*=3°F deadband held the catalyst tem-
perature at the desired value.

Impulse Repeatability

Pressure impulse repeatability was studied with the 1.7-1bf
thruster using catalyst configuration D; 187 vacuum firings
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were made at 3-min intervals using cormmand pulse widths
of 20, 35, and 50 msec. Pressure impulse areas (psi-sec)
were computed automatically and printed out. Oscilloscope
traces of valve coil-current, T,, and P, provide direct data
illustrating starting characteristics, repeatability, shutdown,
and small-pulse-bit characteristics. The coil current traces
indicated a flux buildup time (electrical delay) of approxi-
mately 4.4-msec and a proppet travel time of about 0.5
msec. The feed-line hydraulic delay was not specifically
measured, but its effect was limited by minimizing the dis-
tance from the valve to the injector. The injector orifice in
these tests was located right at the valve discharge, Fig. 1,
minimizing propellant holdup in the injector.

The impulse delivered per pulse is a function of the com-
mand pulse width 6., pulse frequency, and P.. The average
flow rate for short pulses is higher than for longer pulses,
since the injector pressure drop is larger before P. builds up.
The heat lost during heating of the catalyst bed and the
engine mass reduces impulse bit-size for single pulses, short
pulses, and first pulses. For the reactor configuration and
the duty cycles (0.019,-0.03%,) tested, T. appeared to stabi-
lize at about 240-250°F, so that variation in impulse due to
thermal effects was small.

The pressure impulse delivered per pulse is shown in Fig. 3
together with standard l-¢ deviation, as a function of 6.
Pressuré impulse (the area under the pressure trace) was
selected for two reasons: it was a measured parameter,
and it permits comparison with data obtained for motors of
different thrust levels. As expected, the impulse repeat-
ability improved as 6. increased; the standard deviation de-
creased from 329, to 129, as 6. increased from 20 msec to 50
msec.

Vacuum Exposure Time and
Injector Configuration

Vacuum ignition, 75°F, pressure spiking tests were made
using both transparent Lucite and aluminum reaction
chambers in the 0.12-Ibf thruster. One series of tests used a
single orifice injector while the other series of tests used
three different injection screen configurations. A total of
1391 hr of vacuum exposure time were accumulated during
168 tests, and spiking was observed in approximately 22%
of the firings.

To see if there could be a relation between ignition delay
6; and pressure spiking, average 8;’'s, with and without spiking,
were compiled for each injector/screen type and reactor
material. Although spiking occurred with each configura-
tion, there was an apparent increase in 8; (with spiking) for
the aluminum reactor as compared to the Lucite reactor.
This inerease could be attributed to greater thermal con-
ductivity of the metal, which might tend to absorb more
heat and somewhat quench the reaction. Except the data
from the fine mesh screen configuration, the average 6; with
spiking appeared to be greater than without spiking,T Fig. 4.

An estimate of the upper magnitude of such a spike was
obtained by assuming closed-volume combustion, i.e., full
injector flow during the ignition delay time, complete and
instantaneous decomposition at the end of the delay, and no
thrust nozzle outflow. Under these condltlons, P, = W.0.RT/
mV,. Ifa0;of 10 msec is assumed, a maximum P. of three
times the design value could be produced in the configurations
tested. BEvidently, the foregoing equation oversimplifies
the problem. First of all, the decomposition does not oceur
instantaneously in a closed volume. Secondly, cavitation
and two phase flow in the injector could significantly limit
W during vacuum starting. And finally, gaseous, liquid, or
solid material (propellant, reaction intermediates or products)

1 This effect has also been reported in Ref. 2.
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Table 2 Effect of N.H, temperature (configuration D, F = 1.7 lb)

