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The overall objective of the work in thia program is to investigate the
external breakup mechanisms of Shell 405 catalyst so as to establish an
understending of the phenomenon which can aid in ext¢nding catalyst life
in use in monopropellant hydrasine thrusters. The progras involves the
foint efforts of Exxon Research and Engineering Company, McDonnell Douglas
Astronautices Cowmpany and TRW Inc.

The program involves both experimental

and anslytical studies of potentiasl catalyst breakup mechaniswma.
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JA ommber of different mechanisme wera identified for study follow-
ing & review of the literature and othar available information. To date
fourtean spacific mschaniems from the general area; of fluid dynamic erosion,
pressure crushing, differential thermal expansion, particle movewent, thermal
shock and pore pressure gradients have been screancd. lwjor Lreskup wechanisms
or fuctors identified to date include particle to particle crushing as a
result of various static pressure crushing forces, build-up of pressure
within the catalyst pora as a result of {mbibed liquid hydrazine, the fact
that a voided thrustar bed has sufficient gas velocity for particle movement,
aud loss of catalyst physical properties such as crush strength with use.
Other significant mechanisme or factors idertified include fluid dynamic
erosion from s pulsed liquid stream and fiom particulates in hydrasine

and thermal shock during liquid quench cooldown. Five mechanisms or factors
were judged not to be significant. Although the prograz s not cowpleted,
the results to date were examined for thruster design implications.
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SUMMARY AND CORCLUSIONS

The overall objective of the work in the program is
the external breakup mechanisma of Sheli 405 catalygt io as totznt::T::;s‘te
an understanding of the phenomenon which can aid in extending catalyst life
in ues in monopropellant hydrazine thrusters. The Extcrnal Catalyst Breakup
Phenomena program involves fne joint efforts of Exxon Research and Engineering

Company (prime contractor) and McDonnell Douglas Astro:.autics Company and

the Systems Group of TRW, Inc. A study of Internal Catslyst Breakup Phenomena
is being carried out separately by United Technologies esearch Center under

a different contract (FO4611-74-C-0031). The overall cffort {is coovdinated
by the Air Force with the assistance of a Scientific Advisory Board. The pro-
gram involvas both experimental and snalytical studies of potential external
catalyst breakup mechanisms. This interim report describes work conducted
during the periad of June 1974 to April 1975.

A number of different mechanisms were identified for study following
a review of the literature and other available information. To date fourteen
specific mechanisms from the genersl areas of fluid dynamic erosion, pressure
crushing, differential tliermal expansion, particle movement, thermal shock
and pore pressure gradients have been screened. Major mechanisms or factors
important to catalyst breakup identifiad to date inclucde:

e Particle to perticle crushing as a result of various static
pressure forces.

e A voided thruster bed has sufficient gas velocity for
particle mwement.

e Corroboration of the deleterious effect of the buildup of
pressure within the pores as a result of adbibed liquid
hydrazine.

e Loss of catalyst physical oroperties such as crush strength
after thruster exposure.

e Erosion by a pulsed liquid stream at high velocity.
e Thermal shock from liquid quench cooldown.

e Erosion resulting from solid particles present in
the hydrazine.

Five mechanisms or factors were judged not to be significant as follows:
e Fluid dynamic erosion by a pure gas.
e Fluid dynamic erosion by l1iquid drops in a gas.

e Pore pressure gredients during rapid pressurisation or
depressurization (in the absence of liquid).

e Transient effects per se in bad pressure buildup.

e Thermal shock from heating a particle with hot combustion
gases.
-] -



Although the program has not yet been completed, the results .
to date point to a number of variables or factors involvcd in thruster
cperation where opevating envelopes possibly could be developed to enhance
catalyst life,

® Gas fluid dynamic erosion per se is not a mechanism of cat-
alyst breakup, nor can gas velocities be reduced to the
point where incipient particle movement will not occur in
i a voided bed. However, higher gas velccities result in
i greater static presasure crushing forces on the bottom of
| the bed. In additio:, since abrasion by solid particles
! flowing in a gas is strongly dependent on particle velocity,
f higher gas velocities increase the danger from solid raridcle
! abrasicn if the catalyst starts to breakup from another
mechanism.

® Reduction of the particulate level in the hydrazine used
below the current spec level could provide ar added margin
of safety regarding possible ahrasion losses from solid
particles flowine in the gas.

i ® Liquid hydrazine in contact with catalyst particles generates

a number of potentially deleterious situations. The impact

of 8 pulsed, liquid stream can erode the particles. Data .
indicatcs that this can be controlled to a great extent by

reducing the liquid velocity. During a cold start contact

| with hydrazine leading to liquid wetting can lead to very

: high Iinternal pressures as a result ot the imbibed liquid

! decomposing in-situ to give product gases. A number cof

| approaches in this respect could be pursued.

,

's
;
\

- Increasing the headspace area above the bed to prevaporize
the hydrazine as much as possible.

- Raising the catalyst bed tempcrature. Although at this time
I the effect of temperature on internal pressure has not

' been defined, qualitatively, higher temperatures should
teduce licuid penetrarion and ultimately result in a film

| binding condition which will prevent any actual liquid from
contecting the catalyst.

v
b b s "‘U.JM .

Smaller catalyst particlece should allow easier relief of
interne! preesures. However, other mechanisms are influenced
{ Ly catalyst particle size so that tradeoffs will probably 1
be involved in optimizing the catalyst partizle size.
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Similarly , thermal shock from ligquid hydrezine is potentially
detlerious, &nd means to minfmize this possibility cnuld include
steps such as reducing the catalyst particle size 30 as to
reduce the Bict number cor adjusting conditions including
catalyst perticl.- temperature to insure that a low heat

transfer rute film boiling condition will be present rather
than a higi heat transfer rate nucleate boiling coundition.

Ty

o PFactors generating pressure forces which could result in
particle to particlc crushing must be carefully examined.

- Bed preloads would appear to be deleterious

-~ The possible additive effect of various pressure forces
must be avoided. Analytical results indicate that the
pressure forces from flowiyvg gsses are established very
1apidly (in milliseconds) compsred with cold start thermal
expansion coumpresaion effects (max /A V/V compression occurs
at approximately 0.5 sec arfter starty Any relaxation of
preload forces would presumsbly cccur even later during
the dilation portion of the thermal oxpansion cycle. Thus .
it would appear possible during the initial cold start b
that preload forces, the flowing gas ;P forces, and the :
differential therwal expansion compression forces would .
all occur simultanecusly and result in a total force which ‘
is addic{va in a complex manner. Thig interaction could

seriously overstress a bed.

ot £
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- Pressure crushing forces from differcntiel thermal
expsnsion effects must be carefully considered, such '
as the possibility thst a dilated bed during firing :
will completely or partially repack itself. The i\%

|
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strong effact of bed loading or. the magnitude of both
the initial compressior and final dilation, suggest
benefits from reducing this variable.

- 1solating the catalyst particles from one another
8o as to avoid high particle to particle stresses
may have merit. i

]

- particles from a partially aegraded bed could be
trapped in the {nterstices of the lower bed and thus
raise the pressure drop across the bed, resulting
in further bed cowpression losses.

e i

Although the transients per se invclved in pressure shocks

are not deleterious, the magnitude of this force must be
g‘ven serious consideration




The effecr of the thy .ier environment on the loss of
individual catalyest particle crush strength end c¢ther
critical properties must be considered. Far example thermai
cycling fstigue may desrade crush strength leading ultimately
to bed failure.

Means to reduce the rvelatively lsrge scatter in individual
particle crush strength would eliminate a significant

fraction of weak particles present in even a fresh catalyst
bed, and thus have merit. In addition, loss in average
particle crushing strength and increase in scatter following
thruster exposure sharply incre..2s the percent of very weak
particles. Thus thie prob'um mey u. !ntensified «'+h thruster
aging.

During the pericd covered in this report the Tark I Phenomenological
Survey studies have been completed and the majority of the Task IIY analytical
supporting analyses have been comnleted. Tn the remaining portion of the
program the planned Task: I1 testing will be carried out along with the
remsining analytical supporting snalyses. Experimental work is planned to
continue the study of static pressure crushing and to investigate abrasion
cffects {n a volded bud. Studies of 'pop" ehock dynemic pressure crushing,

fetigue effects in cyclic hot gas thermnl shock and liquid quench thermal
shock and {nterections or synergiems are planned. Catslyst testing work with
used catalyst samples will be conducted in an attempt to dete-mine the effect
of thruater exposure on the ability of Shell 405 to maintatn its physical
properties such as crush strength. Analytical studies will include both
parametric st.lies of existing programs and further development of the
struciures snalys., programs.

The modeling studies have agsin pointed out, in general, the need
for the best possible values for Shell 40S material properties. In addition,
these analyticel studies identified a particular need for the Poisson ratio,
tensile failure strength and multiaxis compressive failure strength.
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: This Interim Technical Report describes work carried out under ;
. ° Contract No. F04611-74-C~0032 during the period from the start of the b
i program in June 1974 to April 1975, It was principally writtem by 3
i Dr. W, F, Taylor, Program Manager, Exxon Research and Engineering Company
| (ER&E) and Mr. W. T. Webber, McDonnell Douglas Astronautice Company (MDAC). ’
' The program was adaministered by Dr. D, Grafstein (ER&E). Coatributions
‘ were made by the following individualse:
i
i Dr. M. Boudart, Stanford University
: Dr. W. D. English, MDAC
i Mr, A. R. Cxrchbrant, ER&E
i .
'k Dr. D. P, H. Haaselman, Lehigh Univarsity i
. Mr. R. J. Hoffman, MDAC
1
Tt Dr. J. D. Kuenzly, TRW i
% Mr. M. Lieberman, ERSE ;
Dr. E. M. Magee, ERSE i‘
. LN
. Mi. D. D. Quaa, MDAC h
! Mr. R. L. Sackheim, TRW h
Tt Mr. S. A. Schechter, MDAC “»
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The project monitor on this program is lst Lieutenant Steven
G. Wax, AFRPL.
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1. INTRODUCTION

Monopropellant hydragine is widely regarded as the established
standard for unmanned spacecraft auxiliary propulsion systems. To date.
there are over 30 United States flight programs that use hydrazine pro-
pulsion systems with Shell 405 catalyst as the means for spontaneously
initigsting the decomposition reaction. These prograss have occurred
over the last decade. Even with this experience, it is evident that
there is still much that is noc understood abou: the fundamantal pro-
cesses involved in heterogeneous hydrazine catalytic ceactors.

The Shell 405 caralyst was developed to satisfy the raquire-
ments for a simple, reliable, lightweight, nonpower draining anl
relatively low cost means of spontaneously decomposing hydrazine. The
potential use of hydrazine as a monopropellant was first studied exten-
sively in the USA by JPL during the late 1940's and 1950's. It was
fivund that homogeneous, thermal decomposition of hydrazine proceeded
slovwly, requiring residence times too large tc be practical in most
rocket engine applications. Subsequent work evolved seversl catalysts
that could effectively suetain decomposition of liquid hydrazine {f the
initial reactor bed temparature was maintained in the 600° to 800°F
range. Por these catalyst systems, however, it was necuessary .., eamplo-
techniques that preheated the bed to initiate and sustain deccr posit!
The complications of using these methods eeriously impaired the early

acceptance of monopropellant hydrazine for spacecraft propulsion syste...

Over the years, efforts were expanded in search for improved spontaneous
catalyst with suvccess finally being achieved by the Shell Development

Company in what sust be considered a true technological breakthrough for
that period (1964). The availability of Shell 405 catalyst greatly ex-

pandad interest in the application of smonopropellant hydrazins propulsion

systems, not only becaust it was & truly spontanaocus catalyst, but also
because it appeared to be capable of a great many starts.

Coincidentally, the occurrence of the spontaneous catalyst capa-

bility was psralleled by a proliferation of unsanned spacecrsft aissions
requiring the use of attitude control and station keeping propulsioa
systams, The use of Shell 405 catalyst hydrazine systems accelerated,
therefore, from the first hurried application in Novenber of 1967 to the
number of flight systems ia operation at the pregent time. Beacsusae
hydrazine thruster technelogy grew so rapidly, many ocotantial probles

areas were bypaseed or explored in only enough detail to satisfy specific

requirements for a given application. 1In addition, rapid changes have
occurred in thrustar performance and life requirements evcr the last few
years. The original specificetions for spinning estellitas and short-
1ife upper stages required relatively rapid firing rates (on the order
of 1 Bz), only a few ambient starts (typically 20 to 50), and only 2,000
to 5,000 pulses. These requirements are simple vhen compsred to the
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present needs of three axis stabilized long-life missions that require
‘ hundreds of ambient starts (40° to 70 F) and hundreds of thousands of
| 'hot" pulses at varying frequencies. The use of hydrazine thrusters
employing Shell 405 catalyst for extended life missions is currently
limited by the physical degradation of the catalyst. This program is
ons part of an extended effort being carried out by AFRPL to improve
the life of Shell 405 catalytic hydrazine thrusters.
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2. APPROACH

2.1 Objective

The performance of the Shell 405 catalyst deteriorates during
its use for hydrarine decomposition in monopropellant thruster opera-
tion. The overall objective of work under this contract is to investi-
gate external catalyst breskup mechanisms 80 as to establish an
understanding of this phenomena which can aid in extending catalyst
life during use.

2,2 Progrnn Organization

The External Catalyst Breakup Phenomena program imvolves the
joint efforts of Exxon Research and Engineering Company (prime contrac-
tor) and McDonnell Douglas Astronsutics Company and the Systems Group
of TRW, Inc. A study of Internal Catalyst Breahup Phenomena ie¢ being
carried out separately by United Aircraft Research Laboratory under a
different contract (F04611-74-C-0031). The overall effort (i.e., both
internal and externmal catalyst breakup phenomens work) 1s coordinated
by the Air Force with the assistance of a Scientific Advisory Board
(SAB). The SAB consists of appropriate Aixr Force and contractor members
plus the following additionsl wmembers:

® Mr. S. DeBrock, Lockheed Migsiles and Space Corp.
Mr. M, J. Ruesi, Aerospace Corp.

Mr. V. A. Mosely, Bell Aerospace Company

Dr. J. D. Rockenfeller, Rocket Rasearch Corp.

Dr. M. Boudart(a), Stanford University

Dr. D. P. H. Hasselmsn(a), Lehigh University

Mr. F. S. Forbes, AFRPL, is chairman of the SAB.

The Externsl Catalyst Breakup Pheuomena progrsm coasists of
three tasks as follows.

Task I - Phenomenological Survey

In Task 1 a phenomenoclogical survey is to be performed to
identify and describe the more important mechanisms of the axternal
catalyst breakup procees. The objective of this work will ba to eeta-
blish the foundations for the more extended axparimental program in
Task 1I, and to generate an understanding of the catalyst breakup procass.

(s) Consultant to Exxon Research and Engineering Company.




Three areas of efforv will be carried out in Task I. First, a review
and analysis of the literature, second, a series of experimental sensi-
tivity tests to screen the breakup hypotheses, and third, a comprehen-
sive assessment of the results of the sensitivity test, literature
review and suulytical modeling so as to select and rank the breakup
mechanisms for additional study in Task II.

Task J]1 - Selected Mechanism Testing

More intensive laboratory testing is to be performed in Task
II, This will involve (a) additional investigation of mechanisms or
factors which have been shown to be important, and (b) investigation of
phenomena occurring in a complex bed environment, rather than just
occurring in a single particle. The effect of synergisms or interac-
tions 18 also to be investigated. Output data involving descriptions
of important operating variables is to be generated indicating the
level of catalyst degradation to be expected in various regions of
catalyst/thruaster operation.

Task I1I1 - Supporting Analyses

Concurrently with the other tasks, analytical studies are to
be conducted to support the experimental activities and also to aid in
the assessment of breakup mechanisms by exploring areas not experimental-
ly investigated. The development of a complete catalytic bed design
analysis is beyond the scope of this program. However, governing equa-
tions and analytical descriptions of phenomena expected during catalyst
breakup in simplified situations, are to be developed so at to generate
an understanding of driving mechanisms that will form a basis for such
a design analysis mode. This work i{s to provide an assessment of the
important factors involved in catalyst fracture.

' Task I and Task II efforts are to be carried out in sequence,
and primarily will involve work by Exxon Research and TRW, Task III is
to be carried out concurrently with Tasks I and II and involves work by
McDonnell Douglas Astronautics.

This report is an interim technical report describing work
completed in the period of June 1974 to March 1975, and includes the
completed Task I effort and the parts of Task III effort carried out

in this time fxame.
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3. TASK 1 - PHENOMENOLOGICAL SURVEY

3.1 Literature Search

A literature search relative to catalyst breakup phenomans
vas made. The search {ncluded & review of both government and nom-
goveroment pertinent literature and was primarily based on:

® Lockheed Information Retricval Service
® APILIT National Retrieval Service
® Reports and Abstracts Furanished by TRW.

The literature vas reviewed to examine the availadble inforua-
tion on possible mechanisms which may contribute to the degradation of
Shell 405 hydrazine monmopropellant catalytic engines. These encompass
both internal (within catalyst particles) and external (particle to
particle) phenomena. The resultis, presented below, include informstion
derived from hydrazine monopropellant engine gtudies and from other
studies which are relevant to the catalyst degradetion problem.

3.1.1 Internal Phenomena

3.1.1.1 Reduced Catalyst
Internal Porosity

The interns! porosity of a catalyst pellet can affect the
meguitude of the tewpevstures and pressures built up during reaction,
which i{n turn, can produce stresses and strasina that exceed the
tolersble limits of the catalyst structure. This is particularly
true if the reaction taking place within the catalyst is exothermic.
pPreatexr (47) has shown that significantly higher temperstures can
occur inside a catalyst particle relative to the surfece bulk fluid
temperature during an exothevmic reaction. Kesten (32) has applied
the Prater equzstion to the development of o specific model for hydra-
sine decomposition in Shell 405. The tewpersture and pressure gradieats
predicted by these aralyses can cause considerable internsl stresses
within the catslyst structure. Furtherwmore, extensive thermsl ond
pressure gradients resulting from pore transport limitations during
start-up may be cousiderably higher. This was shown to be the csse in
studies conducted by Lee, et al (34) on the stabflity of exothermic
reactions in cetslysts with transport limitstions.

Reductions {n total pore volume snd changes in pore volume
distridbution can impede the trensfer of heat snd pressure genersted in
the catslyst interstices. Seversl references can be found to show
bow exposurs of supported catalysts to elevated temperature czuses
deleterious chenges in svailable micropore volume and pore discribution,
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For example, studies by Levy (35) Shachner (60) and Benesi, (3) show

how commercial alumina pellets exposed to high temperatures, undergo

a8 large reduction in number of microporecs along with reductions in

surface area. Sintering is seen to convert several small pores into
fewer larger ones such that the total pore volume is relatively unchanged.
Such changes have beeu shown to Increase the overall density of the
catalyst particle, cause blockage of available active sites and result in

increased thermal and pressure stresses.

Sayer and Southern (75) suggest that the rapid decrease
observed in the surface area of a CNESRO-1 hydrazine catalyst substrate
at temperatures in excess of 1000°C was due to a phase change from the
gamma alumina to the alpha alumina. Howcover, even if such is the case,
the CNESRO-1 catalyst is based on a y-alumina which is prepared from
aluminum monohydrate (boehmite) while the y-ulumina used for Shell 405
support is prepared from alpha aluminum trihydrate (gibbsite). Their
results are thus not directly applicable to the behavior of Shell 405
at elevated temperature but are nevertheless of interest to the pres-

ent problem,

Papmahl and Rose (86) have shown, by microscopic examination
how catalyst pores could be clogged with fines formed when portions of
the catalyst pellets are crushed or attrited. Such possible clogging
of internal catalyst pores could contribute to increased pressure
build-up within the Shell 405 catalyst and subsequent accelerated

catalyst failure.

In addition, it has been shown that exposure of a supported metal
catalyst to rapid and high temperature changes can cause extensive
migration and growth of metal crystallites such that micropore blockage
cen occur. The work of Ruchenstein and Petty (53) has shown this to
be the cese for alumina supported platinum catalysts. Localized high
temperatures, achieved in a catalyst pellet at crystallite sites, were
found to cause growth and agglomeration of platinum crystallites. In
some cases the transient temperature spikes were believed to cause
possible detachment of clusters of crystallites. These processes could
be even more severe in a catalyst such as Shell 405 which has an extensive

smount (&7 30 wt. %) of dispersed metal (iridiu-) throughout the catalyst
structure.

3.1.1.2 Presence of Adsorbed Species

The literature contains numerous references showing how the
adsorption of certain molecular species, present in the reactive system,
can interfeie with reaction rates and rcduce the activity of heterogeneous
catalyzed systems. In most cases, loss of catalyst activity for the
{ntended reaction occurs because active catalyst sites are permanently
or temporarily occuppicd by adsorbed species, thus rendering them
unavailable for the intended reaction. However, in certain specific

- 20 -



: cases, the adsorbed species can itself participate in processes which
deatroy the catalyst structure. The class{c examp.e of this phenomenon {s
the adsorptfon of H70 on alumins substrates at higih temperatures. The
acsorbed Hp0 is seen to catalyze transformations that rapidly reduces

the substraste surface aresa and micropore volume (35)(55).

Adsorption related processes can have deleterious effects on the

performance of Shell 405. Kesten (3) has reported that exposure of

Shell 405 catalyst to cold, high pressure decomposition products can

reault {n the sdsorption of H; and NH3. The adsorption of these gases

1 was seen 88 reducing the stasrt-up activity of the catalyst and contributing
to lerge particle pressure build-up. Pressure build-up within the
particle pores results from the interactjon of temporary lost catalyst
sctivity (from adsorption of NH» and H2) and liquid hydrazine flooding of
catalyst pores. This 1s considered more fully in the paragraphs discussing
blockage of outer pores by 11quid hydrazine. Studies by Sayer (59) and
Wood and Brysut (71) also support the theory of considersble ammounis
and hydrogen sdsorption on Shell 405 with subsequent loss of available
sctivity for low temperature starts. Their work alsc supported the
observations that the sdsorption was reversible and that once the catalyst
temperature was elevsted, desorption of NHj and H would take place.
However, cumulative physical sdsorption of reaction products could

° concelvably reduce catalyst acti{vity to a point where low temperature
starts would no longer be poasible.

m.rvﬂ‘-hM—m\ )
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More ccvere deleterfous adsorption effccts with Shell 405 can
oceur with chemical species such as halogens, oxygen and H0.
McCullough (37) has shown that trsces of Cl in the hydrszine resctor
system could cause permanent loss of catalyst activity. Chlorine {is
believed to react with {ridium metal to form a volatile product
IrCly vhereby active metal sizes are completely lost from the catalyst
structure. This ssme mechenism has been shown to be operable in the
loss of activity of slumins supported platinum catalyst, used in
reforming reactions in the petroleum fndustry (41). Cl2 can result
from the presence of trace quantities of halogensted solvents such as freons
and perchloro ethylene used to clean hydrszine thruster hardware

components (37).
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In a similar fashfion, oxygen can react with iridium wetals
under certein conditions resulting in conversion to volatile Ir0jy
and Ir0z. This process can result in both loss of iridium metsl
from the catalyst structure ond fridium crystsllite growth both
resulting in reduced hydrezine decomposition activity. This mechenism
haa been shown to be responsible for the loss of supported {ridium-
rvthenium catalyst activity in sutomobile catalytic ccoverters, as
well ss other high temperature spplications (38).
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As indicated in previous paragraphs, the adsorption of water
on aslumina surfaces has been found to rapidly accelerate high temperature
sintering. Shell 405 utilizes a gamma-alumina substrate as a support
for metallic iridium crystallites and would be expected to be susceptible
to this deleterious phenomenon. This has been confirmed in Shell 405
life test studies conducted by Boge (67). Rapid loss {in catalyst
area was found to take place when sintering occurred in a nitrogen
stmosphere containing water vapor. Effects of trace water may have

similar though lower magnitude effects.

Trace water vapor may enter the hydrazine thruster system by
adsorption on the Shell 405 catalyst surface during preparation, from
contamination in the hydrazine itself, or by chemical reaction. Brooks (5)
has reported that water vapor can be formed by the reaction of adsorbed
02 with IrH under conditions were chemisorbed hydrogen (formed during
reduction of the catalyst during preparation or in subsequent hydrazine
decomposition) {is left on the catalyst surface. These sources of water
could contribute to degradation of Shell 405 catalyst surface area and

sctivity by the above mechanism.

Carlsou (80) has conducted experime:i'.al investigations relating
the low temperature, high vacuum, hydrazine Ig.ition properties of
Shell 405 catalyst to the concentration of adsorbed gas species including
02, N2, H2 and NH3 present on the catalys” surface. The results of '
the study indicated that hydrogen could be adsorbed on Shell 405
under high vacuum conditions if the reactor is cooled rapidly.
no conclusion was reached about any adverse affect of adsorbed hydrogen

on ignition delay and catalyst degradation phenomena.

However,

Smith and Solomon (89) relate the catalyst attrition mechanism
{n hydrszine engines to the irreversible, dissociative adsorption of hydrazine

on catalyst sites at temperatures below 450°K.

Paranskii et al (88) has shown that the mechanical strength
of promoted alumina catalysts and resistance to abrasion of catalyst particles
was reduced by the adsorption of water and hydrocarbons on the catalyst
surface. Similar effects may be possible frocr the adsorption of
reaction products or hydrazine contaminants during the firing of hydrazine

wonopropellant thrusters.

Thus, the adsorption processes discussed sbove can all contribute
to loss 'n specfal catalyst activity. This loss in activity in turn can
contribute to severe internal particle pressure build-up and subsequent
fracture by interaction with the liquid hydrazine blockage of pores

discussed below.
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3.1.1.3 Blockage of Catalyst External
Pores by Liquid Hydrazine

Kesten (30) has prcposed a mechanism whereby the wetting of
liguid hydrazine on the outside of porous Shell 405 catalyst particles
can prevent decomposition gases frum esceping the structure, thus cavsing
severe internal builld-up of pressures. Liquid hydrazine is seen as entering
the pores by cepillary action and requiring very high gas pressures
for eapulsion. Where non-uniform hydrazine wetting oczcurs, severe
preseure gradients cin exist within the particle rtructure. Motion
picture studies of hydrazine decomposition in a single particle by Snrgiovanni
and Kesten (58) have supported this theory; so have wmathemstical enalyses
conducted by the same autho.s (57).

The interacticn of this mechanism with loss of catalyst specific
activity (produced by adsorption or diffusionzl phenomena discussed
above) can be great; particularly in transient conditions. Lowered
cotalyst activity would permit further penetration of the liquid hydrszine
into the catalyst structure, requiring greater internal press res for
explusion. Further, if the reduction in catalyst activity due to sdsorption
were not uniforr, larger thermal gradients would be expected. These
effects would be expected to be particularly pronounced during pulse mode
operation, where catalyst particles vould be repeatedly subjected to
cycific exposure to cold hydraszine and hot decomposition gases.

These effects are supported by the work of Lee (34) who grudied
the stability cf several exothermic reactivns in crtalyst particles with
external transport limitatfons. 1t has also been observed to cccur in @
rumber of liquid phace hetecrogeneous catalytic industrial operations.

Moynihen and Bjorklund (82) have estimated the internal
pore pressures in Shell 405 resulting from hydrazine adsorption and
decomposition to be of the order of200) psi. These high pressures combined
with large thermal gradienkts, wete believed to be respousible for catalyst
bregkup in their 1 1lbf. <eat thrusters.