.- <36 36 to 69 70 to 95 >95 All
Initial 7', °F
(N.H4 temperature = 75°F) S.L. Vace. S.L. Vae. S.L. Vae. S.L. Vae. S.L. Vaec.
Spiking ratings 1/1 2/2 2/2 0/3 4/7 2/3 4/7 1/6 11/17 5/14
8;,® msec Spiking Yes 45 205 35 cee 45 22 21 10 35 93
No 13 7 10 2 15 5 14
(N:H, temperature <75°F) 0 . 2/4 ... 6/7 ... 1/7 o 9/18 .
Spiking rating?
6, msec Spiking Yes 0 - 55 66 e 30 L. 49
No c 52 1 7 16
(Al N.H, temperatures) 1/1 2/2 4/6 0/3 10/14 2/3 5/14 1/6 20/35 5/14
Spiking rating®
;% msec Spiking Yes 45 205 45 .. 51 22 23 10 41 93
No ¢ .. 52 13 4 10 5 15 12 14

¢ (Number of spikes)/(total number of tests).
b Ignition delay time, from full open to 19, of P design.
¢ Frozen NoHa.

might accumulate on the chamber walls or in the catalyst
and later either discharge to vacuum or react in producing a
spike.

Representative pulse shapes for the various configurations
are shown in Fig. 5. With the head-end void configuration,
the first pulses after filling the reservoir with N,H, appeared
to be somewhat erratic and not as repeatable as subsequent

pulses. The pressure traces for all the screened injector
configurations were more rounded with less low-level
oscillations.

Catalyst Configuration and Temperature

One postulation was that a cold catalyst bed, together with
evaporative cooling (or even supercooling) in vacuum, could
cause an accumulation of N,H, in the chamber (especially
since the injector flow rate is highest before P, builds up)
during the ignition delay. Subsequent decomposition of
the accumulated N,H,; might then produce pressure spiking.

The pressure in the reaction chamber increases due to
evaporation of propellant. When it reaches the triple-point
pressure, freezing ceases and when it reaches the vapor pres-
sure of the liquid (14 mm of Hg), evaporation stops. The
- weight of undecomposed NoH, vapor needed to increase the
reactor pressure from 1 u to the triple point is given by
w = PV/(RT) = 1.06 X 1078 1b/em? of void volume. The
triple-point pressure would be reached in a fraction of a
millisecond with the reactor tested. Therefore, the accumu-
lation of an excess of relatively nonreactive solid - NoH,
crystals,I which could produce a severe pressure spike if
simultaneously decomposed, does not appear likely.

Experiments were performed to determine the effect of
catalyst configuration and temperature on 6; and on the
probability of ignition pressure spiking, using both thruster
sizes. The 0.12-1bf thruster data were obtained with the
aluminum reaction chamber using a homogeneous 14-18
mesh catalyst configuration and 6, = 250 msec. The 1.7-
Ibf thruster was tested using the previously described catalyst
configurations A-E.

Several interesting observations may be inferred from re-
sults in Fig. 4. Spiking occurred as often at sea-level as in
vacuum, and it occurred more frequently at T, < T, than
at T. > T., and 0., was greater with spiking than without.
The screened dual mesh catalyst, configuration D, appeared
to be less susceptible to spiking than the other four con-
figurations and consequently was investigated in more detail

1 Supercooled liquid N;H,, produced by evaporative cooling,
can exist at temperatures as low as 6°F below the freezing point.
Simple catalyst activity tests, consisting of dropping a catalyst
granule cooled to 30°F onto the frozen NyH,, indicate that after
several seconds delay, gas evolution occurs and the solid N,H,
melts.

(Table 2). The unscreened homogeneous 14-18 mesh
catalyst, configuration A, not only had a high spiking ineci-
dence, but produced the greatest Pemax wWhen spiking oc-
curred (Fig. 6). The typical 600-psia pressure spike ob-
tained with configuration A at sea level with an initial T, of
51°F is shown in Fig. 6a. Under the same conditions, a
pressure spike of only 200 psia, as shown in Fig. 6b, was
produced with the screened dual-mesh,§ configuration D.