Creer (B4) has studied the low temperature (40°F) start
characteristics of hydrazine monopropellant engines using high speed photography
and a plexiglass reactor. He concluded that catalyst sttrition was primsrily
ceused by high pressures generated within the catalyst rather than from
lerge cliamber pressure spikes.

on the other hand,Basmadjisn's (87) theoretical aunalysis of
pressure: arising {n both the macropore and micropore networks of
catalyst pellers during the rapid venting of high pressure, fixed bed reactors
leads to the conclusfon that rapid pressure release should not resvlt
in damage t- the pellets since the pressure in the peliet closely
spproaches that of the reactor void space. However, Baswadjians analysis
docs not consider gas generatfon by chemical reiction in the micropores
snd {:is applicability to the nydrazine thruster slituation is limited.
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2.1.1.4 Thermal Stress Fracture

In addition to the phenomena discussed above, the catslyst breakup
wmodel {ncludes the effects of thermal stress fracture as @ process which
itself can contribute to catalysc particles. From this standpoint, it ts useful
to consider the basic composition of the Shell 405 catalyst from a strength
of materisls, structural, point of view. Shell 405 consists of a composite
structural system of a conntinuous (though porous) phase of gsmma alumina
with large amcunts of iricium (=30 wt. %) metal located in the pore
{nterstices. Physical properties of these materials are compared in Table 3-
1. Alumina i{s a refractory oxide having a very low thermal conductivity.
Iridium {5 a metal having a high therwal conductivity.

Table 3-!

Physical Properties of lridium and Sintered Alumina

Sintered
Property Iridium Alumina
"Thermz! Corductivity .30 .02-.01
cala/cm-sec
. -6 -6
Linear Coecflicient of 6.5 x10 3.9% 10
thermal cxpansion
in/in/°F
Compressive Strength, psi | 4 x 105
4
Tensile strength, psi 3.2 x 103 4 x 10
Youngs modulus, psi 6 x 105 5 x 107

Though the lineer thermal ccefficients ot expansion are not too dissimilar,
significant local thermai s'.resses, resulting from temperatu.: differences
at the iridium alumina boundaries during start-up conditions, vould be
expected. This is due to the fact that the local heat fluxes produced

at the catalyst active sites would be transferred more rapidly into the
much more th2rmally conductive iridium tham to the alumina. Furtherwore,
during pulee mode operation, metal active sites would tend to be surrounded
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by bot decomposition gases, vhile exterior alumins pore walls would tend
to be {n contsct with the cold, l1iquid hydrazipe feed. This would further
emhance trensient differentisl thermal stresses. Large trsnsient locsl
tempersture gradients st metal sctive sites, in porous slumina substraten,
have been predicted by the work of Ruchenstein and Petty (53).

In thic connection, {t should be scknowledged thet the snslyses of
Prater (47) and Kesten (31) (which predict much lower tempersture gradierts
for exothermic reactions occurring within catalyst particles) are steady-
state treatments and do not take into consideration local transient
conditions. Ruchenstein and Petty's work (53) show that transient
phenomens, such as tl.o propagstion velocity of the heat flux, must be
taken into account to sccurately describe the tempersture fields inside
& catalyat particle.

In 2 recent paper, Russi (77) points out that differentisl
thermsl expansion was not sn important facter in the degradation of
Shell 40S. However, his conclusions were based on hcating catalysts
to 1800°F in s quartz cylinder snd weasuring bed volume shrinkage. The
prodlem of differentisl thermal expansion and thermal stresses developed
within the cstslyst psrticles during the rapid (mil sec) temperature
chenge during start-up was not, howvever, addressed.

3.1.1.5 Catalyst Contamination

The present MIL-SPEC (MIL-P-26536C, Ameudment 1) for monopropellant
hydrazine controls a large number of potential contaminants, namely:

Contaminant Max Allowed (2 by Wt)

Water 1.0
Chloride 0.0005
Aniline 0.50
Iron 0.002
Non-Volatile Residue 0.008
Carbon Dioxide 0.02
Other Volatile Carbonaceous

Material 0.02

The required hydrazine purity must be at least 98.5 percent by weighe,
There is also s particulste limit of 1 milligram/liter.
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Severel of the above contaminants can potentislly interfere
with the hydrazine decomposition reaction. However, no conclusive results
are presently available as to tne deleterious role of specific contaminants.
A process has been developed to purify propellant grade hydrazine as
patrt of the current Mars Lander Program. However, no specific evidence
{9 avaflable which would indicate that use of such a propellant would
extend the service life of Shell 405 catalyst.

Christopher and Russell (81) have also studied the effects
of adsorbed hydrazine contaminants on catalyst life. PRaazically, they
found that the low volatile metal contaminants such as iron, chromium
and zinc sppear to deposit on the catalyst, filling the intexstitial
spaces around the catalyst grains ax/or forming & coating over the
surface of individusl particles. This second mode of deposition may
result in reduced catalyst activity and degradation in bed performance.

Chloride contaminstion of hydrazine, results in formation of
smmonium chloride. This compound has a relatively high vapor pressure
st the reactor operating temperatures and is not believed to reduce
catalyst performance per se (though condensation ot NH4Cl at the ortifice
of & test flow reactor has cauvsed orifice clogging).

Harked degradation on catalyst perforxmance, due to the
presence of MMH and water in combinstion was believed toc have been a
result of carbon monoxide adsorption. However, this has rot becen firmly
established. The authors conclufe that further work on the effec!s
of hydrazine contaminants on catalyst degradaticn is required to more
fully understand their role.

Barclay (831) reports that Shell 405 catalyst cen be deactivated
by large quantities of UDMH. Thi:s contsmination results in the fcr-stfion
of carbon which deposits on the catalyst surface. HNowever, nhis tests
require further work to fully assess the problem of carbon aeposition.

Fredrickson (72) reported observing the performance degradation
of Shell 405 in two 1bf. engines subjected to 86,000 firings of static
tests. Though the propellant used in the test progvam waes found to be
contaminated with about 1% UDMH, no conclusions were presented as to
any adverse effect of the contsminants upon the catalyst.
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3.1.2 External Phenomsva

3.1.2.1 Poor Fuel Distribution - Bed
"Drilling," Hydrazine Puddling

Poor fuel distribution can result from the above catalyst particle i
degradation sources which in turn lead to uncven pressure drop through- :
=ut the bed. Local formstion of voids in one part of the bed, and blocking
by fines in another, lead to maldistribution of the fuel, which in turn
leads to uneven distribution of pressure and stresses in the catalyst
beds. Thie phenomenon has been shown tc contribute to tatalyst bed deg-
gadstion in several studies. 1In addition, Kesten (33) has shown
that non-uniform distribution of hydrszine {n catalyst beds can produce
bigh temperature gradients under steady state conditions. More severe
thermal gradients csan vesult f{rom poor fuel distribution during trensient
(start-up) conditions in highly exothermic reactinn systems. This was
shown by the work of Ruchenstein and Petty (53) and Lee (34).

The councept of local hydrazine "puddliung" would contribute
to high teoperasture sand pressure gradients during start-up. In thnis
concept, }iquid hydrazine is seen accumulsting in catalyst bed pockets
vhere specific activity has been impaired (by any of the above discussed
sechanismc). UWhen the catalyst temperature !s sufficiently elevated to i
sctivete these bed pockets, excess hydrazine is available and transient i
surges i{n pressure and temperature (pressure and temperature shocks) i
i
i

e

VA

occur which are frequently above bed steady state conditions. Further-
more, the fact that teamperature and pressure increases (spiking) occur
very rapialy (msecs) means that the catalyst particles are subjccted
to severe impact loads which intensifies the bed breskdown process.

3.1.2.2 Bed Chasnneling, Churning
and SettlinJ 1

s swnsinsrraadl o d ./

These phenomens arve largely a function of catalyst particle
break-dowm which leads to loss of material and creation of & "loose” i i
bed. In-house studies at Exxon have shown how local fluid flow eddies
con produce a8 "churning" action leading to fncressed particle to particle
sbrasion. The settling of swall catalyst fragments ("fines'") in the 3
interstices of the bed have been observed to cause the channeling of 3
reactsnts in a number of fixed bed catalytic systems. It is particularly 3
{wportant for systems operating under high pressures and high gas ;
wvelocities. :

Predrickson (72) reported on the performance of two 5 1bf.
engines subjected to 86,000 static firings. Engine degradation was .
indicated by exceersive chamber pressure oscillations, and depressed i
pressure pulse shape. Post test observations revealed that 807 and
S0% of the upper bed catalyst wes lost from the two engines respectively.
Yailure vas sttributed to inadequate cstaslyst bed retention, waich in
turn could cause bed churning and cataslyst atcrition. :
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Fredrickson (74) reported that the loss in thrust of an
8/N 002 monopropellant hydrazine thruat engine developed by Marqurdt
was appsrently caused by the formation of excessive fine: which decreased
cetalyst bed porosity. However, no conclusions are presented as to
the actual formation of the fines during the testing.

3.1.2.3 Bed Erosion

Erosion of the Shell 405 catalyst bad by high velocity liquid
or gaseous hydrazine is also considered to be & possible source of Shell
405 degradation.

However, preliminery high pressure gas sttrition tests at
Aerospace by King et al. (78) and at Pocket Research (79) fndicate that
this may have only @ secondesry contribution to the overall catalyst
degradation mechanism.

3.1.3 Other Fectors

Other poesible phenomena that could contribute to the
degradation process, include:

® Catalyst preparation higtory
® (rystal structure

® Particle geometry

All can effect and Iinteract with most of the above mechanisms ae indi-
cated below.

3.1.3,1 Cacalyst Preparation History

Clesrly, the way in which the catalyst 1is prepared and the
qQuality couirol over the prepsration processes can be mwost important.
Incompletr rewmoval of halides could result in {ridium crystallite
growth and migration as well as loss through volatilization; incomplete
removal of Hz0 can result in epccelerated 2lumina substrate desurfacing
as well as destruction of the micropore structure; fncomplete catalyst
reduction to impaired activity for start-up. In addition, improper
pre-attricion techniques can result in producing residusl stresses in
the finsl material which could act as built {n latert sources of

mechanical failure. A few examples cited in the literature fllustrate
s>we of the catalyst preparation.

Neuton (73) et al reports that pre-attrition of Shell 405
catalyst at the 90% level appeared to improve the cold start stabili:y
of tlte catalyst and recommended further evaluation of the technique.
Pre-attrition is believed to remove the weak or stressed, portions of
catalyst particles prior to firing.
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Traina and Pernicone (83) have shown that the strength of
alumina supported catalysts, as well as other catalytic properties, vere
very dependent on the methods of preparation of the catalyst including
thermal treatments such as drying and calcination and forming tres.ments
such as grinding, extrusion and tableting. etc.

3.1.3.2 Crystal Structure

With regard to cryatal structure, possible alumina subgtrate
phase changes during operation could weaken the basic catalyst mtructure.
However, in this connection, most of the references reviewad in this
preliminary literature study indicate that gamma alumina undergoes a
transformation to the alpha phase via a theta phase (54,55). Trans-
formation of the basic Shell 405 substrate gamma alumina to the alpha
phase can occur rapidly in the presence of certain contaminants (such
a8 Hy0, halides and alkaline earth metals).

3.1.3.3 Particle Geometry

The effect of catalyst particle geometry on {ts structurasl
stability has also been shown to be important. Paranski et al (45)
has described how particles of nearly spherical geometry rend to
reeiet fracture from abrasion and other external forces better than
granules which sre irregular and have a high "aspect ratio” (large
1/x). Similar dependence of the susceptibility of fracture to
size and shape are predicted by the work of Chaplin (11) who snalyzed
fundamentsl stress-strain patterns in granular wmaterial.

3.2 Sensitivity Testing

As a result of the literature search and other considerations,
a number of areas were chosen for experimental cr analytical investiga-
ticn or both., These areas and their method of investigation are shown
in Tsble 3-3. Experimental results are described in this section of the
report, Analytical model regults are described in Section 4. Work vas
carriad out in the areas of:

® Ges Fluid Dynamic Erosion

¢ Particle Static Pressure Crushing
® Bed Static Preasure Crushing

® Particle Fluidization

¢ Liquid Fluid Dynemic Erosion
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3.2.1 Sensitivt; Testing in the
Gas Fluid Dynamic Erogsion Area

The effect of gas fluid dynamic erosion was evaluated using
single catalyst particles. This work was done using the High Severity
Cas Erosion Tester (MSGET) shown in Figure 3-1. The unit consists of a
Hevi-Duty oven with three separste temperature controlled furnaces.

The first two sections serve sas & pre-heater for the flowing gas. The
specimcus are held in the third zone. Nitrogen was used as the flowing
geae. Individual particles and pellets were held in specially construc-
ted holder assemblies fabricated from 325 mesh type 304 stainless steel
screen (see Figures 3-2 and 3-3). Individual particles were photomicro-
graphed, vacuum dried overnight and weighed both before and after
exposure to hot flowing gas in the HSGET appsratus. Five replicate
samples were used in each run. Total exposure to nitrogen at 1700°F

in the HSGET, which is preheated to opersting temperatures, was one
hour. Variables investigated facluded superficial gas velocity and
catalyst selection parameters.

Tests were conducted at 50, 110 and 250 feet per second super-
ficial gas velocity. All standard eizes of fresh Shell 405 catalyst
vere tested at 250 fest per 3ecoand; the 1/8'" cylinders, 14 to 18 mesh
granulea and 25 to 30 maah granulea were alao tested at lower valocities.
Five replicate runs with individual particles were made in each case.
Detailed data is shown in the Appendix. In Table 3-4 is shown the average
absolute weight loss for each test and in Table 3-5 the same results are
reported on an aversge percent weight loss basis. Standard deviations
calculated from the replicate data on a percentage chenge in weight
basis are also shown in the Appandix Photomicrographs of representa-
tive particles (rwo out of five) for each catalyst size before and after
exposure to the hot flovwing gas at 250 feet per second are shown in
Figures 3-4 to 3-9.

An examination of the weight data indicates that none of ths
granular Shell 405 gas erosion tests slowad a statistically significant
average percentage weight loss at any of the gas velocities employed.
This was corroborated by an examination of photomicrographs of particles
before and after expcsure to hot flowing gas, which did not indicate any
obvious change in particle morphology. In contrast, the 1/8" x 1/8"
cylindrical pellets exhihited a statietically significant (t-test at the
95X confidence limit) average percentage weight loss atr all the ges
velocities employed. The ovarall average weight loss with the cylinders
vas 3.1X. The differencees in the weight losses at the different gas
velocities was not statistically significant at the 95X confidence leval
(t-test).

A statistical Analysis of Variance was also performed on re-

sults from gas fluid dynamic erosion tests. The calculations were per-
formed using the IBM three star anslysis of variance (ANOVA) prograsm.
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Table 3-4

Summary of Sensitivity Tests in the Gas
Fluid Dynsmic Exrosion Tester

Average Weight Loss in 10~ Grams (a)

]
Presh Shell Superficial CGas
405 Catalyst Velocity, feet per
. Size second
’ 50 110 250
|
1/8" x 1/8" cylinders 166 137 160
, 8-12 Mesh - - 19
|
{1 14-18 Mesh - 0 1
b [}
| 20-¢5 Mesh - - 0
5 , 2% 5y Mesh 0 0 0
i
%‘ 20~-30 Mesh - - 0

(a) Total weight loss for all epecimens in each category
divided by the number of specimena. Weight loss
after exposure to flowing nitrogen at 1700°F for
one hour,
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Table 3-5

Summary of Sensitivity Tests in the Gas
Pluid Dynamic Erosion Area

Average Percent Weight Loss

Superficial Gas
Fresh Shell Velocity, feet per second
405 Catalyst
Size 50 110 250

1/8" x 1/8" Cylinders 3.28 2.68 3.22
8-12 Mesh - - L o4
14-1R Meah - 0 o
20-25 Mash - - 0
25~30 Mash 0 0 0
20-30 Mesh - - 0

® Weight loss after exposure to flowing nitrogen at 1700°F

for ons hour.
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The ifuput data and resulte are shown in the Appendix. The row variables
tested were 1/8" pellets versus 25-30 mesh particles and the column
variable tested was superficial velocity at three levels for the two
catalyst sizes. Five replicates at each condition was included. F-
tests on the mean squares using the replicate sum of squares results
for the denominator term indicates that only the row effect is signifi-
cant at better than the 95X confidence level. Other factors and
interactions were not significant using this criteria. This analysis
agrees with the previous conclusion based on t-tests of the individual
sets of data that the 1/8" pellets exhibited a significant weight loss
vhereas the granular material did not and that this weight loss did not
vary significantly with gas velo~ity.

Although it is not clear why only the cylindrical pellets
exhibited a weight loss, it is interesting to speculate on possible
causes. The granular Shell 405 catalyst is smaller in size than the
1/8" x 1/8" cylinders and has a "rounded" geometry resulting from the
actrition procedure. The granules are also prepared from a different
alumina source than the cylinders. Thus, the weight loss may not be
the result of gas erosion per se, but simply reflect a loss of volatile
material peculiar to the cylindrical catalyst as a result of Leatiag to
1700°F in nitrogen. This volatile loss would involve a non-water materi-
al as the pellets are adjusted to a common water level before weighting
both before and after exposure to hot flowing gas. Hany cotmsrcisl
pelletized catalysts exhibit a weight loss upon heating to temperatures
in the range of 1700°F (91). The fact that the weight loss did not vary
with gas velocity over the range of 50 to 250 feet per second would tend
to corroborate this interpratation. It is also possible that this dif-
ference resulted from the geometry of the pellets and particles them-
selves, In the HSGET test with the cylindrical pellets, the flowing gas
impinged oc the face of the cylinder, rather than on its side. This
suggests the possibility that the cylindrical pellets exparienced some
erosion as a result of the formation of a turbulent wake, which did not
develop to the same extent with the more streamlined, smaller granular

particles.

Most important, however, is the fact that the granular Shell
405 catslysts did not exhibit any significant weight loss even after
exposure to gas velocitlies a8 high ae 250 feet per second for one hour.
These results indicate that gas fluid dynamic erosion per se is not a
msjor contributor to the degradation of individual catelyst particles.

3.2.2 Sensitivity Testing in the Particle
Static Pressure Crushing Area

Particle preseure crushing studies were carried out in the
Instron Testing Instrumant (ITI) shown in a schemstic form in Figure 10.
Individusl catalyst particles were tested in the 1TI on an as-is-basis
80 a8 not to alter their characteristice. Results, thus, are to be
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connidered as a crushing strength rather thao a compressive strength
and have merit on a relative rather than an absolute basis. This ig
particularly true of the granular mesh size catalyst gpacimens since
they have a non-cylindrical geometry and thus do nct provide parallel
loading forces when tested in the ITI. The use of replicate testing
and statistical techniques ware employed in order to provide as firm a
basis for analyzing the data as possible.

Work on the fcllowing factors was carried out:

® (Catalyst selection parametera, i.e., diffcrent
catalyst gizes.

Effect of thruster exposure.

Effect of water level.

Prior to carrying out the catalyst salection paramstaers work,
a atudy was made of a pcssible effect of catalyst moisture coatent on
the average crushing strength., Consultant discugsions indicated that
such an effect might either (1) be an artifact affecting the messurement
(e.g., by causing particles to move horizontally during the test), or
(2) could reflect an effect of the strongly bound water in the small
angstres eize pores cof the alumina. A small effect of water coantent on
the crushing otrength of alumina based hydrotreating catalysis were re-
cently reported in the lite-ature (92). Thus, in saddition to a possible
variable influencing ITI weasurement results, such an effect could have
significant bearing oun interpreting crush siieng’h results since a
catalyst after ite initial firing in a space environment would be ex-
pected to have a very low moisture content. For this study, Fresh Shell
405 1/8" cylinders and 14-18 mesh catalyst were om  oyed along with
Harshew AL1602 alumina 1/8" cylinders. The specimens were tested (1) as-
is, (2) after drying in a vacuum oven and (3) after saturation by water
vapor at B80°F, Replicate tests with sample cizes of up to 15 tests ware
employed. Results of this study are shown in Table 3-6. Detailed data
are contained in the Appendix.

An examination of the average crushing strengths in Table 3-U
indicated no obvious effect of water level on hoth the Shell 405 catalyst
cylinders and mesh granules and the Harshaw alumina cylinders. Statis-
tical t-tests on the variations of means for sach material indicated they
were not statistically different. An examination of the standard devia-
tions indicates that the vacuum oven dried material in all three cases
had a higher standard deviation than the as-1is and water saturated
semples. Statistical F-tests op these differences in variances iandicated
chat none of these differences were significant at the 952 confidence
level.
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Table 3-6

Investigation of the Possible Effect of Specimen
Water Cootent on iiY Crush Strength Measurement

Dried in !
(a) Vacuum Water () ,
"As Yg"'® Oven(b) aturated ‘¢ E
Fresh Shell 405 Average Crush :
1/8 x 1/8 Strength lbs 34.4 34.9- 35.0 E
Cylinders Sample Size 10 15 15 3
Standard
Deviation, 1lbs 6.08 7.54 6.43
Fresh Shell 405 Average Crush
14-18 Mesh Strength, lbs 1.99 1.59 1.17 ;
Sample Size 5 10 10 l
Standard b |
Deviation, 1lbs .85 .98 .61
Harshav Aluaina Average Crush
AL 1602 1/8 x Strength, lbs 26.6 28.8 24.6
1/8 cylinders Sample Size 10 10 9
Standard T T
Daviation, 1lbs 5.65 9.42 5. 64

(a) Testad as is afcer removal from their containers.
(b) Tested after drying in a vacuum oven overnight at 110°C and 120 mm Hg

total pressure.

(c) Tested after being saturated with water vapor at 80°F and 1 atm

total pressure.
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The data obtained with the 1/8" cylinders and 14-18 mesh fresh
Shell 405 at various water lavels was pooled into a single set of data
and an average crushing strength and standard deviation calculated for
the resultant sample size of 40 and 25 replicate measurcments, respectively
Twenty-five replicate measurements were also made on other mesh size
Shell 4U5 catalyst. Results of these tests are shown in Table 3~7. As
would be expected because of geometric effects, the standard deviations
of the granular specimens are much larger compared to their mean value.
This is showm below:

Standard Deviation as

Specimen % of Average Crushing Strength

e 1/8" x 1/8" cyliinders

Fresh Shell 405 19.0

Al 1602 Alumina 26.0
e Fresh Shell 405 granules

8-12 Mesh 40.1

14-18 Mesh 56.5

20-25 Mesh 65.1

25-30 Mesh 48.2

20-30 Mesh 65.0

In Table 3-8 are shown the results of tests with the various mesh
size of alumina support before attrition, while in Table 3-9 are shown the
results on the corresponding material after 50% attrition. In Tsble 3-10
is shown a comparison of the effect of catalyst preparation steps on
particle average compressive crushing strength of the various sizes of
granular material. In Table 3-11 is shown a comparison of the cylindrical
alumina pellets before and after iridium addition. The difference be-
tween the average crushing strengths within a given size of material were
subjected to statistical analysis (t-tests at the 951 contidence level)
to see if these differences are statisticaily significant. A summaiy of
these statistical tests are shown in Table 3-12.
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Table 3-11

Effect of Iridium Addition on Average
Compressive Crushing Strength of 1/8" x 1/8" Cylinders

!
Average Compressive Sample Standard
Material Crushing Streagth, Size Deviation,
1bs. : 1bs.
1/8" x 1/8" alumina
support 34.06 25 9.89
1/8" x 1/8" alumina
support after iridium
sddition
(fresh Shell 405) 3.8 40 6.62
- 52 -

§
|
{




Table 3-12

Summary of Statistical Tests on the

Significance of Differences Between Particle

Average Compresaive Crushing Strength

1Is the Difference Statistically Significanc? (a)
Size Comparison of Material Comparison of Material
Before and After 50% Before and After Metal
Attriticn Mdition
1/8" x 1/8" cylinders - Mo
8-12 Mesh Yes Yes
14-18 Mesh Yes o
20-25 Mesh Yes So
25-30 Mash No ¥o
20-30 Mash Bo Mo

(a) Based on a t-test using the measured sesns and standmd deviatious at the 952

confidence level (single sided t-test at .025).
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It can be seen from examining Tables 3-10, 11 and 12 that the
addition of the iridium metal to the alumina support in general did not
result in any significant increase in particle crushing strength. In
contrast, the use of the attrition procedure during the preparation of
the catalyst support in general improves the average crushing strength,
with the improvement with the larger granular sizes (i.e., 8-12, 14-18,
and 20-25 mesh) being statistically significant.

Increase in Crushing Strength
of 502 Attrited Support over

Megh Size Support Before Attrition
8-12

:z:

20-25 842

25-30 252

20-30 22

These latter two effects presumably reflect the loss of the weaker gran-
ular material during both the grinding process involved in the inftial
mesh size selection and in the attrition procedure where at least 50

of the weaker material is rejected. In contrast to the improvement in
average crush strength, as shown in Table 3-13, the attrition procedure
did not improve the scatter in the individual values (i.e., reduce the
standard deviation), so that both the attrited supported and the corre-
sponding metal loaded catalyst still have a relatively wide variation

in individual particle crushing strengths. A wide variation in individual
crushing strengths is deleterious since it means (as shown in Table 3-7)
that an aggregate bed of individual particles will contain an appreciable
number of particles with individual crushing strengths much lcwer than
that represented by the average crushing strength (50X value). These
results suggeat that preparation techniques that would reduce the stan-
dard deviation or variation in individual crushing strengths could offer
the possibility of significant improvements in aggregate or bed per-
formance.

A short study was also made of the effect of repeated loading on
the crushing strength of fresh Shell 405 catalyst. This was done by re-
peated axial loading of the 1/8" x 1/8" cylindrical Shell 405 catalyst to
S0X of the average compressive crushing strength. Specimens were exposed
to 10, 25, and 50 repeated loadings and then loaded to failure so as to
measure the crushing strength. Results of these tests are shown in Table 14.
Statistical t-tests at the 95X confidence level indicated that none of
these values are statistically different from the mean value for the catalyst
which had not been subjected to repeated loadings.



Table 3-13

Effect of Catalyst Preparation Steps oo the
Scatter in Individual Particle Compressive Crushing Strengths

Standard Deviastiom of Individual
Crushing Strength - lbe.

Mash Size

Materiasl
8-12 14-18 20-25 25-30 20-30

Alumina supportc
before a.trition 1.37 0.68 0.26 0.17 0.20

Aluxina support
after 502 attrition 1.17 0.86 0.39 0.26 0.28

e ——
.