Pulverization of the catalyst was observed after repeated
firings in which peak spike pressures up to four times the
design pressure were measured. After 12 such spikes,T the
14-18 mesh Shell 405 (ABG) catalyst (configuration A)
was reduced to 759, < 60 mesh. Photo-micrographs (Fig.
7) show that before firing the catalyst granules are mearly
uniform in size and relatively spheroidal, with a few cleavage
cracks; after firing, the granules are quite disperse in size
and angular in shape, suggesting that breakup was not due
to hydraulic forces. It was hypothesized that pulverization
(and spiking) might be due to internal pressure in the catalyst
granules generated by very rapid decomposition of accumu-
lated NoH,.

A possible reason that configuration D may be preferable
to configuration A is that a 0.20-in. layer of fine mesh catalyst
and screens provides a better distribution of smaller N,H,

—
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Fig. 5 Typical pressure traces.

§ This type of configuration has been recommended? to reduce
pressure roughness.

T Post-firing inspection revealed that the pulverized catalyst
bed was about 759, of the original length.
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droplets and alleviates bed channeling. This improvement
in flow characteristics was indicated by high-speed color
movies taken of transparent reactor firings, although in both
configurations fluid N,H, droplets still deeply penetrated the
catalyst bed.**

In configuration B, the used homogeneous 14-18 mesh
catalyst of configuration A was replaced with new (as re-
ceived) catalyst. This was found to have little effect on
spiking incidence or ..

Catalyst bed temperature significantly affected both 6
and the magnitude of the pressure spiking, as shown in
Fig. 8 for configuration A. Figure 8a was obtained at ambient
conditions, while Fig. 8b was obtained with the reactor cooled
to 34°F, which resulted in a peak pressure of nearly 600 psia
or four times the design pressure. It was also noted that
6; increased from about 100 msec in Fig. 8a to about 150
msec in Fig. 8b. It was observed that all the configurations
tested tended to spike more at T. < T, than at Tc > T..
These results indicate that 8; (required to wet the catalyst
and for the initial decomposition heat release to bring some
catalyst particles to a temperature at which decomposition
is rapid) is strongly affected by T.; for 7. <40°F, 6; 2100
msec.

Figure 4 also shows a general trend of increasing 6; with
decreasing T., but the relationship is too poorly defined to
warrant an empirical mathematical expression.

¥ig.7 Catalyst as received (left) and after spiking (right).

** Also observed in the movies were intense localized in-
candescent zones appearing randomly throughout the bed.

VALVE

COIL
CURRENT

: i
b ol
STANDARD CONTROLS

SalisR/eEs )

CHAMBER N
FRESSURE L
100 psi

X

50 ms
2 SEA-LEVEL, T, 2 U1°F

& SEA-LEVEL, T, 234°F

Fig. 8 Effect of catalyst temperature on spiking.

The effects of both catalyst and N,H, temperature on 6;
and on the spiking characteristies of the dual-mesh catalyst
(configuration D) were also investigated. The results of the
vacuum tests, listed in Table 2, show that when the catalyst
is cooled by chilling with liquid N> to somewhat below the
freezing point of N.H,, e.g., —10°F to 0°F, the first-pulse
0; increases to ~200 msec and spiking occurs (even though
this configuration was found to be comparatively mnonsus-
ceptible to spiking at higher temperatures). On subsequent
vacuum firings, with the catalyst still cooled below the freez-
ing point of NyH,, no pressure traces could be obtained.
When the catalyst bed was deliberately warmed to about
40°F, gas was generated in the reactor and its capability
to produce normal pressure traces was restored. It was
postulated that partial freezing of the N.H, in the catalyst
caused the large 6; for the first-pulse case. Residual liquid
N.H, trapped in the injector then freezes, preventing flow
into the catalyst on subsequent pulses unless the frozen
N,H, is melted by heating the injector.

Sea-level firings were made with the N,H, cooled below
ambient. In this series of tests, the initial 7. was varied
from 3°F to 250°F, and the N.H, temperature ranged from
42°F to 68°F. No pressure traces could be obtained when
the catalyst was below the freezing point of NoH,. Severe
pressure spiking was consistently observed for firings with
34°F < T. < 94°F. These results are also listed in Table 2.

Catalyst Outgassing

A large amount of evidence suggests that solid surface
catalysis involves the adsorption of reactant molecules and
that catalytic action is limited to certain active sites which
constitute only a small fraction of the total surface area.
Reference 4 suggests that chemisorption (involving the
transfer of electrons or protons between the solid surface and
the adsorbate) could be the rate-controlling step for vapor
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Fig. 9 Desorption after firing.
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phase N,H, decomposition, whereas Refs. 5 and 6 assume
that steady-state (vapor phase) N.H, decomposition with a
porous catalyst might be rate-limited by diffusion. In
either case, activity could be affected by adsorbed nonreac-
tive gases, which might be removed through vacuum out-
gassing. 411

Desorption isotherms for air were obtained at constant
T7s of 75, 100, 150, and 200°F using the 0.12-lbf-thrust
reactor and the electric heater. It is noted that increasing
T, increased the rate of outgassing, thereby producing lower
reactor pressures at any given exposure time. These data
were used to develop the constants for the following em-
pirical expression for the desorption of air in terms of T.
(°R), P, (r), and vacuum exposure time 6 (hr),

P, = 45.6 X 101 T, 507

Desorption of N.H; decomposition gases from the surface
of the eatalyst in the reaction chamber was also measured
after vacuum firings of the reactors at 6. = 250 mseec. The
results of 10 firings are shown in Fig. 9. A sudden jump in
P, to ~300 u was observed in tests 8 and 9 as the propellant
reservoir was pressurized to 100 psig. This sudden increase
in pressure was interpreted as being an indication of valve
leakage.tt

The decays of P. after firing cut across the air desorption
isotherms in Fig. 9 due to the variation in T, with time.f}
The unusual bump in the after-firing desorption data, ob-
served at exposure time less than 1 hr, was attributed to the
holdup and slow dribble of a small amount of N.H, in the
injector, and solenoid valve leakage previously mentioned.

These results are believed to have possible significance
with respeet to the planning of expensive ultra-high vacuum
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Fig. 11 Residue formed
by exposure of N:H; to
air.

t1 The effect of propellant valve leakage on P, was estimated
as follows. The maximum valve leakage rate specified for the
valves used was 0.25 em?® of liquid NoH, per hr (approximately
35 standard em® of Ni/hr?) at a pressure differential of 1500
psig. For the 0.12-1bf thruster, slip flow!* through the nozzle
exists, so that the nozzle may be approximated by a cylindrical
tube in using Knudsen’s equation for slip flow.* The maximum
P, due to valve leakage at a valve pressure differential of 100
psi was found to be about 670y, so that the actual valve leakage
rate was within the maximum specification limit.

1t The high-speed color movies showed incandescent catalyst
particles, which are indicative of temperatures greater than
1000°F.
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Fig. 12 Infrared spectra.

qualification tests and the identification of valve leakage as
a potential major variable in the study of first-pulse vacuum
ignition.

Water Immersion

The possibility that variable amounts of moisture absorp-
tion could contaminate the catalyst and affect 6; and spiking
was investigated. Chamber pressure traces were obtained
before and after immersing the catalvst in water prior to
firing. The P, trace in Fig. 10a was obtained with dry
catalyst at an initial 7. of 75°F. After the catalyst was im-
mersed in water, 7. increased to 93°F, due to the heat of
wetting. The P, trace of the ensuing firing (with a wet
catalyst bed) is shown in Fig. 10b; 6; was tripled due to the
water immersion, and the P, trace was round with no indi-
cation of any tendency to spike. The pressure traces and
catalyst condition on subsequent pulses appeared to be
normal. Consequently, it was concluded that although
moisture absorption from the atmosphere by the catalyst
could increase 8:, it probably was not the underlying cause
of spiking and catalyst attrition.