Atetriccd support after
iridiom addition
(fresh Shell 405) 1L.75 0.85 0.48 0.27 0.40
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Effect of Multipls Loading oo Cowpressive Crushing
Strength of Frash Shell 405 1/8" x 1/8" Cyliuders "
Number of
repested compressive
loadings (a) Compressive Crushing Streangth, lbs.
0 34.8
10 34.9 (b)
23 42.0 (b)
50 35.8 (b)

) (=) Cylindrical pellet sxislly loaded repestedly to 50T of average
failure compressive crushing strength followed by complete
pressure release, then loaded to faflure to measure crushing
strength. -

(d) Mot statistically different from mean value for no repeated
loeding based on a t-test at the 95X confidence liwmit using
the seasured standard deviation value for fresh Shell 405
1/8" x 1/8" cylinders.
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A mumber of specimsns of Shell 405 catalyst used {n thrusters were
msda svailable by TRW. Samples were taken from this matarisl and
tested in the ITI. A comparison of the crushing streagth proparties
of thase catalysts exposad to a hydrazine catalyst chamber envirooment
versus corresponding fresh catalyst properties is shown in Table 3-15. 4
comparison of rasults from a 14-18 mesh sample exposed to 250 seconds of
steady state firing spread over 51 cold starts esgainst results from a
frash catalyst shows no significant difference in either average crushing
strength or the variance (standard deviation) of the strengchs (based on
8 t~test and an F-tust respectively). In cootrast, the used 1/8" cylindrical
catalyst pellets showed a much lower average crush strength and larger
variation in individual particle crush strengths than ¢id the fresh cylinders.
A t~test on the difference between the two means was significant at the
95X confidence level (calculated t-test = 3.42; tug, .025 = 2.02).
Similarly an F-test on the two variences indicated the difference was
significant et the °SX confidence level (calculated F-test = 3.02;

’lo.w..os - 2-“)-

Two samples of used 18-20 mesh Shall 405 catalyst were also
received from TRW. The first aample vas taken from the downstresm portion
of the bad in a 5 1b thruscer which saw 84,000 pulses. The second sample
was taken fram the upper portiom of the bed near the injector of a 5 1b
thruster which sav 210,000 pulses. Results of ITI measurements oun particles
takan from these samplas are shown in Table 3-16. Surpriaingly the catalyst
«axposed to the higher numbeir of pulses near the injector section of the
bed had the higher average crush strength. A statistical t-test on the
difference batweern these two means was significant at the 95X confidence
level (calculated t-test = 2.61; t]8,.025 = 2.10). Similarly an P-test
on tha difference between the variances (standard deviations) of these two
samples uvas also significant at the 952 confidence level (calculated F-test =
4.16; ¥ = 2.98). Although no fresh 18 Lo 20 mesh Shell 405 particulates
were temtho.'kgstrumhtuu of the Cata contained ‘= Tahlse 37 suggests that
such & mesh eize would have sn average crushing strengin of approximately 1
peund. This suggests that the downstream bed samples exposed to 94,000 pulses
(Sample 1, Table 3--16) have suffered a lose in particle crushing stremgth,
wberess the upper bed ssmples exposed to 210,000 pulses (Sample 2, Table 3-15)
did not.

in general, the rasulty suggeet that axposurs te & thruster enviromment
can uausc changss io parcicle cruch strecgth. Particularly damsging is the
wivuazion wher:z botii thz msen crueh atrozgth decreasss and the standsrd
deviating of tha crush xziieng.h voluee increaasas, the uet result of which
is & sharp locromse 1z the peircantige of wry wauk particlss.
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Teble 3-15

Comparison »f Particle Crushing Strength
of Fresh Versus Used Shell 405 Catalyst

Fresh Used
1/8" x 1/8" Average Crushing (a)
Strength, lbs. 34.8 21.9
Sample Size 40 106
Standard Deviation 6.62 11.5
1bs
14-18 Mesh Average Crushing (b)
Strength, 1lbs 1.50 1.72
Sanple Size 25 10
Standard Deviation 0.85 0.99

(a) TRV sample.

firing spread over 51 cold starts.
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Detailed history not available, however,
estimated at a fev thousand secounds steady state operstion.

(b) TRV sample. Approximately 250 secouds of steady state
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Table 3-16

Comparison of Particle Crushing Strength of
Two Samrles of Used 18-20 Mesh Shel) 405 Catalysts

Sample 1 _Semple 2
Sample History TRW Sample. ™Y Sample.

84,000 pulses in 5 ibf
thruster in November 1972
Semple from downstrem
end of bed.

210,000 pulses in 5 1bf
thruster in August 1973.
Samaple from upper
portion of bed near the
injector.

Average Crush

Strength, lbs(a 0.55 1.02
Sample Size 10 10
Standard Deviation

1be. 0.25 0.51

(a) Samples dried in vacuum oven overnight at 110°C and 120 sm Hg

Total pressure.
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3.2.3 Sensitivity Testing in
the Bed Crushing Area

Sensitivity tests ifnvolving the static pressure crushing of a small
bed of granular catalyst were added to the program. Because of uncertainties
in available 20-25 mesh results, data from this mesh size fresh Shell 405
catalyst wos cxphasized. Data was also obtained with 25-30 mesh material.
The data was obtained using the Pressure Crusling Mini-Bed (PCMB) shown in a
schematic in Figure 3-11. For the mesh sizes employed this apparatus provides
a ratio of bed diamcter to particle diameter ranging from approximately 8 to
10. Sufficient catalyst was employed to yield bed depths ranging from 3/4 to
1 inch, which resulited in ratfios of bed length to bed diameter ranging from
3 to 4. The PCMB was axially loadcd in compression using the Instron Inetru-
ment (ITI).

The following procedure was adopted in obtaining the data. The
fresh Shell 405 catalyst was first screened and any material outside the
cited mesh size was rejected. Approximately 0.9 to 1.0 g of proper mesh
slze catalyst was charged to the reactor, and the reactor tapped until the bed
settled to a constant volume. The movable upper assembly was placed in the
PCOMB and a sequential series of measurements was made with the same sample
at progressively higher bed pressures. Two series of runs were made with the
20 to 25 mesh catalyst, the first at bed pressures of 22, 92, 200, and 322
psi, and the second act 22, 50, and 100 psi. A single run series was made
with 25 to 30 mesh fresh Shell 405 at bed pressures of 25, 45, 98, 204, and
324 pai. 1In the sequential run series the bed is loaded to the lowest bed
pressure first and then held under this load for 20 minutes. The load is
removed and the bed contents screcned and the weight of the resultant fractions
determined. The reactor is than repacked with the surviving original mesh
slze material and tapped to constant volume. The PCMB is first loaded to
the inicial pressurc load and held for ten minutes, then loaded to the second
highest bed pressure and held there for 20 minutes. The load is then removed
and the bed contents screencd and weighed. As the surviving bed material
is subjected to higher and higher pressures, it is always loaded in sequence
to the previous loads employed and held at these loads for 10 minutes prior
to a 20 minute loading time at the higher pressure. Detailed data obtained
from the sequential runs are shown in the appendix.

Por the runs with 20 to 25 wesh catalyst, the on 25 mesh and
through 25 mesh material was first measured, following which the through 25

mesh material was further divided into an on 30 end through 30 mesh size material.

These results are summarized tn Tahles 17 and 18. Material balances arc also
shown for each mesh size separation. Excellent material balances were ob-
tained, averaging approximately 99X. Results are shown for both individual
loading pressure results, and also on a cumulative basis for the sequence

of pressures employed. In Figure 3-12 1s plotted the ~umulative weight per-
centage of fresh Shell 405 chrough both 25 and 30 mesh for the pressures
employed. In Figure 3-13 the through 30 mesh data is plotted on an enlarged
scale. he exponential increase in the weight of material through a given
mesh size as pressure is increased as shown in Figure 3-12 is characteristic of
the general experience wvith catalysts under pressure loading.
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Figure 3-11
Pressure Crushing Mini-Bed (PCMB)
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Figure 3-17

Fines Production with Sequential Mini-Bed
Compressive Crushing of 20-25 Mesh
Presh Shell 405 Catalyst

: Bed Pressure, lblin2
22 50 99
wt. Z on
25 Mesh 98.30 98.73 96.23
-
$s .
T § |we. T Through
wld
3 & | 25 Mesh 1.70 1.27 3.77
LR
-
Material Balance, % 100.1 99.8 100.0
Cumulative Wt. X
Through 25 Mesh 1.70 2.97 6.74
We. X on ~ « n
30 Mesh 1.15 1.04 3.73
'g"é
3§ | ve. 2 Througn 0.51 0.23 0.04
2 Y | 30 Mesh y : .
o ®
a o
e
Material Balance, % 97.5 97.4 100.0
Cumulative Wt. X
Through 30 Mesh 0.51 0.74 0.78

Percentages are all based on the weight of starting 20-25 mesh
material. Material balances are equal to recovered weight
divided by starting weight x 100 for given separation.
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! Figure 3-18

FPines Production with Sequential Mini-Bed
Coapressive Crushiag of 20-25 Mesh
Fresh Shell 405 Catalyst

Bed Pressure, lblinz
i 21:9 91.8 200 122
t Wt. 1 on {
i 25 Mesh 95.69 | 97.19 | 97.09 | 65.88 .
- o :
3 ' :
We. Th h :
' 3 g e e 431 | 2.81 2.91 | 34.12 3
. kR :
, = .
‘ Haterlal Balance, X 10G.9 $3.9 99.6 . 97.4 '\
' ! N
bt Cumulative Wt, 2 4.31 7.12 0 4
: Through 25 HMesh 10.03 44.15 '\2
k El
| 1
‘ ; We. X on i
u 30 Mesh 4.04 2.69 1.96 11.68
I -a w
[+ 3
g‘ - 3 % We. X Through i
‘ %5 | 30 Mesn 0.2? 0.12 0.95 22.564
39 !
™ !
Material Balance, 2 | 100.0 ¥9.8 100.0 95.1 i
Porough 36 Mesh 0.27 | 039 | 1.3 | 23.78

Percentages are all based on weight of starting 20-25 mesh catalyst.
Mater.al balances are equal to recovered weight divided by starting
waight x 100 for given separation.
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Results for the run with 25 to 30 mesh fresh Shell 405 are )
shown in Table 3-19. For this run, there was only sufficient material
for an accurate on 35 mesh through 35 mesh separation at the highest
pressure employed (i.e., 324 psi). .~ Figure 3-14 gre plotted the cum-~
lative weight percentages through 30 mesh obtained at the various

preseures, along with an estimate of the corresponding through 35 mesh
material.

Tne results of these tests indicate that 20-25 mesh Shtell 405
catalysc exhibits a reduction in particle size at low pressures (i.e.,
below 100 psi). At 100 psi with the 20-25 mesh catalyst, 7 wt., 2 of
material exhibits s measurable size reduction (i.e., passes through 25
mesh) while 0.8 wt. 2 of the material passes through the next lowest
mesh size (i.e., 30 mesh). Irn contrast, with the 25 to 30 mvsh material
at 100 psi only 0.8 wt. X exhibits any size reduction (i.e., passes
through 30 wmesh) while the material passing through the next lowest
mesh gize (i.e., 3% mesh) was too low to accurately measure.

3.2.4 Sensitivity Testing in the
Particle Fluidization Area

Sensitivity tests in the particle fluidization area were carried
out. In the terwinology used by engineers who design fixed bed catalytic
reactors, bed fluidization simply implies any movement of catalyst parti-
cles as a result of gas flow either im void spaces inadvertently formed
| vithin the bed or in a contiguous volume such as the inlet sections above
the catalyet bed where either catalyst particles or the ceiramic distri-

I butcr balls which are used couid experience wovement. Commercial exper-
ience with fixed beds indicate thet once bed fluidizution begins catalyst
‘ degradation by impact fracture and particle to particle abrasion is gen-
etully quite serious and often catastrophic. Thus, design practice is
aimed at identitying concitions to avoid bed fluidization via control of

injector design and flow rates to avoid inciplent bed fluidi mtion velo-
cities.

Incipient parcicle movement velocities of various granular Shell
405 catalyst were measured in the modified ILBET apparatus shown in a
schematic in Figure 3-15. Thi3s unit employs a simple right angle, center
axig, cylindrical pipe gas inlet. The scaling paramzters (i.e., the
ratio of the dimensions of the veseel, pipe gas {inlet, catalyst particles,
separation distance between bed and inler, and bed depth) employed are
lioted in Table 3-20, along with typical values employed in larger equip-
i ment used to establish commercial design criteria. It can be seen that,
' in general, the scaling parameters are quite similar. The top of the
catalyst bed ie visually observed and the incipient fluidization velocity
vas dafined av the lowest velocity at which auy particle ou ths top of
the bed first experienced movement, as the gas velocity is progressively
increased. Replicate measurements are being made 2t each set of counditions.

- ———




i Table 3-19

FPines Production with Sequentisl Mini-Bed ]
Compressive Crushing of 25-30 Mash
Pregsh Shell 405 Catalyst

. n
: Bed Pressure, n/hz
25 44.9 97.9 204 324
30 Mesl 99.53 99.93 99.75 99.30 . 98.71 t
od &4 .
g g X Through
Wt. , ,
gg 30 Mesl 0.47 0.07 0.29 0.70 1.29
. i: 1
: Material Balance, X 100.0 100.1 99.9 99.9 99.6°
1 .
f Cusmlative We. I :
_; Through 30 Mesh 0.47 0.54 0.79 1.49 2.78
!
. Wr. I on - - - _
T 35 Mesh 0.64
H o
| -
vt. TOU,
; g g 35 Mesh - - - - 0.65
i 35
Material Balsnce, X - - - — 114.2
— R

-

Pexcentages sre all based on weight of starting 25-30 mesh material.
Materisl balances are equal to recoversd wveight divided by starting
weight x 100 for given separation.
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Figure 3-15

Modified ILBET Apparatus for

Incipient Particle Movement

AND CATALYST BED

Velocity Measurement
L
% Y
)
()
BED VESSEL
(ioner diameter, \
D, = 25 =mxz)
Y
¢ <
o 4
a1
* . 4|
L)) "Be
\ 7/
\/
v
SEPAR/ TION
DISTALCE, H,
BETWEEN INLET

CYLINDRICAL
PIPE GAS INLET

(inner diasmeter, D

o‘Sm)

CALTALYST BED
(depth, Dy, 15 to 20 mm)

100 MESH
SCREEN SUPPCRT
BETWEEN WASHERS

EFFLUENT TO VENT
OR WET T2ST METER
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! " fable 3-20

Couparison of Scaling Parameters Used
In Incipient Particle Movement Study

Range of Values
1 Scaling
Parameter ILBEY Used Typical Lab
‘ For Particle Vessel Used to
' Fluidization Establish Commercial
! Design Practice
Dv/Do 5 ~6 A
{
;1
! Do/Dp 2.5 to 7 3 to 12 Lo
Db, /Dp 10 to 20 15 to 3J g
B/Do 2 w2

m—— i oo At i BB

Terwinology: Dv = innar dismeter of bed vessel
Do = inner diauter of pipe type inlet
DI. = catulyst bed depth
4 = separation distance batween bed and inlet
Dp = particle diameter

PRy




Fure nitrogen, pure helium end helium-nitrogen blends were used to pro-
vide data on the effect of gas density. In additicn to the effect of
gas density, catalyst selection pirameters were also investigated.

The minimum inlet distributor superficial velocity for particle
msovesent was measured for fresh Shell 405 p: ‘ticlee of 8 to 12 mash, 14
to 18 mesh and 20 to 30 mesh size. The Jetailed data obtained with pure
helium, pure nitrogen, and helium-nitrogen blends are shown in tha
Appendix. In Table 2] 1s sumaarized the average inlet velocity and stand-
ard deviation of the velocity determined from the replicate meassurements
vith pure nitrugen and helium. These valuea were determined from a sample
size of ten replicate measurements. Statistically significant (t-tests
at the 95% confidence level) differences exist between the average
velocities found for the various mesh sizes and the two gases employed.

A correlation of incipient fluidization data was made employing
the following equation:

(b_o) 1/2

Vg =K| gD, —g—l- (3-1)
s

vhere: Vg = incipient movement velocity
g8 = gravity constant
Dp = diameter of particle
p_ = vapor deusity
p, = particle density )
K = emperical correlating constant to be derived from the data.

Since the density for gases is much lower than the particle
density, the equation was eimplified as follows:

n, 172
vg =K' | — (3-2)
: b |

vhere X' = K(gp’) 1/2
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7article nuidiiation:

Table 3-21

Bffect of Particle Size

and Cas Denaity on Minimum Inlet Superficial

Velocity for Particle Movement

° Presh Shell 405 Farticle Size
8-12 Mesh 14-18 Megh 20-30 Mesh
—
Average
Velocity 5.49 4.03 2,28
M/sec (a)
]
Pure Sample
Nitrogen Size 10 10 10
Standard RN
Deviation 1.49 0.47 0.47
M/sec
Average
Velocity 12.18 9.61 6.72
M/sec (a)
Pure Sanple
Helium Sire 10 10 10
Standard
Deviation 1.22 1.51 1.30
M/sec

(a) Avetage miniaum superficial velocity in the inlet distributor
tube wvhich causes any particle movement, meters per second.

- 72 =

-




T TO— T Y

. - . k
e Bl e B e e = e i o it e o e o o2

The incipient movement vclocity was estimated in terms of a hori-
zontal or surface velocity from the superficial inlet velocity using a
literature correlation of maximrum surface vapor velocity or a fuaction of
inlet velocity and inlet geometry. This correlation is shown in Figure 16.
For the conditions employed in the present study, this correlation predicts
that the horizontal or surface velocity will be 85X of the inlet superficial
velocity. Average incipient movement velocities calculated from this
correlation are shown in Table 3-22, and both the pure nitrogen and helium
results and the results from the helium-nitrogen blends. Also shown in
Table 3-22, are average gas compositions and an average catalyst particle dia-
meter for the mesh sizes employed. The average incipient particle movement
velocity in terms of feet per second was then plotted as a function of (Dp/p )
This correlation is shown in Figure 17, and is applicable to a8 unit value 8
gravity environment.

1/2

It could appear that, in general, thruster gas velocities will be
above the incipient particle movement velocity. As an example, a hydrogen-
nitrogen gas mixture (67 Hy - 332 N;) at 10 atmospheres and 925°C will
have an approximate 1.1 g/liter demsity. For the largest granular size em
ployed, i.e., 8-12 mesh, this would yield an (Dp/ps)1 2 value of approximately
1.35. From Figure 3-17, which assumes a unit gravitational field, this would
correspond to a incipient movement velocity of approximately 12 feet/second.
The highest anticipated satelliie gravitational field is 5.0 G, for an on-
orbit spinner, and this higher gravity would raise this incipient particle
movement velocity to approximately 28 feet per vecond. Lower gravitational
fields, smaller catalyst particle sizes, and higher gas densities at higher
pressures will all directionally lower the inctpient fluidization velocity.
Assuming that a thruster gas velocity of 110 feet per second is representative,
it can be seen that Shell 405 granules are exposed to velocities much
higher than the incipient particle movement velocity, and that particle move-
ment would be possible once sufficient void space occurs in the catalyst bed.
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Figure 3-16

Max imum Surface Vapor
Velocity for Impinging Jets

. \ .
Br N
K u : - 0
N J‘;ﬂ"‘:
N o NG ; Do ]
E\.\ o Stagnation Point
\- = 0
A L ~ o~ \"‘
L
L2 —
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rigure 3-17

Correlation of Incipient Particle Movement Velocity .
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3.2.5 Sensitivity Testing in thz
Liquid Fluid Dynamic Ercsion Area

Sensitivity tests in the liquid fluid dynamic erosion srea
were carried out. In line with Alr Force and Scientific ALuvisory Board
recommendations, a test {nvelving individual catalyst particles sub-
jected to a pulsed, liquid flow was developed and subitituted for the
ILBET liquid erosion tesat originally planned. This work was carried out
in the Pulsed Liquid Particle Erosion Test (PLPET) apparatus shown in
Figure 3-18. 1In this test, individual catalyst particles were passed
through a4 stream of llowing liquids at a speed which could be varied
by changing the stirrer speed. A flat nozzle was employed so as to pro-
duce as near a rectangular flow of liquid as possible. The stream angle
was adjusted so that the catalyst particle struck the l1iquid stream at
a right angle, The velocity of the liquid stream was maintained high
enough to insure that the gtream geometry was restored before the next
i impact of the particle (the stream advanced a minimum of 7 cm in the
I time required to complete a revolution of the arm which was 1 cm in

diemeter). oo

-

}
!
»
i
'g

A.A.L

I The 1/8" x 1/8" cylindrical particles were held in a small
i clamp which was attached to the moving arm. Granular 8-12 mesh catalyst
particles were first attached to a small wooden dowel via the use of glue,
' and the dowel held in A amali clamp attached to the noving arm, In
Figure 3-19 are snown photomicrographs of the catalyst holder assemblv. In
the case of the 8-12 mesh catalyst particles, the glue was removed from
| the catalyst particles via a combustion technique prior to making the
. final weight measurement. This combustion technique consisted of burning
i off the glue and a small portion of the dowel attached to the glue (the
l major portion of the dowel was simply cut off) in a laboratory furnace
|

e o
Y 4 o

Vs

with flowing air at 1300°F. Blank measurements of dowel glued particles

indicated this technique waes capable of effecting complete glue and dowel
retoval. In order to eliminate any thermal effects, the catalyst parti-
s cles were pre-expoced tu 1300°F air before being exposed in the PLPET

: % ; apparatus, and its water level held ccnstant before any weight measure--

o ment was made., Initial runs using l-methylnaphthalene as the liquid
i indicated this fluid had some solvent power relative to the glues tried,

i which tended to loosen the particles from the dowel at high apeeds. In
order to solve this problem, water was substituted as the fluid. Simi-
iarly, early runs with the combustion furnace at 1700°F indicated that
Shell 405 catalyst exhibited some spontaneous weight loss simply from
expogure to flowing air at this temperature, necessitating a raduction
ct the combustion temperature tc 1300°F. This loss presumedly resulted
from the volatility of iridium oxide at this temperature (94 to 97). Glue
and dowel removal was still effected at this lower temperature. Replicate
experiments were made in all cases.

)
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Figure 3-18

Pulsed liquid Particle Erosion Tester (PLPET)
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The effect ¢f the number of pulses up to 500,000 pulses was )
investigated using Fresh Shell 405 1/8" x 1/8" cylinders «t 100 feet
per second liquid velocity. Resulto of these tests are gshown in Table
23. Individusel data 1s tabulated in the Appendix. In general, the
average weight loss increased with increasing number of pulses, although
the difference between the average weight loss at 100,000 sud 500,000
pulses was not statistically significant, principally because of the
rather large variation in individual peallet resultsg after exposure to
500,000 pulses (sec detailed data in the Appendix). Fhotoumicrographs ot
reprcgentative pellets taken before and after exposure to pulsed liquid
flov are shown in Figurnas 3-20 to 3-22. Evidence of the affects of liquid

erogion on the face of the pellets exposed to 100,000 and 500,000 pulses
can be clearly seen.

Table 3-23

Effect of the Number of Pu.ses at a Fixed Velozity (o,b)

Number of Pulses

8,200 100,000 500, 000
Average 9.30 0.90 1.06
Weigt . .
Loss, %
Sample S s 5
Size
Standard 0.17 0.08 1.09
Deviation, wt
% 1088

(a) Fresh Shell 405 1/8" . 1/8" cylinders
(r* Velocity 1 1iquid relative to particle,
* 0 feet per sccond

The effect of pulsed liquid erosion was investigated further
in the PLPET apparatus using the following veriables:
e Liquid velocity

o Nusbar of pulses
e Catalyst selection parameters
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Bach variable was tested at two levels i.e. S5 and 100 feet
per second liquid velocity, 8,200 and 100,000 pulses and 1/8" x 1/8"
cylinders and 8-12 wesh particles. _Individual tests were replicated.
The program was planned thus as a8 2 full factorial statistically de-
signed experiment with replication. This experimental design made
possible a statistical analysis for all main effects and two and three
factor interactions. A summary of average weight losses for each con-
dition teited is shown in Table 3-24, Photomicrographs of representative
catalyst pellets or particles both before and after exposure to the
pulsed liquid flow at 55 feet per second are shown in Figures 3-23 to 3-2¢.
Detailed data are tabulated in the Appendix. The uverage welight loee
data as a function of velocity is plotted in Figure 3-29 for the 1/8"
cylinders and in Pigure 3-30 for the 8-12 mesh granules. Examination cf
the data indicates that the weight loss for the 8-12 mesn granules was
greater than for the 1/8" cylinders at a fixed velocity and number of
pulses, and that the weight loss increased with velocity and number of
pulses as would be expected.

As indicated previously, photomlcrographs of the 1/8" x 1/8"
cylinders exposed to a liquid velocity of 100 feet per second and
100,000 and high pulses clearly show signs of pronounced "piteing" on the
pellet face exposed to the liquid stream. Photowicrographs of the
8 to 12 merh granules similarly exposed to & liquid velocity of 100 feet
per second and 100,700 pulses do not show evidence of pronounced “pitting",
although weight measurements indicate the ueight loss at equivalent
conditions for the granules was at least as great as for the pellets.
Similarly, photomicrographs of both pellets and granules exposed to
lower velocities and numbers of pulses do not show signs of prenounced
"pitting', although small weight losses were observed.

A statistical Analysis cf Variance (ANOVA) was performed on
the data (93). The individual date used in the ANOVA is shown in the
Appendix, along with the means associated with the three main effects.
*n Table 3-25 is shown a summary of the ANOVA calculations. Variance
ratio tests (F-distribution) were performed on the resultant mean squares
using the replicate mean square to determine the residual error. All
three main effects (i.e., effect of number of pulses, velocity, and
catalyst type) were gignificant at the 95X confidence level. None of
the interactions (i.e., the three two-factor interactions and the one
three-factor interaction) were significant at this confidence level.

In general, although pulsed liquid stream erosion was shown
to effect particle weight loss, the magnitude of the loss was low with
the fresh catalysts tested to date. For cxauple, with a granular catalyst
exposed to 100,000 pulses, the average weight loss can be held to only
0.7 wt % 1f the linesr velocity is restricted to a maximum of 50 feet per
second. Thus, if liquid injection velocities are held below 50 feet per
second, tha weight losses experienced by fresh granuiar catalysts at the
bed inlet dusing a cold start attributable to pulsed, liquid stream erosion
per se wili be small. The effect ¢ pulsed liquid stream erosion on granular
catalysts exposed to sging ir a thruster emnvironment, however, remsains to be
deteimined. This will be experimentally investiga:ed later in the program.
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Anslysis of Variance (ANCY.) Suzmary

Source of Varfation

Pulse Number
Velocity
Catalyst Type

Puls2 Number x
Velocity Interaction

Pulse Number x
Catalyst Type Interaction

Velocity x Catalyst
Type Intersction

Pulse Nuwmber x
Catalyst Type x
Velocity Interaction

Replicates

TOTAL

Pulse! Liquid Brosfon Datas

<

Sum of
Squares

3.26041
1.35424

0.82944

0.03025

0.00961

0.16300

0. 00009

4.98215

10.63518

Degrees

of Freedom

39

3.26041
1.35424

0.829%44

0.03025

0 .00961

0.16900

0.13369



3.2.6 Therrmal Shock

It was proposed in the modified program plan (revision of
18 February 1975) to investigate two areas related to the gencrai prob-
len of thermal shock. The first was termed ''Hot Gas Thermal Shock" and
involved the investigation of the effect of repeated thermal cycling of
& bed under varying pressure loads. It, thua, is representative of the
thermal cvcling fatigue experienced by a lower bed section during repeated
cold starte. The second was termed "Liquid Quench Thermal Shock” and in-
volved the investigation of the effect of the injection of a cold liquid
onto a hot catalyst bed. It, thus, 1is representative of an upper bed section

+ during a hot start.

Air Force directions of 7 March 1975, however, indicated that
other work was to be substituted for the thermal shock study originally
planned vhile awaiting thermal shock results from United Aircraft
Research. These thermal shock studies will be carried out later in the prosram.

3.3 Estimation of Catalyst Strength
of Material Properties

Strength of material properties are important parameters in
interpretating both experimental and analytical results. Determination
of the true strength of material properties of the small, irregularly
shaped Shell 405 catalyst particles ie a difficult task. To help over-
come this difficulty, Dr. D, P. H. Hasselman, Director of the Ceramics
Resaarch Laboratory, Lehigh University was ratained to (1) provide ex-
pert opinion and advice in this area, and (2) to estimate a mumber of
material properties of individual catalyst particles. Dr. Hasselman's
reports describing this effort are contained in the Appendix.

Experimental mssasurements were also made using the ITI to help
estimate Shell 405 catalyst properties. Stress-strain msasuremants were
sade on Shell 405 1/8" x 1/8" cylinders in compression. Blank msasure-
ments were also made. These messuremants yielded a Youngs Modulus of
approximstely 300,000 psi. A ssasurement was also made using the POMB/ITI
to determine a bed modulus using 20 to 25 mesh Shell 405 catalyst at
pressures up to 1,000 psi. This experiment yielded a bed modulus of
spproximately 25,000 psi. A modulus of this megnitude indicates that
a bed subjectad to a 100 psi load will compact approximately 0.41.
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4. ANALYTICAL MODTLING

4.1 Introduction

4.1.1 Organization of the Effort

Analytical modeling supporting studies were carried out by
McDonnell Douglas Astronautics Coumpany (MDAC). The MDAC Study Manager for
this project was Mr. R. J. Hoffman, Project Thermcdynamics Engineer--Plunme
Effects, Aero/Thermodynamics and Nuclear Effects Department. Mr. W. T. Webber
of the same department acted as Principal Investigator for the study and
performed the analyses of the internal particle behavior and of pressure
shocks. Mr. S. A. Schechter .r the Structures Department performed the
analyses of atreases from thermal shock, internal pressure, particle-to-
particle contact, and examined the mechanical fallure mechanism. Mr. D. Quan
of the Tropulsion Departuent performed the analyses related to differential
expansion. The analysis of fluid crosfon was done by Dr. W. D. English
of the Propulsion Department.

4.1.2 The General Purpose and Limitations

Analytical modeling studies in general were conducted both to
support experimentsl activities and to explore areas not investigated
experimentally. 1In order to carry out these supporting analyses a number
of assumptions had to be made in regards to (1) the nature of the governing
equations and analytical descriptions of the phenomena involved (2) typical
values for thruster parameters such as catalyst size, bed loading etic. and
(3) the various physical properties of Shell 405 granules, particularly in
the strength of materials area. 1t was recognized a priori (1) that the
decisions made in the areas of thruster parameters would not be universally
applicabie (2) true strength of material properties of granular Shell 405
catalyst were generally not aveiladble, and (3) our knowledge of the detailed
processes involved in various proposed catalyst breakup mcchanisms s often
incomplete. Thus, the modeling work described in this report wes not intended
to provide universal and final answers to all catalyst breakup and thruster
design problems but rather to provide appropriate and timely support to
the overall effort, and particularly to the phenomenological survey portion of

the program.

4.1.3 General Description

The sreas involved in analytical modeling are shown in Tabdle 4.1,

The interrelationship between the experimental studies and supporting analyses
were previously shown in Table 3-3. These studies had a number of objectives. First,

they were designad to aid in the discrimination of (mportant highly destructive mech-
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anisms from the less important mechanisms, so as to help guide the direction
¢€ the concurrent and subsequent experimental tasks in the direction of the
most importacl phenomena. Second, these studies were designed to aid in the
ipe~v -_cation and correlation of the results of the experimental studics.
Third, and perhaps most important, the analytical models were to be the

means of extending the findings of experimental results to other operating con-
ditions, and to aid in predicting how catalyst failure can be controlled by
appropriate choices of engine design and operational parameters.

Although the analyses have been broken into several categories,
the majority have a common meeting ground in the limited physi-al strength of
the catalyst. Whenever the local stresses developed in the catalyst ma-
terial exceed certain values, local faflure and loss of material will result.

The stresses at the contact points between two adjoining catalyst
particles are aienable to analysis by Hertzian contact theory to determine
these local stresses, regardless of whether the contact forces ar: produced
by steady gas pressure drop through the bed, pressure shocks acting upon the
bed, differential expansion tending to compact the bed, or.even the impact
of two colliding particles. Stresses may be generated in the interior of
the particle by rapid external heating or cocling, rapid externally applied
pressurization or depressurization, or by the local generation of heat or
gas pressure interior to the particle, from the decomposition of liquid
hydrazinc which has €lowed into the interior of the particle.under the action
of surface tension forces or externally applied pressure. In any of these
cases, the radial temperature or pressure profile suffices to determine the
radial and tangential stress field interior to the particle.

Thermally derived stresses, pressure derived stresses, and point-
to-polat contact derived stresscs may be calculated individually, and then
superposed to yleld the total stress field, and this will show synergistic
effects when several processes act together to exceed a failure stress
that would not have been attained by any of the processes acting singly.

The thermally induced free volume changes of the bed and
chamber hardware during a startup and shutdown may be calculated from the
scquence of time-varying temperature profiles in each. These profiles
are obtained from existing computer programs described the therwochemistry
and the flow through the bed. To obtain bed compression stress from the
volume change requires a bed deformation theory, since loaded granular
wmaterials are inherently nonlinear in deflection, and do not have constant
elastic moduli. Evaluating the local stresses in the particles at locations
of point-to-point contact also requires a structural model.

The erosion by gas-entrained hydrazine droplets or solid particles
carried through the bed requires a still different bed model. Mass losses
say be calculated by knowledge of the effects of particle velocity and ifmpact
sngle upon the local mass~loss ratio, the abrasion resistance property of
the substrate, and the variation of this property with temperature. These
are combined with the calculated gas velocity profile, catalyst temperature
profile, and hydrazine quality profiles in the catalyst bed, to give a
numerical solutfion by marching through the bed. Primary and secondary
perticles are carried along in these calculations in marching from the
injector ~nd to the downstream end of the catalyst pack. Impacts are presumad
to occur at each new layer of catalyet particles which is encountered.
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3.

5.

Table 4-1

Supporting Analyscs

Thermal Shock Stresses in Individuai Catalyst Particles

A.

B.

Calculate time—dependénc temperature profiles in individual
catalyst particles.
Calculate stresses resulting from the tempera.ure profiies.

Internal Pressure Stresses in Individual Catalyst Particles

AI

Calculate time-dependent pressure profiles in individual
catalyst particles.
Calculate stresses resulting from the pressure profiles.

Differential Thermal Expansion of Catalyst Bed and Chamber

A.

n.
C.
D.

Calculate time-dependent temperature, pressure, and velocity
distributions in the bed during a smooth start transient.

Calculate temperature distributions in chamber hardware.
Calculate time-dependent differential bed compression.

Calculate stresses in individual particles resulting from bed
compression,

Fluid Dynamtic Erosion

A.

Calculate time-dependent temperature, pressure, and velocity
distribution in the bed during start transients and steady-

etate operation.

Calculate erosicu rate of catalyst particles based upon impinge-
ment of gas carrying entrained droplets and particles.

Pressure Shocks in Bed

A.
B.
C.

Calculate time-dependent flow processes in bed during hard start,
Calculate bed compression from pressure distributiom.
Calculate particle stresses resulting from bed compression.
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4.2 Structures Analyses

4.7 1 c+vama Failure Madal

The purpose of the stress faili-e analysis was to develop a
failure model for the Shell 405 catalyst by extending the uniaxial compressive
failure value, which was experimentally mcasured using 1/8" x 1/8" cylinders,
to & multiaxial, tension-compression failure surface, suitable for use for
other shapes of catalyst particles, and for other modes of stress application.

In the failure tests described in Section 3.2 the 1/8" cylindrical
pellets were loaded in uniaxial compression. Thce failure stress for fresh
Shell 405 catalyst was 2836 psi with a standard deviation of 19 percent. The
failure level for used material was 1785 psi with a standard deviation of
53 percent. The typical failure was a crack in the direction of the load
in each pellet, shown schematically in Figure 4.1. This type of overall
(macroscopic) fracture is typical in porous brittle materials (99). The
failure is due to the local (micromechanical) tensile stresses which oceur
at the surface of the internal pores at 90° to the load direction.

In the remaining analyses, a failure criteria is required to assess
the severity of the macroscopic or gross stress states produced by the
thermal, internal pressure and contact loadings. As only uniaxial compressive
failure data were available, the simple local maximum tensile stress around
the pores was celected as the failure mode. The pore shape, a cylindrical
pore, was selected from a microscopic examination of the material. If more
types of failure test data were available, e.g., tensile, biaxial, etc.,
then & more complicated two or even three dimensional failure model could

be developed.

The solution of the stress state in the substrate material around
a cylindrical pore in a semi-infinite media in uniaxial stress was obtained
from Reference 101. The stress state produced at the pore bouxdary by
bimxial loading of the porous material was obtained by superposition of
tw stress states produced by uniaxial loading, with one rotated 90 degrecs
to the other.

For circular cylindrical void in a semi-infinite medium under
nacroscopic biaxial tensile loads, S; and Sy, the maximum micromechanical
tensile stress is circr—lcrential, at the surface of the void. The
distribution is easily found from the Refcrence 101 solutions to be

0 =Sy (1+2cos 20) +5, (1 -2 cos 20) (4.2-1)

-9 -
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_ 35 -8y, 28t B =+ for Sy>53
anu L, DAXiak Are (ag)mx - 2 (4.2-2)
353 -5, et 8 =0 1 for 5,58,

vhere O {s the angle around the void, and 9 = 0 is aligned with Sy, as
shown in Figure 4-2.

Note that since the radial stress (s zero st the surface, the
micromechanical stress state is uniaxial at the surface, even though the
macroscopic load is biaxial. Thus we can relate the biaxial tension-
compression macroscopic failure criterion desired to a wicromechanical
uniaxial tensile failure.

The macroscopic failure stress massured for the fresh material
under uniaxial compression (S; = 2836 and S, = 0), shows the micromechanical
tensile failure strength (from equation (4.2-2)) (00) e 18 945 psi. The
macroscopic failure stress measured for the used material under uniaxial
compression (S]1 = 1785 psia and S = 0) shows the micromechanical tensile
failure strength (from equation 4.2-2) is 595 psi. The corresponding
biaxial macroscopic failure envelope generated by equation (4.2-2) is shown
in figures 4-3 and 4-4. The details of the shape of the envelope will
change 1f different assumptions are made for pore shape but the basic
failure envelope shape will remain (102). The complete solution for the
arbitrary elliptical void was solved in Reference 102. Fci an clliptical
hole under unisxial tension with the major axis, a, normal to the load
+ and & minor axis, b, the maximm tension is

ces (1+28) (4.2-3)

Two-dimensional stress distributions caused by stress boundary conditions
do not involve the elastic constants. In the general three-dimensional
case the solutfon does depend on the elastic constants, in particular on
Poisson's ratio, v. 1In the following micromechanical three-dimensional
analysis, the Poisson's ratio used is that of the solid material surrounding
the pores, denoted vg. In the later macroscopic analysis of the stresses
produced by thermal, pressure, and contact loadings, the Poisson's ratio
used 1{s that of the overall porous medium. The Poisson's ratio, vg,

vi the substrate material is known, 0.32 for temperatures vy to 1800°F.

The Poisson's ratio of the actual catalyst is not known.

The pesk micromachanizal Ugpgx tensile stress for s spherical
void in a solid body under uniaxial compression stress %, ¢=cin from
Reference 101, {is

oy = 373

2(7-35wv)

) (4.2-4)
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For vg = 0.32, opay = 0.7225S. The tensile stress produced by a biaxial load
could be obtained by superposition as done for equation 4.2-1. However,

the solution for the maxima is somewhat complicated, and has not yet

been worked out. The micromechanical tensile failure stress for a spherical
void 18 2048 psi. This is more than two times the failure stress of a
cylindrical void, 945 psi. This difference indicates the dependence of

the failure criteria used here on the assumption made regarding pore shape,
and points up the need for failure tests using biaxial and, if possible,
triaxial, stress states. Even uniaxial tensile failure test data would
greatly reduce the uncertainties.

4.2.2 Temperature Profiles Developed Inside a
Catalyust Particle by External Heating or Cooling

The temperature profiles developed when an fnitially cold catalyst
particle is externally heated, or when & uniformly hot catalyst particle
is externally cooled is a function of two dimensionless moduli, the Biot
number and the Fourier number.

The Biot number expresses the effect of the external thermal
resistance on the transient temperature profiles which are developed inside
the thermally conductive body, and is especially important for the real
case where heat is transferred to (from) the body from a hot (cold) fluid
flowing past the body. The Biot number is, roughly speaking, the ratio
of external thermal conductance to internal thermal conductance. 1If,
for instance, a cold, thermally resistive sphere were exposed to a hot
external fluid of infinite conductance, the exterior boundary of the
sphere would instantly assume the high external temperature, and the
thermal gradient in the outermost lamina of the sphere would be infinite.
This would correspond to an infinite Biot number. If, instead, the interior
of the sphere had infinite conductance, while the conductance of the
hot fluid surrounding it was finite, the sphere would heat up uniformly,
with no internal gradients. This would correspond t» & Biot number of
zero. The Biot number is:

hr
{ = — 4.2-5
B o ( )

vhere r is the radius of the particle
kp is the thermal conductivity of the particle
ﬁ is the heat transfer coefficient for the convected fluid
surrounding the particle. h is defined by the equation

q/A = h AT (4.2-6)
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th:bvalue of h is generally estimated in terms of a dimensionless Nusselt
number:

hD
No =g (4.2-7)

vhere D = diameter of the :.article
kp = thermal conductivity of the fluid flowing
around the particle.

The Nusselt number is generally estimated from a correlation involving
Reynolds number and Prandtl number. An acceptable correlation for sphere
is:

1/3

Nu=2+.6 Ret/? pr (4.2-8)

Reynolds Number is defined:

Re = BYD & GD_ (4.2-9)
[n [
where p is density of the fluid
V is velocity of the fluid
D is diameter of the particle
u is viscosity of the fluid

and Prandtl number is:

Pr = —EF— (4.2-10)

where C, is specific heat of the fluid at constant pressure

u is viscosity of the fluid
kp is thermal conductivity of the fluid

For hydrazine decomposition products the following estimstes of physical
properties were assumed:

= ,725 csl/gram K
6.66 x 10-%4 poise
5.56 x 1074 cal/cm sec °K

.725 x 6.66 x 10-4
6.56 x 1072

Cp
M
k

Py = - .736

For a conservative catalyst bed design, the following values were assumed:

ounds gram
G = .05 {7 gec " 335 Zn? sec

D = .10 cm (25 mesh)

3.5x .10
then, Re = 5 100 * 526.

- 106 -



The Nusselt Number may now be calculated
Nu = 2 + .6(526.)1/2(.736)1/3 = 14.4

This permits calculation of the heat transfer coefficient:

=4
- NuK 14.4 x 6.56 x 10 - cal
h D .1 -0944 cm’°K

To estimate the Biot number it is necessary to have a value for the thermal
conductivity of the catalyst. Values may be found in the literature which
vary from .005 to .05 _ cal hence the Biot number for the external

cm sec’K
heating of the particle will fall within the range:
Bl = .0944.25.05 - .0944
£ 0944 05
° x »
Bi = . 005 944

Obviously if different values are used for pellet radius or bed loading
(chamber pressure or contraction area ratio) then the Biot number will
vary correspondingly.

To estimate the Biot number for the cooling of a hot particle

' being quenched in liquid hydrazine, a value for the maximum heat transfer
coefficient for boiling heat transfer to the quench liquid must be obtained.
Experimental investigations of boiling heat transfer to water show that

the heat transfer rate increases rapidly with temperature difference

until a threshold value is reached, whereupon the heat transfer changes
from nucleate boiling to film-boiling, and the heat transfer rate decreasss
enormously. At the maximum value, just before the transition, the temperature
difference is approximstely 150°F (83°C) and the heat transfer rate is
spproximately 410,000 BTUlhr-ft2 (30.9 cal/cm? sec). The corresponding
value for heat transfer coefficient is:

he ggig = .37 cal/ca?°C

If we presume that this same value will be obtained with boiling hydrasine
instead of water, then the Biot number may be estimated (using high and
low estimates for thermal conductivity of the catalyst):

- «37 x .05

Bi =, 37
<05
37 x .05
Bi = -005 .37
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Hence external cooling by cold hydrazine results in a Biot number approximately
four times higher than external heating by hot product gasas.

The Fourier number is the undtmensionalized time in which &
transient heating or cooling event may be measured. The time required to
heat an object is proportional co its heat storage capability:

M = ALpCpAT (4.2-11)

wvhere OH is stored heat
A 18 cross-gsectional area of the element
L is the length of the element
p is the density of the material
Cp is the specific heat of the material
AT is change in temperature

The time required to heat an object is inversely proportional to its heat
conduction rate H, where

H= LKE. AT (4.2-12)
L
where K, is thermal conductivity

Combining the expressions, and introducing a parameter of proportionality:

2
¢t = po PCR LT (4.2-13)
K¢

The parameter in this expression, Fo, is called the Fourier number, and
expresses the extent of completion of the thermal transient.

Yor a particle of catalyst:

p = 3.4 gram/ca’
Cp = .22 calories/gram K
L(radius) = .05 cm (25 mesh)
K = .0l (median value) calories/cm sec °K

- Kt - .01 t -5,
Fo= ol 3ax2zxos o4t

With the Biot number and Fourier number identified, it is easy to look up

the solutions for the transient temperaturc profiles inside the catalyst
particles in standard reference texts, (Reference 103). A family of profiles
for a Biot mmber of 1.0 similar to a worst-case for external heating is
showmn in Pigure 4-5. A family of profiles for a Biot number of 4.0, similar
to a worst-case for external ccoling is shown in Figure 4-6. '
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Figure 4-5. Temperature Profiles in an Externally Heated Spherical
Pellet as a Function of Time During Heating.

Biot Number = 1.0

Hot Gas Temperature = 1473°K
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Figure 4-6. Temperature Profiles in an Externally Cooled Spherical Pellet
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boiling hest transfer.
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4.2.3 Particle Stresses Resulting From Thermal Shock

' The stresses which result from internal temperature profiles
developed in a catalyst particle may be calculated for spherical, isotropic
homogeneous materials. The loads were assumed to be spherically symmetric.
Then for an arbitrary temperature prcfile, T(r), the radial and tangential
stresses wvhich are classical elastic solutions from Reference 101 are

o r
cr(l“) = 2%5 [-]-3- f T(r) rzdr - —%— f T(r)rzdr] (4.2-14)
PLY 0 " o
and
Yo r
°t(r) = %E-\-; -—23- f T(r)r?'dr + —%- I T(r)rzdr - T(:‘):' (4.2-15)
PLY 0 r 0

wvhere

Oy = radial stress (psi)
0o¢ = tangential stress (psi)
o = coefficient of thermal expansion of the porous sphere
(in/in °F)
= Young's modulus of the porous medium (psi)
= Poisson's ratio of the porous medium
r = radius (in)
To ™ outer radius of the sphere (in)

To show the types of stress distributions and some general results from
the above equations, consider the temperature profile

T=aA (;-;) " : (4.2-16)

which allows closed-form solutions. This function is sketched in FPigure 4-7.
The total temperature difference is always A, while the abruptness of

the temperature rise increases as n is increased. Thus the effects of A

and n upon thermal stresses calculated using these profiles reveals the
affect of total temperature difference in the particle, and the effect

of varying temperature gradient in the particle. The above distribution
produces a radial stress field which is

a
- 2 =
%r ’—%_'5(1-\», R+ 3) [ r, J (4.2-17)
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The maximum absolute value of the radial strese which occurs a2t £ = 0 is

- 208A 4.2=18
T T e (@2

This stress is tensile for A O (heating) and compression for A 0 (cooling).
The transverse stress O, from equation 4.2-15 becomes

v - afA ” ( r n
¢ TTTCETTFTET 2 - [n+2) (F;) (4.2-19)

Therefore, for A> 0 this starts as a tensile stress at r = o of the same
magnitude as oy (o) and reaches a compressive maximum at r = L of

g, w —OEAD
€ (1-wp)(n43) (4.2-20)

at the surface. For cooling (A<0) O, starts in compression at r = 0 and goes
to tension at the outer surface. Therefore, the ratio of the maximum tensile

stress to maximum compressive stress is, for heating 2/n.

From equations (18) and (20) it can be seen that the maximum
stresses are directly proportional to the temperature difference, A, between
the outside and inside of the sphere. For r = 0, the center of the sphere,
the stress state is hydrostatic (or = op), and when A>0 (heating) tensile
stresses are produced. Also, at r = 0 the steeper the gradient (the larger
n is) the smaller the stress. If A <0 (cooling) this stress state would
be compressive. Since it is a hydrostatic compressive stress, no failures
occur on cooling. Therefore, at r = 0, the heating condition (A>0) is
the only one which can produce a failure.

At the surface of the sphere, r = r,, the radial stress, o,, is
zero. The transverse stress for heating (A> 0) is negative (compression).
Since this is a uniaxial stress state, a failure can occur. The magnitude
of the compression is n Oy. Nesr the surface O, is small, but tensile,

2

and thus will reduce the smount of the o compressive stress required to
produce a failure, thus a failure could initiate below but near the surface.
On cooling (A~ 0) the surface will be in tension, hence the failure will

only occur at the exterior of the sphere and propagate inwards. The magnitude
of surface stress is proportional to the temperature difference and

the ratio (n/n+3). Since (n/n+3) increases as n increases, the steeper

the gradient, the greater the surface stress.

Now consider a specific heatup/cooldown case in a 20-25 mesh
catalyst particle. The radial and tangential stress solutions for the
typical temperature profiles for heat-up, Figure 4-5 and cooldown, Pigure 4-6,
are shown in Pigures 4-8 to 4-11. These show the greatest temperature
difference on heating occurs at 20 milliseconds, which produces the greatest
tensile and compressive stress. On cooldown the greatest tensile stress

occurs at 10 milliseconds.
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Figure 4-7. Arbitrary Temperature Profiles for Estimating
Effects of Thermal Stress.
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Flgure 4-8. Radisl Stress As A Function of Time Produced by Heating
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Figure 4-10. Radial Stress as a Function of Time Produced by Cooldown.
Maximum Rate Nucleate Boiling Heat Transfer.
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On heating, for Vp = 0.3 (see the failurc section Jor a discussion
of the Polsson's ratio v), the maximum tensilc stress is 380 psi which is
hydrostatic or = gg. Although this is a triaxial stress state, it is well
below failure for the two dimensional equal-1load (§1 = Sp) biaxial limict,
so the heating case does not appear to be & possible point of failure.

On cooldown, the meximeal tensile stress occurs at the outer radius.
The maximm tensfle stress occurs at 10 milliseconds and is 885 psi. The
stress state at this point ‘s biaxial, with the stresses being equal in
*he two transverse directions and o = 0. This is illustrated as Point "A"
in figures 4-3, 4-4, 4-10, and 4-11. Therefore, between 25% and 507 failure
would be expected for the virgin material  If used material were cooled
down, since the mean failure stress is lower and the scatter is larger,
between 757 and 957 failures would be predicted with this material. It should
be reiterated that thias is for the particular situation of 20-25 mesh,
initial temperature of 1473°K (2191°F) and flow conditions such that the
quenching liquid remained in the nucleate boiling regime, rather than film
boiling.

These conclusions were drawn assuming vp = 0.3. The tensile stresses which
would be predicted decrease as v, decreases. If v, = 0.1, then the maximum
tensile stress on cooldown would decrease frcm 885 psi to 688 psi and fewer
failures would be expected in either fresh or used materials. However, this
latter value of Poisson's ratio appears much too low based on estimates made
by Professor Hasselman (see Section 3.3), who predicts a value of 0.25 which
is much closer to the original assumption of 0.3. The uncertainties in the
predictions which arise from lack of accurate values for tensile failure
stresses and Polsson's ratio, point up the need for experiwmental determinations
of these important msterial properties.

' In general, the results indicate that failure as a result of hot
gas thermal shock during heating is unlikely, where failure from liquid quench
thermal shock during cooldown is distinctly possible.

4.2.4 Pressure Profiles Developed Inside a Catalyst Particle
by External Pressurization or Depressurization

If the boundary of a porous, permeable catalyst particle is
suddenly exposed to a high pressure gas, a series of transient pressure
profiled are developed in the particle, until pressure equilibration is
finally obtained. If a catalyst particle has fully pressure-equilibrated
at a high pressure, ond suddenly has the boundary pressure reduced to a
low value, the same sort of process occurs, with the flows being in the
reverse direction. The processes of mass flow of gas through the permeable
material, and accumulation of mass in the porosity volume, is quite analogous
to the transient response to external heating or cooling. To determine the
relevant time scale for the pressurization or depressurization process, a
dimensionless parameter similar to the Fourier number may be developed.
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The accumulation of gas mass in an element of porous solid is:

rat = ALS My 2P (4.2-21)
RT

where é is porosity
M, is molecular weight of the gas
AP is change o1l pressure
R is gas constant
T is temperature

The mass transport rate by D'Arcy flow is

A P /P
M- Aot P 77 (4.2-22)
u LRT
2

where Km {s permeability in cm
¢ is viscosity of the fluid

Dividing one expression by the other gives a dimensionless group analogous
to the Fourier Number:

Kn Pt
$ u L2

N -

m (4.2-23)

To find the appropriate time scale for particle pressurization or depressurization,
it is only necessary to evaluate t in the above expression. Since the most
damaging temperature distributions were obtained at a Fo of about 0.1, it is
reasonable to evaluate the expression for pressure at the same value.

6 u L2 Np
t = ————
Km P
b= .26 -4
u = 6.66 x 10 ~ poise
L= .05cm
Km = .1 Darcy = 9.869 x 10710 ¢p? 2
P = 100 psia - 6.8947 x 106 dyne/cm

-4 2 -
- 226 x 6.66_¥0}0 x .05¢x .1 6.36 x 10 6 second
9.869 x 10 x 6.8947 x 10
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Hence, the pressure equilibratioa process is very rapid coampared to the
thermal equilibration process. The time scale for the depressurigation of a
thrust chamber at the termination of a pulse 1s on the order of 1 to 100
milliseconds. This is so much slower a process than the time required for
depressurization of a pellet that we must conclude that no internal pressure
stresses will occur during a normal cutoff. Very rapid pressurization of

a pellet could take place, by local detonations or shock waves in the
chamber. Since che cataiyst is relatively strong in compression, a steep
fronted wave of over a thousand psi would be required to cause any damage
by pressure-generated stresses in the individual particles. Explosions

of this amplitude would produce much more destructive effects by producing
compaction pressures within the bed, so the effects of externally impressed
pressure upon the individual particle may be identified es non-destructive.
The worst-case pressure profiles and internal stress levels which would be
generated by 1000 psi pressurization or depressurization episodes are
illustrated in Figures 4-12 and 4-13. Rapid pressurization will be assessed
experimentally during the "pop" shock tests to be conducted by TRW.

4.2.5 Particle Stresses Resulting from Internal
Pressure During Pressurization or Deprersurization
in the Absence of Liquid

The stresses resulting irom internal pressure may be calculated
in a manner quite similar to those for the temperature gradient. The total
stress per unit area, e.g., Ty is the sum of the average stress in the
solid material, e.g., O, plus the average stress, -fp, caused by the pore
pressure, (Reference 105) i.e.,

Tr = ar-fp (4.2-24)

where p = pressure in the pore (psi)
f = void fractiom

Note that pressure is considered positive in compression and stress is
considered positive in tension. The average stress in the solid material
(per unit area of porous materisl) is what controls failure. Using equation
(24), one finds that for am arbitrary point symmetric pressure profile p(r)
in a sphere of radius r_, where the external preasure on the outer surface

is equal to p(r,), the radial and tangential stresses are:

o r
1-2v {
o.(r) = ‘2117\2’—1 f[ ;13- I p(r)rédr - —-;- ! p(r)rzdr] + fp(r) -p(r,) (4.2-25)
o o " o
and
i
r, P
o(r) = (-}-:—;2;‘4) f{ :23- I p(r)rler +-H j ,(r).-zd.-]o (r_"-;)fp(r)-p(ro)(t.z-zs)
o . _ , :
. -9 .t

For the purposes of pqu.iionn 25 and 26 the pressure, p(r), is the absolute prum
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' The effect of the internal pressure profiles on the stress in
the substrate material can be studied by locking at the solution to two
pressure cases, one which represents pressurization to 1000 psi and the
other blowdown to 0 psi, and as shown in Figure 4-12. The stress distributuons
produced by these pressure profiles are shown in Figure 4-13. On pressurization
to 1000 psi, the stresses are compressive in the body, and almost hydrostatic.
On blowdown, the stresses are tensile, but are very low, even for this steep
profile.