Injector Clogging Problem

In the initial cold-catalyst tests of the 0.12-Ibf thruster,
CO, was used to chill the metal reactor wall. These tests
were interrupted by injector clogging which could not be
renmiedied by cleaning. Microscopic examination of the in-
jector orifice revealed that a residue of transparent fiberous
strands, such as shown in Fig. 11, was causing the clogging.
Infrared spectrographs of the residue, Fig. 12, showed that
it was composed of 15% C, 6% H, and 44% N. Three
samples of N,H, from laboratory bottles were found to con-
tain relatively large amounts of this substance while two
samples from freshly opened bottles contained only trace
amounts. Subsequent experiments revealed that material,

Fig.13 Reaction
products of CO;
+ N2H4.
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shown in Fig. 13, was formed by a reaction$§ between N,H,
and CO; and that a brief exposure to air was sufficient to
produce it. Once formed, the fiberous substance was in-
soluble in either water or trichlorethylene. Cleaning the
reactor was finally achieved by heating it to 275°F, at which
point the clogging material sublimed completely. Liquid
N, was then utilized for cooling the reactor; and it is recom-
mended that N,H, be handled under an inert atmosphere,
such as N, to prevent the formation of this compound,
(which could also promote the decomposition of NoH, under
conditions of long term storage) with the subsequent danger
of blocking propellant flow in the system.

Conclusions

The dynamic characteristics 6f small monopropellant hy-
drazine reactors were measured to obtain approximations
for use in simulating spacecraft control system dynamics.
Impulse repeatability improved with increasing command
pulse width. The results illustrate the typical loss in re-
peatability which might be experienced in attempting to
obtain low impulse bit size by a small command pulse. A
tradeoff between the effects of impulse repeatability and
propellant consumption is recommended for optimum
design.

The incidence and magnitude of pressure spiking on first-
pulse, vacium ignition is primarily a function of the catalyst
temperature 7. and the bed configuration. From these
tests and from high-speed movies, a catalyst-injector con-
figuration which delivers a uniform distribution of fine hy-
drazine droplets to the catalyst bed near the injector, e.g.,
a layer of fine mesh catalyst, appeared to be less susceptible
to pressure spiking. Several trends were also inferred from
the test results: spiking occurred as often at sea-level as
in vacuum; spiking occurred more frequently at 7', less than
ambient temperature; ignition delay time 6; tended to be
longer with spiking than without; and decreasing 7. in-
creased 0.

In one of the conﬁguratlons tested, pulverlzatlon of the
catalyst was observed after a few ﬁrmgs in which peak spike
pressures exceeded four times the design pressure. It was
hypothesized that this pulverization and spiking might be
due to internal pressure in the catalyst granules generated
by very rapid decomposition of accumulated hydrazine.

Prefiring immersion of the catalyst in water caused a
significant increase in 6; and produced a rounded P, trace.
Consequently, it is felt that atmospheric moisture absorption
by the catalyst is probably not the underlying cause of
spiking and catalyst attrition.

Experiments intended to check the effect of outgassing
(by measuring P, and T, vs vacuum exposure time) led to
no conclusions concerning the effect of the outgassing on
reaction startup.

Propellant valve leakage must be carefully avoided in
vacuum qualification tests.

§§ Reference 15, for example, suggests CO. + 2N,H, —
N.H; — CO.N.H; (carbazic acid hydrazine) or 2CO; + N.H, —
N:H:(COOH), (hydrazidicarboxylic acid). These reactions are
not well characterized.1®

J. SPACECRAFT

Some injector clogging was found to be due to the product
of a reaction between NoH, and COs, which occur after only
a brief exposure of NoH, to-air. Once formed, the material
was insoluble in water, alcohol, acetone, or trichlorethylene.
Complete sublimation of this material was obtained by heat-
ing to 275°F. Therefore, it is recommended that N.H, be
handled under an inert atmosphere.

The results of this investigation indicate that the under-
lying mechanism (s) of deleterious first-pulse, chamber-
pressure spiking is not at all clear and could involve the funda-
mentals of the N.H, decomposition reactions, which are not
fully understood. Further studies concerned with allevi-
ating pressure spiking might first be directed toward acquiring
a better understanding of these reactions.
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