Because the stress-state in the body during pressurization is
almost hydrostatic compression no material failure is expected. The stress
state during blowdown is almost hydrostatic tension. The stress levels
in the matrix are much lower than would be needed to produce failure, using
the biaxial failure envelope given in Figure 4-3. Therefore, if these are

- the worst case pressure profiles, then the internal pressure stress should
not produce material failure.

The solutions to equations (14), (15), (25), and (26) have been
combined in a small computer program which solves both the thermal and internal
pressure problems. The solution for the combined problem is obtained by
superposition of the solutions. A pair of simultaneous pressure and
temperature profiles are shown in Figure 4-14 and the corresponding combined
stresses in Figure 4-15. These are typical profiles and are just to illustrate
the principle of superposition. The resultant stress distributions showm
in Figure 4-15 show the related magnitude of the thermal and internal
pressure solutions. These solutions show that for our material and the
pressure and temperature profiles of interest, the worst case thermally
generated stresses are greater than those generated by the worst case
internal pressure distribution due to pressurization and blowdown.

In general, it ia concluded that the pore pressure gradients present
in the catalyst particle during either rapid gas pressurization or depressurization
in the absence of liquid will not cause particle failure.

4.2.6 Particle Stresses From Bed Compression

Whenever the bed of catalyst pellets is made to bear a compressive
load, local stresses are produced at the tiny areas where the pellets
actueslly come into contact with each other. It is the local stresses produced
in the pellets at these points of contact which can cause local failure and
the loss of material associated with bed compression stress. There are
four relationships which must be determined to define the effects of compression:

1. What is the relationship between bed cowpression pressure
and the normal force developed between adjoining particles
(required for the aralysis of flow-induced pressure loadings
acting on the bed, and also for differential thermal
expansion).
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2. What is the relationship between bed volume change and
the resulting bed compaction pressure (required for the
problem of differential thermal ekpansion).

3. uhat are the distributions of stresses produced in a
particle by a given level of normal force applied by
another identical particle.

4. what is the volume of material which will fail as s result
of the stress distributions produced in the particle,
and what happens to the smaller fractured particles i.e.
are they blown out of the catalyst bed or trapped in
bed interstices.

4.2.6.1 Particle-to-Particle Forces
Resulting from Bed Compression

We will assume that the bed is composed of identical spheres
arranged in a face-centered cubic array, (theoretical closest packing)
as 11lustrated in Figure 4-16. 1t may be seen that Sphere E is in
contact with twelve other adjoining spheres, and that all the bed compression
forces acting upon Sphere E must be supported by these twelve points of
contact. Let us assume that the spheres are frictionless at the points
of contact, so that all of the points of contact produce only forces
normal to the surfaces. From considerations of symmetry, the forces acting PR
on the x, y, and z faces of the unit cube will be equal, i.e., the bed
compression will act like a hydrostatic pressure. The force acting on
the z-normal face will be equal to the bed compression stress multiplied
by the ares of the z-normal face of the unit cube. The length of the
diagonal acioss this face includes the diameter of Sphere E and the radii
of Spheres B and D, hence the length of the diagonal is 4R where R is
the radius of the spheres. The length of the side of the unit cube, then,
must be 2J7R, and the area of the face must be 8§ RZ2. If the bed compression
stress_is P, then the force exerted on the z-normal face of the unit cube
is 8 R2P. This force in the z direction will be shared between the upper
cut portions of Spheres E, A, B, C, and D, with Sphere E supplying one half
of the total projected area in the plane. The force borne by Sphere E will
be one half the total or 4 R2P. :

Since we have hypothesized frictionless contacts, with only
normal forces, none of the z-directed force acting upon Sphere E can be
 belanced by its contacts with Spheres A, B, C, or D, hence, all of the
support for Sphere E in the z direction must come from its contacts with
Sph2res F, G, and the other two equivalent hidden spheres. Each point
of contact must contribute one quarter of the total z-directed force or
RZP. It may be seen that the forces acting between Sphere E and the spheres
below it, are elevated 45° from the x-y plane, and hence each particle-
to-particle force F is R2P dividad by the cosine of 45°, hence:
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Figure 4-16. Unit Cube from a Face-Centered Cubic Array
of Identical Spheres.
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F =7 k%P (4.2-27)

where F is the force between the particles
R is the radius of the spheres
P is the pressure applied to the bed

This derivation closely follows Reference 105. The relatiorship given in
Equation 4.2-27 was also shown to be valid for hexagonal-ciose packing, (106).
In a later section a method for determining the appiicability of Equation 4.2-27
to out problem will be presented.

4.2.6.2 Stress Produced in the Particle from
Point-to-Point Contact

The stresses from particle-to-particle contact, due to bed compression,
may be calculated from Hertz contact theory. The Hertz contact analysis defines
the stress distribution in a semi-infinite body duc to the presssure distribution
produced by a spherical indentor. The solution can be extended to the contact
between two spheres if the radius of contact, a, is small compared to the
radius of the body, R,. as shown in Figure 4-17. The solution is shown in
Reference 101. If the spproximation R, a is large is not valid, then the
solution can only be obtained by the use of complex computer codes.

The solution to the contact problem as presented in Reference 101, assumed
the displacements of points within the contact arca, a, Figure 4-17, that were
required to bring the points, on the surface of each sphere at R = a, into
contact. Hertz assumed the stress distribution within the contact area vas
hemispherical. with the maximum occurring at the center of the contact area.

The displacements predicted by the assumed stress distribution agree with
those calculated to bring the points on the surface of the spheres in contact.
Knowing the stress distribution and the contact force., F, the maximm contact
stress was shown in Reference 101 to be:

3 F
%2 2 (4.2-28)

with a radfius of contact of

3 2
N T8 (6.2-29)

where + is Poisson's ratio
E is Young's Modulus
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Figure 4-17. Schematic of the Contact Problem.
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) To relate the contact stresses to the bed pressures a relationship
such as Equation (4.2-27) ig required. For the remainder of the analysis of
the contact problem, the bed will be assumed to be either a face-centered
cubic or a hexagonal close packed sphere aggregate. Therefore, the contact
stress and radius of contact can be related directly to the bed pressure

by using Equations (4.2-27), (4.2-28) and (4.2-29).

For our case, using the Poisson's ratio of the porous sphere, Vv,
as described in the failure section, and solving Equations (4.2-28) and
(4.2-29) and using F from Equation (4.2-27) yields.

3

E°P
q, = 0.6492 22 (4.2-30)
(1-v3)
P
and
P 2
a =1.0198R \|§ ("% (4.2-31)

With the values of q_ and a, the resultant three-dimensional stress
distributions in s semi-infinite flat body produced by a spherical indentor
can be calculated by using the relationships developed by Love, Reference 107.
Love showed the stresses are

2
-2V, 2,3 Ziamn- @& .2-32
oy = 4, (12u2)a [1_,(@-) ]+ (1+up)a:an (‘b) (4.2-32)
3R
2.3
+<1-u)3-2£-25+ 2L (4.2-33)
P 2%y Vv W +azﬁ-
2
- Z,3 Z -1 8,
g'e-qo —(1 2"2)8 [l-(i;)] +(1+\Jp)atan (w)
2
3R

Z
-(I-UP)%E - 20 —

a +v¢ o

- 130 -



s —

. e - - e “ g - A
‘% PRI TR DA T SR o M Voo et e o

2.3

U =-np a2 .

2 o] (‘p? + a(‘ZZ) r—lb . (6.2_34)
W= a2 R 22 VAQ

Lww = O F . . o) .

D 4 o] (‘;‘3 + u?.z?)(ué + U ) (£.2-35)
T 0 I § 8 =0

whare
2
K 4.2"’

¥ = %’ .R? + 7.2 - a?' -"\/(ﬂ’ + ?.2 - a.2) + 10522") ( 36)

The q, used in this analysis is that from two spheres in point-
to-point contact, given Equation 20.

The amplitude of the stresses presented in Equations (4.2-32 to
4.2-37), as discussed in Reference 101, decrease very rapidly as R/a
increase from 1.0, where R is the distance from the center of contact as
shown in Pigure 4-16. At the surface, for R/a>3., the o./q, < 0.02.
Therefore, if R/a is large, the effect of the curvature of the bodies
can be neglected. In our case, for 10 psi in the bed, R/a > 31.
Therefore, the use of the contact solution and the stress distributions
in & flat semi-infinite half spnce should produce very good results for
the stresses produced by the point-to-point contact of two spheres of
Shell 405 catalyst.

The discussion of the results of the contact solution in Reference 101
show the maximm compressive stress, occurs in the Z divection, see
Figure 4-17 and at the center of the contact area R = 0o, Z = 0 and is given
by Equation 4.2-36. The stresses in theother two orthogonal directions in
the R-0 plane, at the same location are also compressive and related to '
the maximm stress, Reference 101 t -

1+2y -
ar - qe - -—-—-L2 qo (‘.2'38)

The contact load goes to iero at the edge of.thc contact area, R = a.
This {s the location of the maximum tensile stress

1 -2 vE
9 (4.2-39)

- 131 ~



.
R S L T

; At the same location, Z ~ 0, R = a, th

1i y . e Ug stress is equal to
! -Or and 97 = 0. This is equivalent to a staée of pure shear in :he

r-€ plane at that loca.lon. The effect of Poisson's ratio and the
location of possible failures will be discussed later.

j A computer program developed under ancther program, contract

I No. DNA0O1-72~C-0024, was modified to calculate the total stresses due to
contact forces, thermal gradients and internal pressures. The solutions
discussed below were generated by this program.

The effect of the Poisson's ratio, , of the porous material
on the maximum contact stress, from Equation (4.2-30), as shown in Figure
4-18 is small. Figure 4-18 does show the maximum contact stress, q,,
increases very rapidly for very low bed stresses.

At the center of the contact area, R=z=0, the effect of v, on
the other two orthogonal stresses, op and ¥g, in the r-6 plane, given
by Equation (4.2-30), is shown in Figure 4-19. These orthogonal atresses
are also compressive at this point and can vary from q°/2 for v, = O
to q. for v_ = 0.5. Therefore, the center of the contact area 1s in a
compressive state. The failure model, developed in this Sectiom, for a two
dimensional stress state indicates the failure, probability msximizes
at the center of contact, and at the edge of the contact area. The effect
of on the maximum tensile stress, op from Equation (4.2-39) is shown
in Flgure 4-20.. Changing the value of v, from 0.3 to 0.1 can double the
tensile stress. The other stress in the r-o plane, og, is compressive
witha magnitude equal to og. This fs a state of pure shear at this
locatior.

§ The stress distributions for oz, op, and cg along the contact

4 surface, Z=0, as a function of R, where R and Z are defined ia Figure 4-17,
E are shown in Figure 4-21. These stress distributions were calculated using
the computer program mentioned earlier, for 10 psi bed pressure, \, = 0.3
and E = 300,000 psi. At R=0, the center of contact, the stresses are all
compressive. The og and o, stresses remain compressive throughout the
contact area, R/a < 1. The o; stress becomes zero on the surface outside
the contact area, R/a 1, as would be expected as nn surface loads arc
being applied. The op stress remains compressive for all R/a. The op
stress starts as a compressive stress and becomes tensile only near the
edge of the contact area. The exact location is dependent on the material
properties. For R/a>1, outside the contact ares, at Z=0, og = -

decrease very rapidly, as shown in Figure 4-21, as R/a 1ncreases‘2ron 1.0

For any given level of bed compaction pressure, the radial distribution
of surface stress in the vicinity of the particle-to-particle contact may be
obtained by referring to 4-18 to find q, and 4-21 to find op/q, and og/q,
versus radius (i.e. R/a). The values for op and og which result may be
plotted over the biaxial failure surface (11lustrated previously as figures
4-3 and 4-4) to indicate the probability of failure at various locations within
or adjacent to the area where the particles are in contact. This has been
done in figure 4-22. The points marked A, B, C, D E, F and G represent
the values for o, and og at values for R/a of 0.0, 0.25, 0.50, 0.75, 1.0,
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Figure 4-18. Maxirum Contact Stress as a Function of tlhe Mean Bed
Pressure at the Center of the Contact Area.
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Figure 4-24. Bed Pressure Required to Produce Catalyst
Failure as a Function of Poisson's Ratio.
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In an earlier section a two-dimensional failure model was developed
from a uniaxial compressive stress failure load and several assumptions about
the pore shapge and distribution. 1In view of the uncertainties of the pore
shape, pore distribution in this material the extension of this single failure
point to a three dimensional failure model was not folt justified. Therefore,
no estimates of failure volumes were generated.

Future studies should be directed to obtain additional faflure data,
e.g., tensile, biaxial, etc., from wvhich a three-dirensional failure model
can bhe constructed. With the three-dimensional faflure wmodel and the stress
distributions generated from the cerlier aralysis the volume of failed material
can be predicted as a function of bed pressure.

Considering the predicted stresses produced by the thermal loading,
the internal pressure loading and the particle-to-perticle contact loading,
the contact problem appears to be the most damaging. Thus, the calculations
indicate, using ressonable assumptions regarding catalyst properties such
as Poisson ratio, that failure resulting from static pressure forces
causing excessive particle to particle contact loading in all probability is
a significant mechanisms in catalyst breakup. The r=sults suggest that
longer engine life could be obtained if the contact area between particiles
were increased, vhich will require a redesign of the shape of the catalyst,
or by techniques to isolate the particles from each other.

4.2.6.3 Relationship Between Bed Volume
and Bed Compaction Pressure

In this section the relationship between the change in bed volume
as a functior of bed pressure for a sphere pack is presented. This relationship
shows the relation between the pressure and volume change in nonlinear. The
relationship also gives a simple method of checking the accuracy of the
sphere pack assumptions used to calculate point-to-point contact forces
from bed compaction pressure.

The relationship for the change in the bulk volume of a pack of

' 1dentical, {isotropic elastic spheres under an external pressure P was solved
by Brandt, Reference 111. The solution was generated by using Hertz contact
theory. The Herts theory, as presented in Reference 101, shows the change in
radius of one of the spherical particles at the point of contact decreases

by the smount
2/3

2

1(0-v) ¥ (4.2-40)
oR (4m1’2

the contact force (1bs)

Poisson’s ratios of the spheres

radius of the spheres (in.)

Young's modulus (1bs/inZ)

wvhere

mme ™
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Since the displacement is not linear with lcad, the volume change
is also not expected to be linear with load. Brandt, eference 111, using
Hertz contact theory and a sophisticated energy technique showed for an
aggregate of equal sirzed particles, in random packing, the relationship
between the mean pressure ian the bed and the bed volume change is

2) 2/3

1.75 {1~v -

3:. =3 | ——2 g2z (4.2-41)
o

vhere P = pressure in the bed (psi)
Oy = the volume change of the bed (in)
Vo = the initial volume of the bed (in)
E = Young's modulus (psi)
v_ = Pofsson's ratio of the porous sphere

This relationship was generalized in Refererce 111 for a fluid
filled bed, but the relationships are quite complicated and are not presented.
Equation 4.2-41 shows that while the particles within the sphere pack remain
elastic the pack does not follow a linsar load volume relationship. If the
change in volume (Av/v) is plotted versus p2/3 (the bed pressure to the 2/3
power) then & linear relationship is expected. Therefore, from Equation
4.2-41, nonlinear bed pressure volume relationship, even for elastic meterials,

is expected.

The accuracy of Equation 4.2-4] was tested (Reference 112) for low
modulus (scft spheres (E/(1.,)2 = 0.54 x 104 psi) and high modulus (hard)
spheres (E/ (1-\,)2 = 33 x i06 psi). Good correlation was obtained for the
soft spheres while poor correlation was obtained for the hard spheres. This
can be attributed to the random nonuniformities in the radius of the sphere
wvhich had a better chance to be evened out with the soft spheres than with
the hard sphere at low pressures (Reference 106). ’

The non-unifore radius and size problem was considered in Reference 113.

The model developed, also using Herts contact theory, for spheres not iu
perfect contact as was assumed earlier, allows for an increasing mmbor of
contacts between the spheres as the pressure increases. The pressure-~volums

relationship in Reference 16 is

av (4.2-42)
v

{.P2/3 p$pi

b P2,3 p >pi

- 142 -



vhere a, b are functions of the matecrial properties of the
spheres.
pi is the bed pressure required to close all the gaps
due to the initial nonuniformities of the spheres.

Good qualitative correlation with Ottawa sand was achieved with
Equation 42. To determine if our material follows the 2/3 law of either
Equation 42-41 or 4.2-42, wore experimental coumpression tests should be
done on particle beds of Shell 405. If significant deviation is found
from Equation 4.2-41, the contact force given in Equation 4.2-23 should
be modified. It was suggested in Keference 113 that the sphere radius be
changed to an effective radius of curvature at the contact point which
is determined experimentally.

4.3 Internal Particle Model

When liquid hydrazine contacts a cold peliat of Shell 405 catalyst,
8 series of processes occur: isbibition of the liquid due to surface tension
forces, decomposition of hydrazine to evolve heat and decomposition products,
transport of heat, liquid and gases due to temperature and pressure gradient,
and change of phase or change of physical properties associated with the
increass in temperature and pressure. If sufficiently high temperatures and
pressures are developed internally, they may be des:ructive to the catalyst
pellet. To evaluate these proccesses in a quantitative way, a msthematical
model of the internal particle processes had to be developed, capable of
calculating the sequence of pressure and temperature profiles which are
generated in the particle. These temperature and pressure profiles, once
computed, may be transformed to radial and tangential stress profiles using
the methods described in an earlier section of this report. Because of
the complexity of the flow, state, and reaction rate processes, it is
necessary to perform the calculations by a finite-difference approach,
using digital computer numerical integration to obtain solutions.

4.3.1 FPlow Through A Porous Medis

When a pressure gradient causes a single f{luid phase to flow through
a porous medium completely saturated with the fluid, under conditions where
viscous, continuum flow is obtained, the flow rate is defined by D'arcy's

Law

d
Q= _u"!‘;. = (4.3-1)
or
n - AP g (6.3-2)
I
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vhere Q 18 volumetric flow rate

A 18 the cross-sectional area of the porous body

u 1s the viscosity of the fluid

%% is the pressure gradient through the medium
K, is theperme: 5>ility, a property of the porous medium
p is the dens_ty of the fluid

When a catalyst particle is exposed to a reactive gas at its outer boundary
in a system where apprecirble pressure gradients do not exist, as is the case
in many commercial chemical reactors, then the transport of reactant species
into the catalyst pore volume takes place principally by wmolecular diffusiom,
driven by concentration gradient. Analyses of commercial catalyst pellet
behavior has traditionally been based upon molecular diffusion as the
principal (or omnly) transport mechanism. 1In contrast, when a Shell 405 pellet
is wetted by liquid hydrazine, and then permitted to react, there are large
pressure gradients devcloped, first by the capillary imbibition pressure or
the 1liquid, and later by the high pressure gases generated by the decomposition
of hydrazine which has tlowed to the interior of the particle. D'Arcy flow and
wolecular diffusion may be compared to determine their relative importance in
determining mess transport in a particle of Shell 405 catalyst. Molecular
diffusion follows Fick's law:

]

u-m‘-’ﬂ-m""g (4.3-3)

RT

wvhere D is the diffusion coefficient
A is the cross-sectional area
p 18 density of the diffusing component
L is distance
M, is molecular weight
R is gas constant
T is temperature

When the flow rate associated with D'Arcy's Law is divided by the
rate of molecular diffusion:

K
flov - = (4.3-6)
Magge ™

The values for the properties during the pressure buildup in a
practicle assumed were:

-10 2

P = 1000 paj = 6.895 x 107 dyne/ca®
D = .482 can“/sec

u = .00119 poise

®

M flow . 9.869 x 1071% x 6.895 x 10’ = 1186




The D'Arcy flow process is three orders of lecimal magnitude greater
then molecular diffusion, hence we feel justified in ignoring molecular diffusion

in our model, and retaining only D'Arcy flow.

When two fluid phases are present simultanesusly in a porous medium,
then the presence of phase A reduces the permeability of the mediuva for the
flow of phsase B and vice-versa. The permeability for the flow of each phase is
a fraction of the single-phase permeability, and this fraction is called the
relative permeability. The relative permeability is a function of the saturation
of the two phases, where saturation is defined as the vclume fraction of the
total pore volume occupied by the phase. Figure 4-25 shows the experimental
relative permeability of the alumina to n-decane in the presence of air (Reference
117). By definition, the relative permeability to the flow of the liquid is

"100 percent when the liquid saturation is 100 percent; however, the relative

permeability falls to zero when the liquid saturatior is still 30 perceant. This
indicates that if a wetting liquid penmetrates into the interior of a porous
particle, it cannot subsequently be entirely removed by a flow process, such

as expulsion by the flow of gas past it, but rather can only be removed by
evaporation or chemical reaction in situ. Figure 4-26 shows that when two
phases are present in a porous medium, each interferes with the flow of the
other, but that the effect is not necessarily symmetric between the witting
phase and the nonwetting phase (Reference 118). The sum of the two relative
permeabilities at most saturations is usually well under 100 percent.

4.3.2 Klinkenberg Effect, Non-Continuux Flow of Gases

When the pore sizes in a porous medium beccme so small as to be
comparable to the mean free path of the molecules of the fluid, then non-
continuum flow effects become important. For flow through pipes or other
man-made hardware of a simple known shape and sige, the Knudsen musber can
readily be calculated. Wwhen the shapes and pore size distributions are no
better known than is the case for a2 sample of porous medium, however, an
experimental approach is necessary to define the effects of non-continuum
flow. Figure 4-27 shows the variation in experimentzlly observed permeability
wvhen several gases having different molecular properties are flowed through a
fine-grained porous medium at various pressures (Reference 110). The increase
in observed permeability as the pressure decreases iz the result of non-
continuum flow becoming important in an increasing fraction of the pores in
the total ensemble of pore sizes in the medium. The experimentally
determined non-continuun flow effect can be described by the relationship

b
- 1 -— o3~
Kg =K (1+7) (4.3-5)

s the gas permeability with non-continuum effects

vhere xg i

K. is zas permeability uuder contipuum conditions
Pi

b1

s the gas pressure
s a coefficient for a given gas and madium
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The constant b in the above equation depends on the mean free path of
the gas and the size of the openibgs in the porous medium. Since permeability
also varies with the pore size, it would be expected that the Klinkenberg factor,
b, could be correlated with the permeability. Figure 4-28 shows such a corredation
(Reference 120).

In our model of the processes occurring in the pellet, the flow of
liquid hydrazine and of hydrazine vapor or product gases congiders the time-
varying distribution of saturation within the pellet and ccnsiders the resultaht
local relative permeability for liquid and gas, and the exteat of non-continudus
flow in the gas phase through the Klinkenberg correction.

4.3.3 Imbitition Pressure

When a non-wetting fluid, such as mercury, is injected into a porous
redium, displacing a wetting fluid phase, a considerable pressure say be required
to introduce the non-wetting fluid, the pressure varying as a function of the
saturation of the porous medium. Coaversely, a wetting fluid phase will be
preferentially drawm into a sample of porous medium, spontenecusly generating a

pressure which expells any non-wetting phase wvhich mey be present. These pressures

can be measured to fefine the imbibition characteristics of the porous mediun.

Figure 4-29 shows rav experimental data obtained when a particular sandstone

sazxples was injected with mercury, and when the ssme samplc spontanecusly imbibed

water to displace hydrocarbon. The stape of the curves is the same for the two

different fluids, with only the scale factor differing to correspond to the (Refe 121)
different values for the interfacial tension and contact anzle, i.e., gcoep/. rence -

H. C. Leverett proposed the J-function to correlate {mbibition pressure data

(Reference 122):

P 1/2
J(s) = _e K (4.3-6)
acosg (7)

wvhere: Pc is imbibition pressure
o 1is interfacial tensiom
e 13 contact angle
K 1s permsability of the medium
é 1s poroveity of the msdium.

It is instructive to compare this equation, rearranged:

P, = J(s) (4.3-7)
¢ i
K
6
With the equation for the pressure difference across a msniscus in a
capillary:

P, = g%g (4.3-8)

!ht(gslz tera h approximately proportional to the mesn valus of pore
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radius, and the undimensional function J(8) describes the effect of pore dismeter
distribution, rclative to the meap, over the entire pore volume. Figure 4-30
f1llustrates J-functions for a wide variety of different rcaterials, including a
porous alumina (Rcfercnce 123). The J-function for the alumina used in our model
is taken from the experimental measurements of pore size distribution versus
cumulative pore volume in Shell 405 done at U.A.R.L. (Refarence 124). (Figure 4-31).
This can be converted to a curve of capillary imbibition pressure versus saturation,
or J-function versus saturation by using Equations £ and 6 (Figure 4-32). The
capillary pressure curve presumes room-temperature liquid hydrazine, having a
surface tension of 65.7 dyne/cm and a zero wetting angle. The J-function curve
presumes a permeability of 100 millidarcy and a porosity of .25. The imbibition
pressures used in our model vary with time and location in the pellet according

to the local values for saturation and temperature-dependent interfacial temnsion.

4.3.4 Thermal Effects

The MDAC internal particle model calculates the convection of heat due
to flow of both liquid and gas, the conduction of heat through the particle, and
the effects of local heat evolution or absorption due to decomposition reactions
and hydrazine phase change. If the catalyst pellet were in the enviromment
typical of most commercial gas-phase catalytic reactor, then pressure gradients
would be small, D'Arcy flow of fluid through the particle would be small, and
heat convection could be ignored. For a particle of Shell 405 catalyst exposed
to liquid hydrazine, however, these assumptions are not valid, as can be shown:

Conduction of Heat:

[o]
Q=K AT (4.3-9)
L

Convection of heat:

o c
H=%n oaComar
(4.3‘10)

1 AL

Take the ratio of convection to conduction:

A=fa % Ty
e K u AT (4.3-11)

Use reasonable values for properties:

K, = -1 Darcy = 9.869%10"10cn?
ogas = .0122 gramcm>

C = .679 cal/gram %K

Pgas

T = 728.8 %

AP = 1000 psi = 6.8947%107 dyne/cu’
K, = .01 cal/sec cm %K

B = ,005 poise

AT = 728.8 %K
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Evaluate the ratio of convectlve to conductive hcat transport

8 = 9.869x10"1%.0122x. 679x728.8x6.8947x107 = 11.
q .01x.005x728.8

Convective heat transfer is seen to be an order of magnitude more
important than conduction under the particular conditions chosen for this
comparison. Obviously, either process can be important, under the appropriate
conditions, and the importance at any particular time and location will depend
upon the particular values in the catalyst pellet being analyzed.

In the solution of the internal particle processes, the viscosity of
the liquid and gas, the interfacial tension, the vapor pressure, the specific
enthalpies, etc., are calculated as functions of local time-varxz%g tempe{igure
using correlations developed for the NDAC TCC computer ptogrum( erence ).
Both the homogeneous gas phase decomposition rate of hydrazine and the hetero-
geneous, surface catalyzed decomposition are calculated using global Arrhenius
equations, taken from the work done at U.A.R.L. For the sake of simplicity, the
decomposition is assumed to be one-step:

4.3.5 Finite Difference Model

The interior of the pellet is represented by a linear sequence of
nodal points and internodal paths extending from the external environment
(boundary conditions) to the center of the sphere, as in Figure 4-33.

The internodal paths transmit gas (product gas plus hydrazine vapor),
liquid hydrazine, heat and enthalpy. The nodal points accumulate gas, liquid
and enthalpy and effectuate phase change and chemical reaction. The nodes
possess extensive and intrinsic state properties: hydrazine mass, product gas
mass, enthalpy, temperature, pressure and saturationm.

The types of behavior associated with nodal points and iaternodal
paths is illustrated conceptually in Figure 4-34. Thermal equilibrium between
liquid, solid, and gas phases is presumed at each nodal point. Phase equilibrium
between hydrazine liquid and vapor is slso presumed. The fluid temperatures and
vapor concentrations flowing from a nodal point are those of the nodal point.
Viscosities and densities used in internodal f{low calculations are arithmetic~
means of the adjoining nndes. Ralative permeabilities ara those characteristic

of the saturation in the upstream nodal point.

The approximate forms of the more important governing equations are
listed below.

Each node has state properties associatad with it.
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od = - + I P
Nodal enthalpy = H, HSubatrat:e HLiqui 4 + Hgas (4.3-13)
HSubltrlt:e - p'V(l-‘) hs (1)

Pg ™ density of solid phase_ (h.3-14)

V = nodal vclume = volume of aspherical shell
$ - porosity = pore volume/nodal volume
ha(T) = specific enthalpy of solid phase at temperature T
NLiquid =, v és h () (4.3-15)

liquid saturation = liquid volume/pore volume

w
[}

h (T) = specific enthalpy of liquid phase at temperature T

|
)

pg V #(1-5) hy(T) (4.3-16)

hs('l‘) = gpecific enthalpy of gas phase at temperature T

Nodal temperature is the value of T, found iteratively, which satisfies
the above enthalpy relation when nodal enthalpy is known. The enthalpy versus
temperature iteration is done while maintaining phasc equilibrium between the
liquid and vapor phase of hydrazine.

Nodal pressure = Py = PS“ + Pvapor (4.3-17)
N.RT
n

Pgas = Mg V$ (1-5) (4.3-18)
Ng is mass of gas in the node

R 1is the gas constant

H'g is Mean Molecular Weight of the gas

Pyapor = £(Ty) (4.3-19)

f('l‘n) is the vapor pressure of hydrazine

Generating a New Value for Nodal Enthalpy in Node 2 of Conceptual Illustration

\ nn(t*At) - Hn(t) +. inflowed enthalpy - outflowed enthalpy + enthalpy of reaction
+ inflowed heat - outflowed heat (4.3-20)
Inflowed enthalpy = :(8(1) . hs(l) i\ +!?IJ(1) * h (1) * at (4.3-21)
Outflowed enthalpy = 1018(2) . hs(z) * At + E(Z) *h(2) ° pt (4.3-22)
Enthalpy of reaction = ﬁr(z) *hy * At (4.2-23)
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ﬂr(2) is reaction rate of hydrazine in Node 2

h,. is gpacific heat releaaé of hydrazine decomposition reaction

‘At is the fime intefval: uged for numerical integration
Inflowed heat = K, (A(1)/L(L) * (T(1)-T(2)) * At (4.3-24)
Outflowed heat = Ky (A(2)/L(2) ° (T(2)-T(3), ° at (4.3-25)

Gas Phase Flow Rate into Node 2 of Conceptual Tllustration

. KaKrg K A (P1-Py) 4

o
Mg(l) = pg ¢

pg L (4.3-26)
Ka = permeability of the substrate
K, = relative permeability for gas (empirical function of
8 saturation)
K, = Klinkenberg rarefaction correction = (1 + b) 4.3-27)

P
b is the Klinkenberg constant for the substrate

A = cross-sectional path area

pg ™ mean density of gas phase materials in Nodes 1 and 2

= mean viscosity of gases in Nodes 1 and 2 (empirical function of

bg
temperature)

. L = path length

GCenerating a New Value for Nodal Gas Mass

Mg(t+At) bl Ng(t) + inflowed gas - outflowed gas + gas formed by reaction (4.3-28)

N (1)
Ns(l) + Nv(l)

. At (403-29)

o
inflowed gas = Hg(l) *

Ng is mass of product gases

Mv is mass of hydrazine vapor
N (1)

N )+ ()

gas from reaction = gr(Z) ° At (4.3-31)

o
outflowed gas = NS(Z) ° « At (4.3-30)
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Liquid Phase Flow Rate into Mode 2 of Conceptual Illustration

K Keg AP -P) - (1) -1) 0

)
Iiz Q) = Py 9, = H%L (4.3-32)

K_ = relative permeability for liquid (empirical function of
saturation) evaluated for saturation of Mode 1
g, cos 0
= {mbib{tion pressure = —1i7z J(Sl) (4.3-33)
K
(¢)

J(Sl) = J~function evaluated at saturation of Mode 1

L

g, = interfacial tension at the temperature of Mode 1

Generating a New Value for Total Hydrazine in Mode 2

HH(:+A:) = HH(:) + inflowed hydrazine -~ outflowed hydrazine - (4.3-34)

hydrazine reacted
. L] Mv (1) . >
Inflowed hydrazine = Ml(l) At + Hg(l) “3(1) T Hv(l) At (4.3-35)

M (2)
L3 - v .
Outflowed hydrazine = Hl(Z) At + Hé(Z) Mg(z) ¥ Hv(z) At (4.3-36)

Hydrazine reacted = Mt(Z) * At

Generating a New Value for Liquid Mass, Vapor Mass, Saturation

New values are found for liquid and vapor hydrazine by iteratively
determining nodal temperature to agree with nodal enthalpy while maintaining
hydrazine phase equilibrium.

P ‘M V¢ (1-8)
M = “vapor w _
v RT (4.3-37)
HL - Hﬁ - nv (4.3-38)
v, - Hi/ph where V 1s liquid volume, is liquid (4.3-39)

density (empirical function of temperature)
S = VLIV where S is 1liquid saturation (4.3-40)

Obviously an iterative approach is required to obtain §
togethér with T-and P from enthalpy, and known phase behavior.

The hydrazine vapor concentration is

M
- apor w '
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Estimating The Chemical Reaction Rate

Hr = Hr +‘Mr (4.3-42)
heterogeneous homogeneous
10 - 2758
M =V $(1-8) p_ * 10 e RT (4.3-43),
Thet n v .

Vn = nodal volume

pv = hydrazine vapor concentration

- 36,400
M =V 6(1-S) p_* 2.14 x 1020 ¢ R (4.3-44)
rhom n v

Initial Conditions

The interior of the particle may be set to a uniform initial value for
temperature, pressure, and liquid hydrazine saturation.

Boundary Conditions

In addition to the internal behavior of the catalyst, it is necessary
to impose conditions at the boundary. The boundary temperature and pressure may
be specified in an arbitrary time-~dependent way by designating eleven equally
timed values, for temperature and prassure, with linear interpolation with time
between specified points. A time may be specified, for the boundary to "dry up."
The boundary will be wetted with liquid hydrazine before this time, and will con~
tact only dry product gas after this time.

4.3.6 Results from the Operation of
the Internal Particle Model

Although the MDAC internal particle model is not completley developed
and verified by comparison with experimental data, test cases were nevertheless
run with the model. The results obtained from the small number of test cases:
which have been calculated to date, however indicate the nature of the processes
which occur when a particle of cold Shell 405 catalyst is wetted with liquid
hydrazine. The. sample case described as an illustrative: example (Figure 4-35)
is based upon a particle.of 25 mesh Shell 405. The initial pressure is .001
psi and the initial temperature is 3ON°K. At time zero the boundary condition
is changed to liquid hydrazine at 300°K and 1 psia.

The liquid imbibition proceeds very rapidly, concurrent with pressure
build-up in the particle. On the order of .2 microseconds after start, the first
gas comuences to flow out of the particle. The internal gas pressure at this
time is about 12 psia.. The liquid hydrazine continues to flow inward very rapidly
countercurrent to the outward flow of gas. This countercurrent flow is possible
because the gas flow is driven by pressure gradient alone, while the liquid flow-
is driven by the sum of pressure gradient and capillary imbibition pressure
gradient. Both phases can flow independently, because of the modest liquid satur-
ation of the outermost laminae, which gives appreciable relative psrmeability
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for both liquid and gas, i.e., the presence of either phase at this time does
not completely block the flow of the other phase.

At a time 4.0 microseconds after start, the liquid influx at the
boundary is first cut off. At this time the internal gas pressure of 270 psia
is finally able to overcome the liquid imbibition pressure, which is now much
reduced from its earlier values, because of the high liquid saturation of the
outermost portiong of the particle (65 percent liquid saturation). At this
time the volume mean saturation of the entire particle is 44 percent and the
temperature rise is still less than 1 degree.

The flow of liquid hydrazine at the outer boundary of the pellet re-
verses as the internal gas pressure continues to rise. At 12.19 microseconds
after start the maximum outward flow rate of liquid hydrazine is attezired. At
thig time the liquid saturation at the surface of the particle is decreasing,
and the liquid relative permeability is declining faster than the outward pres-
sure gradient is increasing. Liquid hydrazine from the outer layer of the
pellet continues to be drawn from the outer laminae toward the center by the
imbibition pressure gradient.

The outward flow of liquid hydrazine from the outer boundary of the
pellet does not cease until 38.39 microseconds after start, when the liquid
saturation in the surface layer has decreased below 30 percent, which reduces
the liquid relative permcability to zero.

The most interesting aspect of the particles’ behavior at this time is
the increasing temperature due to the exothermic decomposition of hydrazine in
the interior of the particle. As the temperature increases, both the vapor
pressure of the hydrazine and the reaction rate of the hydrazine vapor increase
rapidly, with the result that the rate of temperature rise is accelerated still

further.

The "thermal explosion" is culminated at 70 microseconds after start,
as the last of the liquid hydrazine in the pellet is corsumed. The peak pressure

is 7390 psia.

Following the pressure peak, the passive blowdown of the particle begins,
and by 95 microseconds after start, the pressure has declined to 3171 psia.

The stress imposed upon the catalyst particle by a pressure excursion
of this sort is easily calculated. The pressure profile in the interior of the
particle is remarkably flat during the time that the highest pressures are
attained. According to the equations for stress generated by internal pressure
(4.2-25 and 4.2-26), for the case of constant pressure profiles,

g = f-p (‘-3"46)
Og f'p (4.3-47)
vhere 0_ is radial stress in the particle
05 is tangential stress in the particle

f 1s the porosity of the particle
p is the internal pressure




e

For a catalyst particle porosity of .26, the maximum stresses are
each calculated to be 1921 psi, and directed in tension. This stress level
should produce faiflure according to our best estimate of the failure model
for Shell 405 (Figures 4-3 and 4-4), however, it should be remembered that it
is rather hazardous to estimate a failure in biaxfal tension solely from
experimental failure tests performed in uniaxial compression.

In general, based on the initial results of the internal particle
processes model, it can be seen that contact with liquid hydrazine results in
imbibition followed by in-situ decomposition which can produce internal particle
pressures capable of causing particle destruction.

Engineering Remedies

One way to avoid the internal pressure generation which arises from
liquid imbibition is to prevent the liquid hydrazine from actually contacting
the catalyst. A possible method of accomplishing this would be to arrange
thermally conductive metal screens ahead of the catalyst pack, to transport
heat from the zone of heat release to an upstream location where the liquid
hydrazine could be prevaporized. An alternate method to prevaporize the hydrazine
might be to provide an open volume of sufficient length between the injector
and the upstream end of the pack to vaporize the hydrazine spray droplets
during their passage through the product gases. Due to the high latent heat of
evaporation of hydrazine, and the complexities of either of these processes
during cold start transients, either of these approaches would involve major
problems in ergineering analysis. Once the catalyst particles are heated to
a temperature 20 percent to 50 percent (on an absolute scale of temperature)
above the boiling temperature of hydrazine at the existing chamber pressure,
the hydrazine will film-bind and refuse to wet the surface of the catalyst
(References 126-128). This should protect hot catalyst from liquid imbibition
effects. In addition theoretical considerations infer that smaller or more
permeable catalyst particle sizes should result in lower peak pressures.

4.4 Differential Thermal Expansion

One of the mechanisms that may cause or contribute to catalyst breakup
is differential thermal expansion. Differences between the thermal expansion
rates for the catalyst bed and chamber walls can result in application of com-
pressive forces to the bed and/or the creation of voids in the catalyst bed
which, in turn, produces considerable particle abrasion, settling and channeling.
The differential expansion is compounded by the simultaneous effect of chamber
strain associated with the internal pressure forces. The differential expansion
phenomenon normally occurs during the initial ambient start of a firing sequence
and during cooldown after the last pulse.

This section presents the differential thermal and pressure expansion
analysis of a monopropellant hydrazine catalyst thruster. An evaluation of the
effects of various operating and design parameters on the thermal response of the
catalyst bed and chamber wall and the resulting net expansion (or contraction)
is also presented.

4.4.1 _Method of Calculations

Kesten's (Reference 124) analysis of catalyzed hydrazine decomposition
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reactors was used to obtain the temperature distributions in the catalyst bed.
Calculations of the temperature and reactant concentratior distribution as
functions of time and axial position in typical reaction chamber configurations
can be made with Kesten's steady state and transient computer programs. The
steady state calculations are required to provide certain inputs to the trane-
ient program. Kesten's transient program was used to give a representation

of the thermal transient in the catalyst bed and chamber wall. For computatienal
purposes the catalyst bed is divided into nodal segments (usually around 50
segments) and temperature and pr essure calculations are made for these segments
as a function of time.

For this study, the transient computer program was modified to include
the calculation of thermal expansion. Corresponding to the nodal particle
temperatures at each selected time point, the linear deformation, GT' is cal-
culated by the relation

$p = oL &) (4.4-1)

in which a is the coefficient of linear expansion, L is a length and AT is

the temperature change. ' Calculating the dimensional change of each segment in
this manner, the incremental volume change is obtained. The change in bed volume
is summed from the inlet positiou to the end of the bed for every selected time
increment.

Thermal expansion of the chamber wall is calculated from the wall
temperatures predicted by Kesten's cemputer program. Kesten calculates the
chamber wall temperature assuming Newtonian heating or cocling, i.e., internal
resistance (L/KA) << surface resistance (1/hAj) where K is the wall thermal
conductivity, A is the conducting area, h is the surface conductance, and Aq is
the surface area. For the thin-wall, metallic chambers of tvpical flight reactors,
this level of approximation is adequate for providing qualitative information on
the effects of various design variables on the differential thermal expansion.
wWith this assumption the temperature in the chamber wall is uniform and is cal-
culated by the equation

dTW L
MCuge =™,/ hy (T -T) d» (4.4-2)
o
where T,; = Wall temperature

Interstitial phase temperature

e
]

t = Time
= Thermal mass of chamber wall

My
cy ™ Specific heat of chamber wall

=
(¢}

= Diameter

= Heat transfer coefficient between bulk fluid and wall

&

z = Axial distance

L = Length of reaction chamber
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The equation is valid if the outer wall surface is insulated. Heat
loss from the chamher wall to the surrounding atmosphere can be accounted for
by adding a term to the right side of the above equation. Heat loss by natural
convection and radiation to space were the only heat transfer modes considered
and can be reprusented by the form-haAw(Ty - Tg)1:25 or -chw(Tw4 - To4), respectively
where hy is the natural convection heat transfer coefficient, Ay is the chamber
wall surface area, T, is the ambient temperature, g is the Boltzmann constant,
and ¢ i3 the wall emissivity.

The time dependent free chamber volune is based on the wall thermal
expansion and the s imultaneous effect of chamber strain associated with the
internal pressure forces. For a cylindrical chamber the pressure deformation is

calculated by

%

P ™ e (4.4-3)

where P i{s the chamber pressure, D is the diameter, t is the wall thickness
and E is Young's modulus.

4.4.2 Results of Calculations

Calculations were made for a monopropellant hydrazine reactor with the
modified transient computer program to evaluate the effects of various system
parameters on the differential expansion of the catalyst bed and chamber walls.
Table 4-2 summarizes the base line operating and design characteristics which were
used for the calculation. The catalyst bed is cylindrically shaped with two layers
of Shell-405 catalyst. The overall bed length is 2 inches with the upper bed
consisting of 25-30 mesh particles in the first 0.2 inch and 1/8 inch pellets
for the remainder of the bed. The vacuum thrust is 5 lbf and the bed loading is
0.05 1b/in2-sec which results in a chamber diameter of 0.84 inches (nozzle area
ratio of 2). Chamber wall material is Haynes Alloy 25 (L605) which is a common
structural material for monopropellant applications. The structural thickness
of the chamber wall is sized from hoop stress considerations unless the value
calculated is less than the minimum handling thickness of 0.05 inches. The wall
heat transfer mode assumed for the base line calculations is natural convection.

Figure 4-36 illustrates the cold (ambient) start temperature histories
in the catalyst bed and chamber wall for the baseline conditions. The temperature
response of the catalyst particles varies along the length of the bed with the
response decreasing with distance from the inlet end. As expected the chamber wall
temperature lags behind the catalyst particle temperatures. Corresponding to the
temperature histories in the bed and chamber wall, the volume change is presented
in Figure 4-37. Although the chamber wall temperature is always less than the
catalyst bed on start-up, the volume increase in the chamber is greater than the
volume increase in the catalyst bed after 0.7 seconds. This is the result of the
wall coefficient of thermal expansion being four times that of the catalyst particle.
Prior to 0.7 seconds the catalyst bed is compressed by differential thermal
expansion between the bed and chamber wall. The chamber wall volume change shown
in Figure 4-37 includes the volume increase due to interral pressure forces. The
pressure induced volume change is significant only during the first 0.2 seccnds
of operation. Aftcr 5 seconds, the contribution of the pressure strain is only
one percent of the total wall volume {ncrease.
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The reactor temperatures at the end of the on pulse form the initial
conditions for the cooldown period as shown in Figure 4-38. Translating the
temperatures into volume changes produces the results showm in Pigure 4-39.

It can be seen that the dilation of the catalyst bed at the end of the on pulse
is maintained throughout shutdown. This assumes that there is no repacking of
the catalyst bed from pressure forces on the bed or by mechanical devices, such
as springs. If the volume change shown in Figure 4-39 is re-calculated so that
the change 18 relative to the volume at the end of the on pulse rather than the
original volume, a net compression of the catalyst bed occurs during cooldowm.

4.4.2.1 Effect of Bed Loading

The effect of varying the bed loading, with all other conditions taken
as those of the base line, on the start-up differential expsnsion is illustrated
in Figures 4-40 and 4-41. A compression of the catalyst bed occurs initially
but changes to a dilation 0.7 sec after start-up. The magnitude of the peak
compression and dilation increases with increasing bed loading. This trend is
caused by the faster temperature response at increasing bed loading of (1) the
catalyst bed initially, and (2) the chamber wall after the normal thermal lag.
The loose bed condition at the end of the on pulse ig maintained during cooldown
for -all values of bed loading investigated if the bed is not repacked. Allowing
bed repacking a greater compression takes place at higher bed loading as illustrated
in Figure 4-42. This effect of bed loading will diminish if the bed leungth is
optimized for each bed loading value. The bed length is more nearly optimized
in terms of gas temperature for the highest bed loading of 0.10 1b/in2-gec. At
lower bed loadings the ammonia dissociation increases with a subsequent lowering
of the bed exit gas temperature. Reducing the bed length to maintain a constant
ammonia dissociaticn will have the effect of narrowing the differential expansion
differences near steady state conditions and on cooldown.

4.4.2.1 Effect of Chamber Inlet Pressure

Pressure effects on the start-up differential expansion is shown in
Figure 4-43. The contribution of pressure induced strains is clearly illustrated
in the figure. The sharp initial rise in the net volume change is produced by the
buildup in chamber pressure. This phase is followed by bed compression as the
catalyst bed begins to increase in temperature. As the wall begins to respond
to the hydrazine decomposition enviromment, the wall thermal expansion becomes
dominant. Pressure does not have a strong effect on the bed compression portion
of the volume change cycle other than to vary the compression duration. Bed
void volume increases as the pressure i{s increased. The increased wall heat
transfer at higher pressures accounts for the greater bed void volume as steady

state is approached.

An interesting result is obtained during cooldown if the volume change
is taken relative to the beginning of the shutdown cycle. Figure 4-44 gshows that
the bed is compressed at higher pressurer while a loose bed is obtained at the
200 psi pressure condition. For the relatively low bed loading (G = 0.01 1b/in2-gec)
and pressure (200 psi) case, the chamber wall temperature is still increasing
after shutdown occurs. Therefore, the chamber wall volume continues to increase

for another 3 seconds after reactor shutdown.
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. Table 4-2

Conditions Used in Differential Thermal Expansion Calculation

Catalyst Type

Catalyst Size

Upper Bed
Lower Bed

Catalyst Bed Total Length
Upper Bed Length

Vacuum Thrust

Pressure

Bed Loading

Chamber Material

Chamber Wall Thickness
Bed Diameter

Chember Wall Cooling
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She1l-405

25-30 Mesh
1/8 in Pellets

2 In

0.2 In

5 Lbg

500 PSI

0.05 1B/In2-Sec
1605

0.050 In

0.844 In

Natural Comection




10-’6.2-3 Effect of Mt

As anticipated, the higher surface-to-volume ratio of the smsllar
reactors leads to gerater heat losses from the chamber wall. As shown in
Figure 4-45, the resulting lower wall temperatures produce s greater bed
compression but a smaller bed void later on in the starting pulse. The
differences in volume between the two illustrated thrust values (s less than
the effects of bed loading and pressure previously shown. Since the thrust
variation was made at constant bed loading the results of the vsriation are
also applicable to a change in bed diameter.

4.4.2.4 Effect of Case Material

Selection of a thrust chamber material for monopropellant applications
is usually based on strength properties, resistance to nitriding and oxidation,
and compatibility with hydrazine. Nicksl or Cobalt base superalloys are
usually chosen for the engine material and the coefficient of thermal expansion
of these materials show little variation. As the chamber material coefficient
of expansion approaches that of the catalyst particles, the steady state bed
dilation would diminish. However, the transient bed compression condition
would be increased in magnitude.

4.4.3 Effects of Differential Thermal
Expansion/Contraction on the Catalyst

If we assume a bed compaction law of the form discussed in the section
on particle stresses:

-

o - p2/3 D ety

wvhere
V = Bed volume
P = Bed compaction pressurs
The value for K may be obtained from the Exxon experimental msasurement of 4

percent bed compression at a pressure of 1000 psi. When this is done, and the
equation restated, pressure due to bed compression may be calculated:

p = 125,000 (§¥) *+° (6.4-5)

Pigure 4~40 shows that the start transients in engines having bed
loadings of .01, .05 and .10 1b/1n2 sec. will produce bed compressions (AV/V)
of ,0012, .0026, and .0034 respectively. These compactions, using the above
expreseion should correspond to bed pressures of 5.2 psi, 16.6 psi and 24.8 psi.
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The expression (taken from a previous section, equation 4.2-27) for

the force actiag on a pellet in a bed at a location of oint-to-point contact
is:

F={zRr2P (4.4-6)
vhere

F is contact force at a point of contact
R.ls radius of the pellet
P is bed compaction pressure
Using the values
P = 24.8 psi

R = .02 inch (25 mesh)

F= 2 .022 x 24.8 = .014 pounds.

This is well under the .61 pounds of compressive force which is given
in Table 3-10 as the average force requir:d to completely crush a 20-30 mesh
particle. Hence it may be concluded that the differentizl thermal expansion of
a single cold start by itself will not be adequete to cause catastrophic destruction
of the catalyst pack.

Referring to Figure 4-18 of the section on particle stresses, however,
indicates that a bed compression stress of 25 psi produces a local peak stress
of 9000 psi in the catalyst pellet at the center of the point of contact. Referring
to Figure 4-22 of the same section shows that 25 psi of bed compression is suff’cient
to initiate failure in either used or new catalyst material, hence local failure
and mass Joss at points of contact should be expected from 25 psi of bed compression
stress. This conclusion is experimentally confirmad by the bed crushing tests
of Figure 3-13 which indicated that approximately (.% percant of ths bed mass
should be lost from a 25 psi compression of the bed.

When the engine cools off from the maximum thermal dilation which
occurs at steady-state, the bed may be subjected to compression stresses
if it has repacked itself during this period of maximum dilation. According to
Figure 4-42, engines having bed loadings of .0l, .05 and .10 will give bed
compressions of .004, .013, and .0175 in the first twenty minutes after cutoff.
These correspond to bed pressures of 31.6 psi, 185 psi and 289 psi. The highest
of these bed compression pressures is sufficient to crush 15 percent of the
catalyst in the bed according to bed pressure crushing experimental results
of Figure 3-12. The largest unknown in this process apr2ars to be the flow
behavior of the catalyst bed under pressure in the thruster environment e.g. will
it repack during a dilation phase. Regarding this latter point, it should be
noted that on nccasion when a used thruster is opened, the catalyst bed is so
tightly packed that it will not flow under the force of gravity alone.
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In gencral, it can be seen that the pressure crushiug forces which
result from differentinl thermal expansion effects are potentially significame
factors in catalyst breakup.

4.5 Fluid Erosion

The objective of this section is to determine the azount of wear cwused
by particulate contaminants carried in the propellant stream under various design
and operating conditions. To do this a computer program was developed, capable
of calculating the erosion wear of catalyst pellets under a variety of conditfons.
This computer program was then exercised with input parameters selected to
represent specific design and/cr operating conditions of interest, to determine
the amount of damage to the bed with the various conditions.

4.5.1 Program Development

Nielsen and Gilchrist (Reference 129) have postulated that abrasion
wear of a substrate by impinging particles occurs by a combinztion of two
mechanisms: (1) cutting wear, in which the impinging particle digs into the
curface, like a machine cutting tool; (2) deformation wear (work hardening due
to repeated deformation, then cracking of the surface layers) which is due to
impact alone. (The term “fatigue wear" will be used for deformation wear
in this report.) Cutting wear is at a maximm at relatively low angles of
attack (ca 30°) on the substrate, and falls to zero at angles near 90°; fatigue
wear exhibits the opposite dependence on angle of attack, reaching a maximum
of 90°. The wear in all cases is proportional to the kinetic energy of
the impinging particles.

Nielsen and Gilchrist correlated published literature and their own
experiments by the equation

Mv%coa?y sin ng + M (v sin g=K)2
W= 20 2¢ (4.5-1)

in which W is the "erosion" [pounds (mass) of substrate removed] caused by

impact of M pounds (mass) of particles at angle of attack o and average particle
velocity V feet/second; K is a cut-off velocity, below which no fatigue wear
occurs; n is a material-dapendent constant; o and ¢, the wear rate constants,

are the amount of kinetic energy which must be "absorbed" by the surface to
release one unit mass of eroded material. The first term of the Nielsen-Gilchrist
equation calculates cutting wear; the second term calculated fatigue.

4.5.1.1 Catalyst Bed Configuration Assumptions

The arrangement of catalyst pellets n a well-packed bed consists of
a series of layers of pellets, each layer made up on an approximate hexagonal
arrangement, with trisngular intcrstice passages between the pellets. The passages
are perpendicular to the plane of the layer. Figure 4-46 is a sketch of thie
structure, using spherical pellets for the example, and viewing the spheres cut
through on their equators.
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Figure 4-46

Pellet Configuration
Hexagonal Packin
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Pellets of one layer fit in the "cavities" formed betveen pellets
in ad jacent layers, as shown in Figure 4-47. In this pcsition, the upper
surface of each pellet in layer 2 is directly below and perpendicular to
the passage between the pellets in layer 1. “The optimum configuration of the
layers places a second layer pellet behind 507 of the pzssages through layer 1;
the remainder of the passagea through layer 2 lie directly above similar
passages through layer 2. The arrangement of "blocked" and "open" passages
is symmetrical, as sketched in Figure 4-48.

4.5.1.2 Effect of Temperature on the
Fatigue Wear Coefficient

The Nielsen-Gilchrist equation does not include consideration of the
effects of temperature on the abrasion process, and litile of the published
work on change of abrasion with change of substrate temperature is applicable
for the purposes of this program. It has become accepted that surface wear
rates of most materials for mary types of wear are inversely proportion to the
surface hardness (References 130 and 131). If this relationship is sccepted,
then the change of wear rate with temperature will be related to the change of
surface herdness with temperature.

4.5.1.3 Threshold Velocity for Fatigue Wear

The factor K in the Nielsen-Gilchrist equation is based on the assumption
that fatigue wear ceases abruptly if the velocity of impingement falls below
come lower limit equal to K {which is material dependent). Examination of
published data demonstrated that there is noc true cutoff, but rather a rapid
decrease in damage below a threshold welocity. If the fatigue wear constant,
€, (units are ft 1lbs/lb) is calculated as a function of velocity, it is
found that € increases abruptly below a certain velocity, but does not become
infinite (Figure 4-49). The slupes of the portion of the plots below the velocity
limit were found to be parallel for glass, plastics (TFE and Acrylic), and the
metals aluminum, copper and steel.

The velocity threshold at which the curve bresks ranges from 180 to
1000 ft/sec, and of course the plateau value for ¢ depends on the substrate
material.

4.5.2 Method of Calculation

The'algotitﬁm for calculation of particle impingement erosion was
develcped using the following assumptions.

Erosion (or abrasion wear) is presumed to be caused solely by cendensed
phase (liquid or solid) materials carried by a flow of gas or vapor. No wear is
calculated for solid particles suspended in liquid hydrszine. Under the
conditions which apply im s rocket engine catalyst pack, the cutting wear term
of the Nielsen-Gilchrist. equation is relatively unimportant, and i{s assumed
equal to zero. Liquid droplets are presumed to arise from incomplete vaporization
of the hydrazine. The Kasten steady stats program supplies values for the smount
of liquid at specified locations in the catalyst bed. The data from the Kesten
program are interpolated for the required locations.
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Solid particles are presumed to arise from thiree sources; contaminants
in the hydrazine, particles generated in the bed by compression, rubbing, thermo-
mechanical shock and pore pressure imbalance, which may be supplied as auxiliary
input from the other processes considered in this study, and particles generated
by particle impingement erosion at other locations upstream in the bed.

Droplets and particles are presumed to travel at the same velocity
as the gas/vapor in which they are carried, i.e., newly generated particles sre
presumed to accelerate instantaneously to the stream velocity.

The fatigue wear term in the Nielsen-Gilchrist equation is used as
the model for calculating wear, with the following modifications; the constant
K is eliminated and the fatigue wear coefficient, ¢, is treated as a function
of velocity for impingement velocities less than K:

Velocity "3- 5625 (4.5-2)

*
eV = €0 (Limit Velocity

The value of ¢ is also regarded as a function of the substrate (pellet)
temperature

ety = - 2-82 x 1074 (T-T,) ey (4.5-3)

: The variation in pellet temperatures with axial locations and operating
times is used for the calculation of e, and are taken from the output from the
Kesten-U.A.R.L. transient computer program. The data are interpolated to
obtain the time and location required.

The temperatures of the vapor and of the impinging particles are not
presumed to affect the wear rate as calculated by this model. Impingement velocities

are calculated as follows.

The unimpeded mass flow rate of the liquid hydrazine upstream of the
catelyst bed is input to the program. The total cross section area of all the
passages through a layer of pellets at the narrowest point (maximum cross section
of the pellets) is calculated, assuming a circular cross section for the pellets
and hexagonal packing. Because of conservation of mass, the same total mass of
fluid wust flow through the restricted area ss through the unimpeded area shesad
of the bed., Therefore, the velotity must be incressed by s factor egual te the
cross section without pellets divided by the minfmum area through the pellet
layer. The unimpeded velocity is calculated from the mass flow rate, then the
velocity through the le.7er is calculated by multiplying by the area ratio.

The liquid impingement velocity at any layer is taken as the maximum velocity
through the preceding layer. The volume of a unit mass of liquid hydrazine is
expanded to the volume of gas/vapor at the local pressurc, temperature and
composition, assuming ideal gas law behavior and the exit composition of reaction
products, and correcting for vapor quality. The gas velocity is then calculated
by multiplying the liquid velocity by the relative volume increase.
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A simple model of the catalyst bed is assumed. This is illustrated
in Figure 4-50. The pellets are assumed to be spherical, with a radius which
will result in the same volume per pellet as the averaze for the actual pellets.
If the bed being modeled consists of only a single typz of pellet, it is necessary
to input the data on pellet characteristics twice, and to assume a fictitious
division between the two sections. Eleven stations along the bed are selected
for calculation of damage. Two of th:se are invariant; the first station is
always the second layer of pellets in the forward section, and the fifth station
is alwaye the front layer of the aft section. The remaining stations are
automatically selected to select four equally spaced locations in the forward
bed and seven equally spaced locations in the aft bed.

The operating time {8 divided into 17 increments. The first four
increments are equally spaced in the start-up transient, the last four increments
are equally spaced in the tail-off transient, and the remaining nine increments
are equally spaced in the steady state operating period. The tail-off {s
consideced to be complete when the chamber pressure drops to atmogpheric; it
does not {nclude the extended cooldown period when there is no flow. Any of
these periods can be assigned a zero duration in the data input, in which case
the time increments are assigned to another period.

Calculation Sequence

1. Read in data defining bed configuration, pellet spocification, propellant
specifications, operation parameters, and bed conditions during operation.

2. Establish calculation locations and time increments.

3. Calculate specific details of bed structure including layer spacing,
interstice volume, passage area, number of pellet layers per section, etc.

4. Calculate the velocity of liquid hydrazine flow.

5. Calculate the time for a volume of hydrazine equal to pore volume of the
bed to flow through the bed (wave duration).

6. For time increments 1 to 17 carry out the following calculations (7-22).

7. For calculation locations 1 to 11 carry out the following calculations
(8-17).

8. Interpolate the time-location-temperature table to determine the substrate
temperature.

9. Interpolate the propellant quality-location table to determine the propellant
quality.

10. 1Interpolate the intra-bed particle generation-time~location table to find
the generated particle concentration.

11. Calculate the mass of impinging particles and droplets.

- 185 -



*19pOK pad

38419390  +0G-4 @anSty
WoFIDas uoyaas roken
.me«« pranzod woaj

ua
|

- 186 -

” 939119d 9391194 o
7 944y 1 edAL
mipwy L
I _mo13
S8IUNOTYL SEND{OTYL
1dv 1+ pamazog

Y3suarl

peg w30l




12.

13.

14.
15‘
16.

17.

18.

19.

20.

21.
22.

23.

24.

25.
26.

Calculate the impingement velocity.

Calculate the wear rate factor corrected for vclocity and substrate
temperature.

Calculate the wear during a time equal to the iave du.a:iun.
Calculate the wear rate.
Calculate the damage (amount of material removed).

Add the material removed to the mass of impinging particles and integrata
the wear forward to the next station, layer by layer.

Average the wear rate between the last time increment and the current
time increment, and calculate the damage over the time increment.

Calculate the average pellet dimensions in each: bed section at the
end of the time increment.

Recalculate the bed parameters: length, pellets per layer, layers
persection.

Print notice of extreme wear (5% change).

Use new bed and pellet parameters as basic condition for calculations
at the next time increment.

Calculate the total change.

List results; final condition of bed, total mass and volume change, wear
at selected locations at each time increment.

Plot results.

Test for new case. Reset variables and read in new date if another
case is to be run.

Input Data Values Used to Rurm the Computer Program

The program has been run using a single nominal engine and pulse,

varying only the solid contaminant concentratiecns in the hydrazine supply.
The basic data are the following.

1.

Bed/pellet description:

Bed radius 0.10656 metar (4.195 inch)

Bed length 0.05596 meter (2-203 inch)

Forward Section length 0.0(508 matcr (.20 inch)

Aft Section length 0.0508 wetex (2.0 inch)

Pellet Radius, Forward Section 0.00305 meter (.012 inch)
Pellet Radius, Aft Section 0.001951 meter (.079 inch)
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2. Propellant properties: )
Flow Rate 35.13 kg/sec-m? (.05 Pounds/Square inch-second)
Density 1008.3 kg/m3 (1.0083 gm/cc)
Chamber Pressure 3.446 x 107 N/m? (4989 psi)

3. Times
Start-up C.0115 sec
Steady State 5.0 sec
" Tailoff 0.022 sec

The times were sclected from the output of the Kesten Transient proegram
which was executed with the same bed, pellet and propellant data to supply
the time-location~pellet temperature table required as input by ABRADE.
Propellant quality vs location was obtained from a run of the Kesten One-Deminsional
Steady-State program.

Values for the important wear rate coefficients ¢ (energy/unit mass

- removed), VLL {velocity lower limit, the velocity below which ¢ is no longer
constant), EXP (the slope of the de¢/dV curve), and TFACT, (the change in ¢

with temperature) for the catalyst pellets could not be found in the literature,
and the values used for the calculations were estimated from analogous materials
and related properties.

¢ = 0.477904 JOULE/XG
EXP = - 3.5625
VLL = 25.5 M/SEC
TFACT = - 2.82 x 10~% JOULE/KG-DEG

When the program was operated with these data as input, and with clean
hydrazine (no particles), a value of zero was calculated for total damage.
Using the same basic data, but including particle contaminants in the hydrazine
resulted in mass loss calculated for the pellets. For a particle mass fraction
concentration of 1 x 10~% the calculated damage during the 5-gsecond pulse was

5 x 10-3 percent.
4.5.3 Results

The ABRADE program to calculate abrasion wear by particles carried in
e gas phase has peen coded and executed. Calculations by the program are in
secord with experience in that there is negligible erosion damage from operation
of the bed even with a cold start. Particulate material carried in the gas
stream is needed for apprecinble wear. The numerical values obtained appear
to be reasonable. The results calculeted are compromis2d by the necessity to
estimate the most important of the physical properties. It would be desirable
to determine actual values for e¢ for pellets at several flow rates and substrate
temperatures, to provide real values for the coefficients used in ABRADE.

4.5.3.1 Parametric Variation Study

An evaluation was conducted to determine the effects of several
paramaters on the wear of catalysc pellets, by calculation of the wear at
several levels of the parameters. The parameters studied in this fashion
include:
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1. Solid contaminant concentration in propellant.
2. Propellant quality (vapor/liguid) distributiom.
3. Propellant flow rate.

4. Chamber pressurs.

5. Bed L/d ratifo at constant volume.

The various parameters affected the wear to different degrees. The
results for each snalysis are discussed below. In all cases, the parameters
under study were held constant. The values described above for the standavd
test case vere used.

Contaminant Concentration

A set of eight runs were conducted in which the concentration of sclid
particulate contsminant in the incoming liquid propellant was varied over the
range O to 0.1 kg/m3 (mass fraction range 0 to 1 x 10-4). Two additional rums
were conducted at the highest concentration with 5 pulses and 10 pulses. The
vear was found to vary linearly with particle concentration, and it became
significant (i x 10~4 percent in a single 5 second pulse) at about 0.5 PPM.

The results are plotted in Figure 4-51. The wear for multiple pulses at the
higher concentrations of particles was not linear with the number of pulses,
due to prog-e~esive degradation of the bed. There was a multiplication factor
of 1.06/pulsc for 5 pulses and 1.08/pulse for 10 pulses.

Liquid Droplet C»ncentration

A set of four runs werc conducted in which the fraction of injected
hydrazine moving as droplets at various locations was varied. The liquid droplet
particle concentrations were:

1. 50 percent liquid at 1.1747 x 1074 meters, (.00462 inch), O percent liquid
at 1.1790 x 10-4 meters (.00464 inches).

2. 50 percent 1liquid at 2.5 x 1074 meters (.00984 inch),0 percent liquid at
4.3 x 10~% meters (.01693 inch).

3. 50 percent liquid at 6.2 x 10~% meters (.02441 inch), O percant liquid
at 1.2 x 10~3 meters (.04724 inch).

Only in the last case did the cslculations indicate any wear, and
in that case the wear was 0.2) percent {n one 5 sec pulse, which is quite
significant.

An {mplicit assumption in this calculation is that any liquid present
1s carried as droplets in the gas/vapor, and condensed state flow along surfaces

. is not considered.
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Propellant Flow Rate

A set of 3 runs was conducted to-study the cffect of propellant flow
rate on wear of catalyst pellets. The conditions selected included a particulate
concentration of 0.1 percent by weight, and flow rates 14 percent below and
above the nominal rate of 34 Kg/sec M2 (.05 pounds/sec 1n2). Since a constant
chamber pressure was assumed, the increased propellan: flow rate is interpreted
as an increased gas velocity.

The results are plotted in Figure 4-52. The flow rate has a significant
effect of wear rate. When the rate increases by 33 percent (from 33 to 40 Kg/sec-nz,
.0426 to .0568 pounds/sec-in?), the wear rate is incrcased by 2 orders of
magnitude.

This effect is not only important in its own right, but also must
be considered in the basic wear process by contaminan: particles. The program
currently accelerates newly generated particles to ful!l gas stream velocity
instantaneously. This cannot be strictly correct--the actual velocity of a
particle is determined by the diameter of the particle, the velocity of the
gas, the relative density of the particle and the gas, and the length of time
to which the particle is exposed to the acceleration drag of the gas. In the
typical conditions in the catalyst bed, a particle 1 . in ‘{ameter will reach
gas velocity (10 m/sec) in about the diameter of a catalyst pellet, but a 10 u
particle will only be moving at about 1 m/sec after traveling the same distance.

In the calculations for particle wear with the propellan: contaminated
with 1 x 10~% mass fraction of particles, during the period of maximum wear rate
the concentration of abraded material was 2 to 3 orders of magnitude greater than
the contaminant concentration. Uithout experimental data cn wear-generated
particle sizes, it is impossible to determine the exact effect of the negelected
acceleration, but the wear rate could be reduced appreciably.

Chamber Pressure

Three runs were conducted with all parameters except the chamber
preassure held constant, and at 3 levels of chamber pressure, 3.0, 3.45 and
4.0 x 107 N/u2 (4343., 4989. and 4791. psi). 1t was found that wear rate is
inversely proportional to the square of the pressure, on a parabolic curve.
The effect is significant, but_not greatly so; an increase of 33 percent in the
pressure from 3 to 4 x 10’ N/m2 caused the wear r:%2e to decrease by about
50 percent. The results are shown in Figure 4-53. These results must also
be interpret as velocity effects, as the program assumes gas velocity to be
inversely proportional to gas density.

Bed L/D at Constant Volume

Two runs were made in which the bed radius znd length were varied
in opposite directions while holding the volume constant. There was an
insignificant decrease in wcar as the L/D increased. Thus, the L/D ratio
is not a significant factor affecting weer.
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Bed Length Bed Radius Percent

(meter) (inch) (meser) (inch) L/D Volume Removed
4.477 x 1y-2 (1.70) 0.i2 {4.72) c.187 6.7 x 1073
10.02 x 1072 (3.94) 0.08 (3.15) 0.0626 5.6 x 10>

4.5.3.2 Discussion and Conclusions

Calculations ihdicate that the wear of catalyst pellets by abrasion
from vapor-suspended particles is affected by a number of parameters which
can be selected by system des: ~ers. The most significant parameters are
propellant flow rate and prope.lant purity.

The calculations in Section 4.5 were carried out a: pressures which
are higher than employed in thrusters. Calculations at lower, move typical
conditions are planned. However, directionally wear rates should be higher
at lower pressures because of increased velocities at lower pressures. Thus.
the calculated effects of fluid erosion are expected to be greater at lower
pressures.

4.6 Pressure Shock

4.6.1 Catalyst Bed Flow Numerical Model

. The compressive force on a catalyst bed associated with a hard start
comes from the flow impedance as the gas, explosively produced at the upstream
end, attempts to pass through the bed to escape through the nozzle, Figure 4-54.
Because of the obvious complexities associated with the non-linear flow relation-
ship in the catalyst bed the sequence of pressure profiles through the bed uust
be obteined by numerical means. It would be desirable to be able to predict the
upstream pressuire-time history of an explosive hard start from first principles,
however, since this is beyond the present state-of-the-art, cur computer model
starts with an experimental or hypothesized upstream chamber pressure history,
as an imposed upstream boundary condition. The measured (or hypothesized)
pressure history is approximated in our computer model by ten straight-line
pressure-timc segments, each covering one tenth of the total computer time
interval. The flow cthrough each axial element of the bed is first calculated
based on the sssumption of D'arcy Flow (i.e. completely vigcous flow). Local
Reynolds Number is then calculated, based on mean particle diameter. If the
Reynolds Number i: higher than 10 a drag coefficient is calculated, a new flow
rate, new Reynoids Number, and finally a new drag coefficient. This iteration
is continued until the flow rate converges to the correct value. The drag
coefficient correlation comes from the work at Fancher, Lewis, and Barnes
(Reference 132) and is illustrated in Figure 4-55. The 20-30 mesh ottawa sand
used to produce the curve labled "unconsolidated sand' should be very close
to 20-30 mesh Shell 405 in grain geometry, and have similar flow characteristics.
The conductive and convective heat transport through the bed is calculated
simultaneously with the mass flow, using standard explicit numerical techniques
quite analogous to those used for the mass flow. The conditions at the down-
stream boundary of the bed are determined by evaluating the time-varying state
in a downstream plenum which has gas and enthalpy flowing into it from the bed,
gas efflux through a sonic throat and which can accumulate mass and enthalpy in
accordance with the calculated fnflux and efflux retes to give its time-varying

pressure ard temperature.
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Figure 4-55. Correlation of friction factor with Reynolds number for flow of
homogeneous fluids through porous media, where d is defined as
the diameter of the average grain and 1 is the apparent velocity,
i.e. volume rate of flow/total cross-sectional area (After
Fancher, Lewis, and Barnes).
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The output from the program consists of a largce number =f pressure
and temperature profiles correcsponding to various times sfter ti.c start of
the calculations. The seme information is wachine plotted on a Stromberg-
Carlson SC-4060 microfilm plotter.

4.6.2 Sample Calculation

The particular hypothetical motor for which the calculations were
performed has a cylindrical catalyst bed 1 inch long and with 1 square inch
of cross-sectional area. The catalyst load is all 25-30 mesh Shell 405. The
dowmstream plenum has a volume of 0.2 cubic inches and thz throat srea is
0.4 square inches, corresponding to a contracticn area ratio of 25. The up-
stream gas pressure is applied in a linear ramp in which pressure is raised
from an initial value of .00l psia to the final value of 100 psia in 1.6 milli-
second. Curve A of Figure 4~59 shows the head-end pressure vs. time. Figure 4-56
illustratas the pressure profile through the bed at a time .35 millisecond
after start. It is obtained by numerical calculation of the flow and
accumulation of gas in the 25 nodal segments which are us:d to approximate the
bed. Figure 4-57 shows the pressure profile 1.0 millisecond after start
and Figure 4-58 shows it 2.0 mflliseconds after start.

Curve C of Figure 4-59 shows the calculated pressure downstream of the
bed. It is determined in the numerical calculations by simultaneously flowing
material out of the downstream end of the bed, accumulating the flow leaving
the bed in a small plenum and exhausting from the plenum through a sonic
nozzle. Curve B of Figure 4-59 ic the compressive and exhausting from
the plenum through a sonic nozzle. Curve B of Figure 4-59 is the compressive
stress on the catalyst bed from the difference between the upstream and
downstreain gas pressure forces, which force the bed against the downstream
screen or bed restraint. B is the differenc. tetween A and C.

Figure 4-60 re-plots curve B of Figure 4-59 along with three other
curves of compressive stress versus time for different rates of application
of head-end pressure. The curves are for rise-times 0.0, 0.4, 0.8, and
1.6 milliseconds. It can be seen that when the rise times are increased,
the peak compressive stress produced tends to decrease.

Figure 4-61 is the locus of peak values from Fijure 4-60 and
shows how the peak comprer ‘ve stress produced in a bed docreases as the
rise~time of the upstream pressure loading increases.

4.6.3 Mechanical Response of the Bed
to Rapid Loading

If the compressive loading of the bed were rapid compred to the
natural period of oscillation of the bed, then the peak compressive stress
would be higher for a rapid translent loading than for a slow application of
load. As a first cut, the bed may be approximated as a system having a
single degree of freedom. In this case thc natural periuvd of oscillation of

the bed would be:
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where
M is mess of the bed
K is spring constant of the bed
0 is bulk density of the bed
L is length cf the bed
A is cross-sectional area of the bhed
E is the compressive modulus of the bed

The compressive modulus of the bed is the only property difficult
to estimate. Compression (or compaction) of a granular material may be partly
dependent upon the prior history of compaction, and may be irreversible instead
of elastic. The stress-strain relationship of a bed cf Shell-405 granules has
been measured as a part of this study (Section 3.3). A volumetric compaction
of 47 was measurad at a compressive stress at 1000 psi. This corresponds to
an average bed modulus of 25,000 psi over this range of pressure. This number
was compared with literature values reported for a bed of flint shot of 28-35 mesh,
which should behave similarly to a bed of Shell 405 at low pressures. At a
net compressive stress of 100 psi a compressibility of 35 x 10-6 psi'1 has
been reported, which translates to a compressive modulus of 28,571 psi. The
values are obviously in good agreement.

Using the values:

o = 1.60 gm/cm’
L =2.5 cm-
E = 1.723 x 107 dynes/cm2 (25,000 psi)

. |
-4
2n \/{_:@_"Ls.g_ = 5.7 x 107" sec = 0.48 millisecond
1.723 x 10

Hence, the compressive loading of this bed will be "impulsive' only if the
time of load application is considerably shorzer than J).5 millisecond.

-
1

The literat-.re was consulted to obtain typicil pressure rise times
in experimental “hard starts™ of hydrazine cocbustors, Reference 124. an
oscillograph trace was found for the start of a combustor preconditioned to
35°F st 9 x 10°3 torr. Although the start is delayed and "hard", the most
rapld portion of the chamber prossuie risoc takes approximately 15 milliseconds
to be completed. This is a very slow pressurc rise in terms of either the
time to pressurize the bed, or in terms of the natural period of oscillation
of the bed, and would subject the bed only to the normal steady pressure drop

associated with the flow of gas through the bed.



4.6.4 oOther Conclusions From the Catalyst
Bed Mass and Heat Transport Madel

For a typical calculation the bed Reynolds numbcr based on particle
diamecter is approximately 2000. Since the effects of Reynolds number rapidly
become important above Reynolds numbers of 10, the flow through the bed is
tfar above flow rates where it could be adequately rcpresented as completely
viscous D'arcy flow. The value caclulated by ocur model for steady-state
pressurce drop (35-40 psi/inch) appears to be of the correc: order of magnitude
to agree with reported experimental values.

Although the catalyst bed flow model simultaneously calculates the
tlow mass andheat, the time scale for the thermal transien: is much longer than
for the pressure trrnsient, so there is not much dynamic linking between the
processes, i.e., the thermal profile through the bed i3 essentially stationary
during the short period of time required for the pressure transient to be
completed.

In general, although the transient effects per se in bed pressure
buildup are not expected to be importunt in normal startup, the static effects
must nevertheless be considered. The calculations for a typical catalyst which
are represented in Figures 4-56 through 4-61 indicate that steady-flow pressure
drops through a bed will be on the order of 40 psi. Since the pressure profile
through the bed is approximately linear, this indicated that the downstream
portions of the bed will be exposed to compaction prussures of 40 psi or more,
with the compaction pressure decreasing almost linearly to zero at the upstream
portion of the bed. Since both theory and experiment predicts local loss
of material at bed compaction pressures considerably lower than this it must be
concluded that steady-state pressure drops through the bed can be damaging. The
physical weakness of the catalyst particles. combined with their high rigidity
and spheroidal shape make them extremely intolerant of bed compression stresses.
Correcctive measures could be to either shield the catalyst particles from
physical stress, or else to modify the shape of the catalyst particles so as
to provide larger particle-to-particle bearing areas.
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S. CRITICAL ASSESSMENT OF RESULTS TO DATE

Coumercial catalytic resctors employing noble metar ~u alumina
catalysts can experience catalyst breakup problems. Thc general philos-
ophy involved in selecting design parameters for commercial fixed bed
Teactors 18 Lo eliminate the inftial catalyst break-up, since the bed after
the occurrence of extensive primary degradation genvrally will be experi-
encing a major problem requiring a shutdown and catalyst replacement
(e.g., chaaneling of reactants, excessive pressure dreop). Many commercial
fixed catalvst beds are nnt mechanically restrained and thus ate
potentially subject to fluidization. Commercial experience with fixed bed
reactors has indicated that inadvertant flu.dization 1in part of the bed
often leads to serious prcblezs. Thus fartors such as bed inlet design and
maxiouz linear velocities are carefully controlled. Even in a downflcew
vapor phase reacror fluidjization can occur in the inlet area since the
vapor jet discharging from the talet distributor upon striking the surface
of the bed will tend to turn and develop a radial velocity component. If
the nmagnitude of this radial gas ilow is such that the drag and lift forces
generated on the particle overcome gravitational forces than the particle
will begin incipient entrainwent. In a sicple impinging jet designed
inlet (located :sipproximately one inlet diameter away trom the bed), the
maximun surface velo.ity would occur approximately one diameter away
from the axis nf the let, Particies are moved away from the impinging
jJot in a direction parallel to the bed surtace. As crosion proceeds,
the particles in the vicinity of the iet are rewmoved algo, ultimately
leaving a srater -#h the center of the reactor. The {ixed catalyst bed in
a hydrazine thruster is mechanically restrained. However, mechanisms or
factors leading to void formationa in a thruster can similarly expose
such a bed to particle movemeut problems,

Information indicates that the pressure drop across an operating
thruster typically ranges from 15 to 40 psi &nd involves catalyst bed depths
of 0.5 to 1 inch. Thus, there is the possibility of siatic pressure drops
of up to 80 psi/inch of bed, not including any effect of bed preloading. Such
a pressure drop is very severe when compered to commercial practice in vapor phase
fixed bed reactors. As en example, zoamercial hydroformere used for the production
of gasoline generally operate with a pressure drop of 5 to 10 psi per reactor
and typicslly employ catalyst bad depths of 5 to 10 feet, which would be
equivalent to static pressure drops ranging from .05 to 0.2 psi/inch of bed.
Similarly, it has been estimated that the average gss velocity .n a thruster
is approximately 110 feet per second. This gas velocity is an order of magnitude
greater than that normally experienced in hydroformers. Also design and operating
procedures for cowmmercial fixed bed catalytic units normally avo.d repid tewmperature
or pressure transients. Even in catalytic beds used in the creatment of suto
exhiaust geses the transients experlenced when the bed is cycled during the
varfious driving modes are not a3 repid as those experienced in a hydrarine
thruster, for example, during a cold start. It can be seen that, in general,
the envirommeat to which Shell 405 catalyst is exposed in hydraziue thruscer
use is qu!ce severe compsred to the environment experienced by similar alum'na
based catalysts in use in the petroleum and chemical indistries.

- 205 -

b il iindd, ot

s
’

2 -~
Al Ml W R i il i




A number of potential wechanisms or factors involved in individ-
ual catalyst particle degradations have been screened either experiment~
ally or analytically or by means of both techniques. The areas investigated
and the interaction between the experimental and analytical studies was
summarized in Table 3.3. Experimental work in the areas related to thermal
shock such as the effect of repeated hot gas or !{quld quick thermal cycling
in a bed of catalystrewmains to be completed.

An experimental study was made to determine the minimum gas
velocity at which particle movement will first occur and expose a voided
catalyst bed to particie fluidization, and thus to particle-to-particle
abrasion effects. Reaults from the particle fluidizaticn experiments have shown
that the incipient particle movement velocity varies with gas density and
particle size as expected. A successful correlation of incipient particle
movement velocity as a function of the square root of the ratio of particle
dismeter to gas density was made. Rcsults indicate that for the range of
granular catalyst sizes, gas densities, and gravitationzl fields expected
for hydrazine thrusters, the incipient particle movement velocity will be
much lower than an average gas velocity of 110 feet per second. Thus, in
general, particle movement will be possible once sufficient void space is
present in the catalyst bed. 1iIn future work it is planned to investigate
the magnitude of particle to particle abrasion effects in a voided bed
at velocities above the minimum particle movement velocity. At this time,
however, it would be expec~2d that void formation in the catalyst bed would be
a major deleterious occurrence in the overall catalyst bed breakup process.
Since a Shell 405 catalyst exposed to a pressure load of 100 psi will com-
pact less than 0.5%, actual breakup of catalyst particles will be required

for substantial void volume formation.

A number of mechanisms in the fluid dynamic erosion area were
investigated either experimentally or analytically. Sensitivity tests
in the HSGET apparatus indicate that fresh Shell 405 granular catalysts
do not experience any degradation at 1700°F even with exposure to gas vel-
ocities up to 250 feet per second. These data indicate that gas fluid
dynamic erosion per se is not a mechanism contributing to catalyst degrada-
tion. An analytical investigation was made of the effect of the presence
of liquid droplets or solid particles in the flowing gas stream on erosion,
The calculation indicated in most cases that in the absence of particulates
in the gas stream the erosion rates could be expected to be insignificant.
On the other hand, the presence of particulates in the 1/2 ppm range or
higher suggest wear rates which cannot be ignored. Current specifications
for hydrazine used in catalytic thrusters limit solids to a maximum al-
lowable level of 1 mg/liter, which is equivalent to 1 ppm by weight. For
this mass loading level the predicted wear rate is 2 x 107 per cent for
a single 5 second pulse, Extrapolating this on a single linear bases to
5,000 sec of total operation (1000 pulses) indicates an sbrasion loss of
0.2%. While this loss level by itself is not catastrophic, it does sug-
gest that prudence would require that particulate contaminants in hydrazine
be held as much below the 1 ppm level as possible.
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In addition to particulates in the liquid hydrazine entering

. the thruster, particulates could be generated internally to much higher
levels via a rapid decomposition of the catalyst bed as a result of another
breakup mecl.anism. Since the particulate velocity exerts a major effect

on the wear rate, a consideration in the latter case is how fast the solids
accelerate up to the gas stream velocity. Since the calculations that

were made assumed an instantaneous acceleration of chtalyst breakup particles,
they obviously represent a pessimistic or limiting case. More important

the calculations show a need for (1) as low a particulate contaminant

level in the fuel as possible, and (2) lower gas velocities to minimize
potential particulate abrasion loss by limiting the ultimate velocity

the particles cen reachk in the event another mechanism causes catalyst break-
up. Results obtained with the PLPET experiments indicate that a

pulsed liquid stream can cause a weight loss with fresh Shell 405 catalyst.
This weight loss increases with increasing number of pulses and linear
velocity and is higher for 8-12 mesh granules than for 1/8" cylinders.

An Analysis of Variance of results from a full factorial statistically
designed experiment indicate that the cffect of these variables on wcight
loss is significant but that no interactions exist between the variables.
The magnitude of this weight loss, however, will be small at lower liquid
velocities. For example, when the linesr velocity 1s held below 50 feet

per second, the weight loss experienced by a fresh granular catalyst will

be below 1 wt X, The effect of thruster exposure on the ability of Shell
405 catalyst %o resist pulsed liquid stream erosion remains to be investi-

gated.

An anelytic study was made of the effect of the transients in-
volved when a bed is pressure loaded, i.e. pressure shock effects. Results
from this study indicate that a pressure loading occurring in load appli-
cation times greater than 1/2 mfillisecond is slow, either in terms of the
time to pressurize the bed or in terms of the natural period of oscillation
of the bed, subjecting the bed only to the normal steady pressure drop as-
sociated with the flow of gas through the bed. Thus, the dynamics per se
of a normal pressure shock would not appear to be a major mechanism for
catalytic degradation, and the effect of a normal pressure transient can be
analyzed in terms of the effect of an equivalent steady state load applied
to the bed. The effect of "pop" shock, i.e. the pressure shock effect on
a bed interface when hit by a large pressure "cock-off spike" (as could
occur from hydrazine detonation), will be investigated experimentally.

An analytical study was made of particle thermal shock,

Thermal shock from externally heating a cold particle by hot combustion gases
or from externally cooling a hot particle by impingement of cold liquid hydra-
zine were both analyzed in terms of the temperature profiles obtained, which
vere taken from dimensionless correlations of temperature ratio with Biot
number and Fourier number. The stresses induced in the pellet were obtained
from the temperature profiles. These calculations indicate that particle
thermal shock is a borderline failure mechanism, in that only occasional
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failures of e¢specially weak individual particles are excected. The failures
aure particularly to be expected during cooldown from impingement of ltquid
hydrazine, rather than heating of a cold particle with hot gas, as ' .oldown
produces tensile stresses of a greater magnitude comparcd to mean failure
stregs. In general, the calculations suggest merit to the avoidance of

cold liquid impingement upon hot catalyst material. The analytical results
also indicate that (1) liquid impingement will not be dzmaging if the cata-
lyst temperature is sufficiently high to Induce film hoiliing and thus reduce
liquid to particles heat transfer, (2) reducing the diazster of the parti-
cles will reduce the Biot numbor, and the stress level produced by cooldown,
The effect of thermal fatigue on a bed of material undergcing repeated hot
gas heat up or liquid quench cycling remains to be experimentally investigated.
The internal particle stresses produced in a particle by rapid gas pres-

.- surization or depressurization in the absence of liquid hydrazine were also
malytically investigated by calculatfag the internal pcre pressure pro-
files and the stress distribution resulting from these profiles. Particle
depressurization is very fast relative to the rate of thruster chamber de-
pressurization at cutoff so that no significant internal pressure atresases
will occur during a normal cutoff. Internal pressurization is also a very
fast process producing only compressive stresses in the particle. Pressure
loadings of sufficient magnitude and speed to cause significant internal
pore pressure generated stresses are much more likely to cause damage by
simple bed composition pressure stresses. Thus, internal stress failure
caused by internal particle pore pressure changes as a result of rapid
pressurization or depressurization is not an important mechanism. The
results also indicate that pressure equilibration is a very rapid process
compared to thermal equilibration, and thus the processes would not be ex-

pected to be coupled.

An analtyical study was made of the effect of the differential
thermal expansion of the bed and thrust chamber hardware. During startups
the bed heats up more rapidly than the wall. Because of this, the bed
first undergoes compression but then changes to dilatior as the effect of
the much higher coefficient of thermal expansion of the metal wall relative
to that of the catalyst bed is manifested. On cooldown two possibilities
are posaible. If the bed does not repack itself during the startup di-
lation phase, it remains in dilation during the cooldown period. If, on
the other hand, the bed repacks itself after the startup dilation, it will
experience compression during cooldown. The magnitude ¢f the peak compres-
sion and dilation increases with bed loading. A bed loading of 0.1 1b per
in2-gec produces a peak startup bed compression of 0.3 vol X, which trans-
lates into a bed pressure of 25 psi. If the bed repacks jtself after the
startup dilation, with a simfilar loading of 0.1 1lb per in“-sec, the bed
will ‘experience a maximum compression of 1.75 vol Z duriag cooldown, which
translates into a 290 psi bed pressure. Catalyst degradation from the
latter case will clearly be serious. The calculations azlso point out
that higher bed loadings increase the magnitude of the bad compression
forces, both during initial startup and during cooldown with a repacked bed.
Also, higher thruster pressures do not markedly effect the magnitude of the
startup bed volume compression, but they do increase the magnitude of the
bed void volume during the startup dilation period.
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§tudie§ carried out by United Technologics :'csearch Center under
Contract F04611-74-C-0031 have fndicated that the inte-nal pressure generated
within a Shell 405 catalyst particle as a result of weiting with liquid
hydrazire can cause a catalyst particle to undergo breik-up. Analyticel
modeling studies carried out in this program support t:is hypothesis.
An internal processes computer program was w.icten to investigate
the tempera'-res, pressures, and flow proccsses which :ccur when a catalyst
particle is wetted with liquid hydrazine. Mass transpcrt within the parti-
cles was modeled by D'Arcy flow driven by the pressure gradients resulting
from first the capillary imbibitions pressure of the liquid hydrazine
and later by the high pressure gases generated from the decomposition of the
hydrazine rather than simply by molecular diffusion driven by concentra-
tion gradients. Calculations indicate that the flow from D'Arcy processes
ranges from 160 to 1000 times larger than that from diifusional processes
in a Shell 405 catalyst particle. Heat transport within the particle was
modeled considering both convection of heat resulting :rom flow of gas and
liquid plus conduction of heat through the formation ruther than just con-
sidering heat conduction alone. Calculations indicate that heat transport
from convective processes is as least as large as that from conductive pro-
cesses and could be as great as 10 times larger. Very preliminary operation
of this internal processes model has been accomplished. Results indicate that
after exposure to liquid hydrazine at 300°K and 1 psia, liquid imbibition proceeds
rapidly and liquid hydrazine flows inward councercurreni to the outward flow
of gas. Liquid influx at the boundary of the pellet is cut off as the
internal gas pressure overcomes the liquid imbibition pressure. The particle
1s now at its maximum liquid overall saturation level, and liquid hydrazine
continues to flow inward toward the center of the particle. The particles
temperature increases because of the exothermic decompcsition reaction and
reaches a maximum of 357°K, a 57°K rise, following which the temperature
drops off as the reaction rate declines as the original hydrazine is exhausted.
As the last of the liquid hydrazine in the pellet is consumed, a peak pressure
of 7390 psi is obtained. The internal pressure rise preodicted is clearly
of a magnitude to cause concern. It was estimated that a pressure of 7000
pei would result in radial and tangential stresses of 1900 psi, which is
above the mean failure stress predicted for fresh Shell 405 for this fail-
ure mode. The results strongly suggest the need to prevent such high
stresses generated as the result of liquid imbibition b’ a means such as
vaporizing the hydrazine before it reaches the catalyst. In addition,
smaller diameter catalyst particles could be used which could allow faster
pressure relief., Similarly, the pore size distribution of the substrate
could be improved by adding a larger fraction of larger pores which would
also allow faster pressure relief. Although these preliminary results clearly
point out the deleterious effect of contact with liquid hydrazine, the internal
particle processes model has not been checked against experimental data and
this is not considered fully developed and may require additional refinement.

L)

Experirental static pressure crushing studies were carried out
with both individual particles and aggregate beds. Individual particle
meagsurements were made with fresh and used Shell 405 catalyst and with the
catalyst support both before and after the attrition step. The use of the
attrition procedure improves the average crush strength of the larger mesh
size granules but does not significantly improve the s:rength of the smaller
material, The addition of the iridium metal to the support, in general,
does not effect the crush strength. Even with the use of the attriting
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procedurs, the scatter in the individual crush strengths of both Shell 405
pellets and particles is quite large, which means that an appreciable fraction
of aggregate of Shell 405 catalyst such as a bed will have particles with

@ crush strength sigaificantly lower than the mean crush strength. For
example, it is estimated that 10X of fresh Shell 405 particles have a crush
strength which is lower than a value equivalent to 687 of the average value
for that particle size. Tests of used Shell 405 catalyst indicate that
thruster exposure under some conditions may both decrease the average crush
strength and increase the standard deviation of the crush strengths. The

net result of the combination of such changes 1s a sharp increase in the
percent of very weak particles present in an aggregate such as a bed, which
is quite deleterious. Additional work is planned in this area. Initial experi-
mental results of static pressure crushing studies with mini-beds of granular
fresh Shell 405 catalyst indicate that significant size reductions can occur
at a pressure of 100 psi. For example, with a 20 to 25 mesh materials,

7 wt X of the starting material exhibited a size reduction (passed through

25 mesh) under this pressure. The general shapes of the lcss curves as a
tunction of bed pressure were very similar to those normally obtained with
patroleum and chemical industry catalysts, i.e. they exhibit a low weight
ioss at low pressures, followed by a s'owly increasing weight loss which
ultimately becomes exponentially increasing at much higher pressures.

These bed results appear to corroborate individual particle pressure crush-
Tnz studics which suggest that aggregates contain significant quantities of
particles much weaker than the mean strength. Additional experimental

work is planned in the static bed pressure crushing area.

Analytical studies were made to predict the particle stresses
which result when a bed of catalyst particles is subjected to a compression
load, These calculations show that particle to particle contact stresses i
resulting from external bed compression forces are quite severe, and in~
dicate that some catalyst breakup should occur, even at very low bed pres-~
sures, This result appears to corroborate the limited bed pressure crushing
cxperimental work carried out to date. Thus both experimental and analyti-
cul studies indicate that the ability of the Shell 405 catalyst to resist
pressure crushing from external forces in a thruster bed is an area for

genuine concern,

Pressure crushing is thus judged to be a significant
mechanism for catalyst breakup. External forces which would result in
pressure crushing include pressure drop from steady-state flowing gases,
preload forces applied to the bed, compression forces resulting from di-
ferential thermal expansion effects pressure forces occurring during dynamic
pressure change periods, and the added effect of factors such as vibration

and high G-loads imposed on the bed.

The analytical studies pinpointed a number of strength of
material properties which influence the judgements made form calculations
and which at present have only been indirectly determined for Shell 405
catalyst. These include tensile failure strength, multiaxis compressive .
failure strength, the Poisson ration, relative permeability and the

Klinkenberg constant.
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In summary, the major mechanisms or facters f{dentified to date
sre (1) particle to particle crusning as a result of various static pressure
vl crushing forces, (2) the build-up of pressure within the pores as a result
- of i{mbibed liquid, and (3) the fact that a8 vecided thruster bed has sufficient

gas velocity for particle movement and (4) less of catalyst physical properties

. ! such as crush strength with usv. Otrher significant mechanisms or factors
¢ : identified i{ncluce fluid dynamic erosion from a pulsed liquid stream, erosion
f frow solid initially present in the hydrazine and thermal shock during liquid
quench cooldown. ¥Five mechanisms or factors were judged not be significant.
In Table 5-1 and 5-2 are sumsarized the ineignificant factors and significant
- : mechanisms or factorg identified in the program to date.
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Table 5-1

Summary of Insignificant Factors

Factor

Fluid dynamic erosion by pure gas

Fluid dynamic erosion by liquid
drops in gas

Particle pore pressure gradients
during rapid gas pressurization
or depressurization (in the
absence of liquid)

Transient effects per se in
pressure buildup (must consider
effect of pressure, however, as
static pressure crushing)

Thermal shock from heating a
particle with hot combustion

gases

- 212 -

Methc  Investigated

" Experimental and Analytical

Analytical

Analytical

Analytical

Analytical



.

II.

Table 5-2

Surammatry ot Siguificant Mechanisws o1 Factors

Major Factors Method Investigated

Static pressure crushing

Experimental and Ansalytical

High A P from steady state gas
flow

Differential thermul expansion
cvmpression forces particularly
during cooldown if bed repacks,
but also during starting

Bed preload

Corroborstion of the Jeletirious effect

of the build-up of pressures within

pores as a result of {mbibed liquid Analytical
hydrazine.

Voided thruster bed has suificienu
gas velocity for particle movement Experimental

Loss of catalyst physical properties
such as vrush siiengill in iLhrusie:s
exposure Experimental

Othexr Factors

Pulses liquid etream fluid dynaaic
erosion Experimental

Fluid dynamic erosion trowm solid
particles in gas Analytical

Thermal shock from liquid quench
cooldown Analytical
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APPENDIX A

HSCET DATA ON THE EFFECY OF GAS EROSION
AT 250 FRLET PER SECOND(a)

Fresh Shell 405 1/8" x 1/8" Cylinders

Initial Final Weight Change
Pellet Weipht, grams Weight, grams grams
1 . 04937 04795 ~. 09142
2 .05055 .04857 -.00198
3 .04723 . 04559 -.00164
4 . 05288 . 05116 -.00172
5 . 04900 04774 -.00126
Fresh Shell 405, 8-12 Mesh Particles
Initial Final Weight Change
Particle Weight, grams Weight, grams g rams
1 .01295 .01337 +. 00042
2 .02177 .02160 ~. 00017
3 .01253 .01234 ~. 00019
4 .01345 .01321 -. 00024
5 . 01761 . 01684 -. 00077
Fresh Shell 405, 14-18 Mesh Particles
Initial Final Weight Change
Particle Vcipht, grams Weight, grams grams
1 . 00200 . 00210 +. 00010
2 . 00363 . 00360 -. 00003
3 .00331 . 00335 +.00004
4 . 00241 . 00233 -. 00008
5 . 00284 . 00277 -~. 00007
Fresh Shell 405, 20-25 Mesh Particles
Initial Final Weight Change
Particle Weipht, prams Weight, pgrams srams
1 .00104 . 00107 +. 00003
2 . 00087 . 00091 +. 00004
3 . 00079 .00091 +.00012
4 . 00080 . 00089 +. 00009
5 .00108 . 00112 +. 00004
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APPENDIX A (Cont'd.)

Presh Shell 405, 25-70 Mesh Particles

Initial Final Weight Change
Particle Weight, grams Weipht, gram: grams
1 .00068 . 00093 +,00025
2 . 00080 . 00085 +.00005
k] . 00083 . 00074 -. 00009
4 . 00099 . 00090 -.00009
5 . 00068 .00072 +,00004

Fresh Shell 405, 20-30 Mesh Particles

Initial Final Weight Change
Particle Weight, grams Weight, grams ~_grams
1 .00058 . 00079 +.00021
2 .00062 .00055 -. 00007
3 .00098 . 00101 +.00003
4 .00095 . 00078 ' -.00017
5 .00048 .00050 +.00002

{(a) Nitrogen flowing at 250 feet per second, 1700°F, specimens in
preheated tube for 1 hour total. All catalyst specimens dried
overnight in a vacuum oven at 110°C and 120 mm Hg total pressure
before welghing.
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APPENDIX B

HSGET DATA ON THE EFFECT OF GAS EROSION
AT 110 FEET PER SECUND(a)

Presh Shell 405 1/8" x 1/8" Cylinders

Initial weighe, Final weight, Weight chauge,

Pellet gY ams grams _grams
1 .05311 .0522¢ -.006091
2 .05103 .04975 -.00128
3 .05178 .05041 -.00137
4 . 04986 .04810 -.00176
5 .05041 . 04889 -.00151

Freeh Shell 405 14-18 Mesh Farticles
Inftial weight, Final welight, Weight change,

Particle praws Arams _grams
1 . 0G400 00424 +.00024
2 .00652 . 00675 +.00023
3 00214 .00220 +. 00006
4 . 00431 .00503 +.00012
5 . 00434 . 00439 +. 00005

Fresh Shell 405 25-30 Mesh Particles
Initial weight, Final weight, Weight change,

Particle grams RY ams grams
1 NA NA Na
2 . 00058 . 00066 4+.00008
3 . 00065 . 00067 +.00002
4 . 000535 - 00070 +.00015
5 . 00056 - 00059 +.00003
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(a) Nitrogen flowing at a superficial velccity of 110 feet per
second, 1700°F, specimens in preheated tube for 1 hour total.
All catalyst specimens dried overnight in a vacuum oven at

110°C and 120 m=m Hg total pressure before weighing.

- 22¢ -

e
JRONT ST




-
A L -

e am

APPLNDIN C

HSGET DATA ON THL EFFECT OF GAS EROSION
AT 50 FEET PER SECOND(a)

Fresh Shell 405 1/8'" x 1/8" Cylinders

' Initial welght, Final weight, Weight change,
| Pellet RYams grams g ams
! 1 . 04949 04844 -.00105
: 2 .05002 . 04826 -.00174
3 . 04952 . 04755 -.00197
4 . 05015 04824 -.00191
5 .05382 .05220 ~.00162
5 Fresh Shell 405 25-30 Mesh Particles
Inicial weight, Final weight, Weight change,
Paercicle __grams gV ams grams
1 .00079 .00074 -. 00005
2 . 0008067 .00375 +. 00008
3 . 00076 00074 -.00002
4 . 00105 L00102 -.00003
i b .00038 . 00055 +.00017

! (a) Nitrogen flowing at a superficial velocity of 50 fecet per second,
1700°F, specimens in preheated tube for 1 hour total. All catalyst
specimens dried overnight in a vacuum oven at 110°C and 120 wam
Hg total pressure before weigning.
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Gas Velocity

ANALYSIS OF PERCENTAGE WEIGHT CHANGE RISULTS

APPENDIX D

FRCM GAS ERQOSION DATA IN HSGET

Fresh Shell
405 Catalyst

Percent-ze Change in Weight

Individual
Rate

110 feet
per second

50 feet per
second

250 feet
per second

1/8" x 1/8" Pellets

14-18 Mesh

25-30 Mesh

1/8" x 1/8" Pellets

25-30 Mesh

1/8" x 1/8"

Cylinders

8-12 Mesh

14-18 Mesh

1.71
- 2.51
- 2.64

3.53
- 3.02

6.00
3.53
2.80
2

- 2.86

Standard
Me:n Deviation
- 2.68 0.67
+ 3.18 1.79
+12.38 10.96
- 3.28 0.75
+ 8.96 21.18
- 3.22 0.529
- 1.04 2.75
c.07 3.30

Standard

Error

0.30

0.80

5.84

0.33

9./‘7

0.237

1.23

1.47



Fresh Shell
Gas Velocity 405 Catalyst

APPENDIX P (Cont'd,)

Individual
Rate

20-25 Mesh

25-30 Mesh

20-30 Mesh

+ 2.88
+ 4.59
+15.19
+11.25
+ 3.70

+36.76
+ 6.25
-10.82
- 9.10
+ 5.88

+36.20
-11.28
+ 3.07
~17.89
+ 4.17

- 229 -

Percentage Change in Weight

Standard Standard

Hean Deviation Error

7.52 5.42 2.42

5.79 19.08 8.53
2.85 20.88

9.34



* APPENDIX E

ANALYSIS OF VARIANCE(a) GF GAS FLLTD
DYNAMIC EROSION TEST RESULTS

Weight Change in 107> Graus

Superficial Gas
Velocity, ft/se:

50 110 258

-105} - 91| -142
" ”" -174 .128 -198
L8 x 18" 197|137 | -16
y £ -191| -176 | -172

-162; -152 | -126

- 51+ 8] + 25

::;g"c X ! g : J.g -

ranules |_ .| 31 _ o

+ 171 ()] + &

B. ANOVA Results
Degrees of
Variance Component Sum of Squares Freedom Mean Square
Columnsg ) 1,559.267 2 779.633
Replicates 5,634,797 A4 1,408.699
Columns x Replicates 1,722.400 8 215.300
Rowvs 188,972.000 1 188,972.000
Columns z Rows 870.066 2 435.033
Replicates x Rows 2,879.467 4 719.866
Columns x Replicates x Rows 3,404.933 8 425.616
TOTAL 205,042.800 29

(.)800 0.L. Davis, "Statistical Methods in Research axd Production", Chapter 6,
Hafner Publishing Company, Mew York, 1938.
- 230 -
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APPEND1X F

EFFECT OF WATER COKRTELT ON
PARTLCLE CRUSHING STRENGTH

ITI Crush Strength Data on As-ls-Specimens

Fresh Shell 405 Fresh Shell 40S, Harshaw Al 1602

1/8" x 1/8" Cylinders 14-18 Mesh Giranules 1/8" x 1/8" Cylinders
32.75 1bs 2.80 1lbs 25.20 1bs
30.75 2.97 24.10
36,70 1.00 23.50
25.80 1.60 29.10
27.95 1.62 25.00
39.07 21.90
43,12 31.60
38.20 24.80
27.85 21.90
38, 62 39.20

1TI Crush Sirength NData con Vacuum Oven Dried §pecimens(a)

Presh Shell 405

Fresh Shell 405, Harshaw Al 1602

1/8" x 1/8" leindcgg(b) 14-18 Mesh Granales ) 1/8" x 1/8" ;ylinders(d)
30.65 lbs 1.43 1bs 29.00 1bs
30.05 2.40 16.15
25.20 2.45 23.26
38.30 1.06 53.20
Z1.85 .77 24.10
42,35 0.7¢6 25.80
37.00 1.43 40.50
38. 30 0.59 20.00
26. 00 1.25 42.40
37.55 3.72 J
45.10 4
31.20
46.85
4C.5C 3
33.00 4

(n) Dried in a vacuux oven overnight at 110°C and 120 mm Hg :otal pressure.
(b) Average weight Joss was 6.04% from as is basis.

(¢ Sample showed no average welght loss from as is basis.

(d) Average weight loss wae 4.937 from as is basis.
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APPENDIX G (Cont'd,)

IT1 Crush Strength Data on Water Saturated Specimens(a)

} Fresh Shell 405 ®) Fresh Shell 405, (o) Harshaw Al 1602 (d) i
3 1/8" x 1/8" Cylinders 14~18 Mesh Granules 1/8" x 1/8" Cylinders j 3
| 30.00 1bs 2.17 1bs 24.00 1lbs L
] 39,10 1.74 27.85 P
' 41.35 1.53 1A.50 .
‘ 42.35 1.6 30.50 .
28.60 0.89 27.69
38.00 0.85 21.50 ¢
34.35 0.44 15.50 i
, 20.10 0.69 24,10 !
0 35.00 0.35 25.50 -
: 39. 60 1.46 33.10 :
36.60 '
' 45,50 :
’ 30. 60 !
32.66 .o
; 31.60 3
! ~

(a) Saturated with water vapor at B0°F
(b) Average weight gain was 1.392 {rom
(=) Average weight gain was 12.6% from
(d) Average wzight gais vas 2.59% from

il i s wm.\-MM

and 1 atm total pressure.
as is basis.
as is basis.
as 18 basis.
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ITI CRUSH STRENMGTH DATA ON

- APPEND1X H

FRESH SHELL 405 CATALYST

8-12 Mesh

2

. e S e e b e - ——— — — —

S VNN WL YD

20-25 Mesh

1.340 1bs

0.525
J. 930
0. 300
0.185
2.030
0.950
1.000
0.415
0.615
1.350
0.8G0
0.9%05
0. 640
0.150
0.600
0.825
0.520

25-30 Mesh

0.360 1bs

1.050
1.060
0.760
0.510
0.650
0.770
0.655
0.715
0.750
0.%10
0.520
0.600
0. 040
0.410
0.350
0.29%0
0.210
0.700
0.8%
0. 580
0.320
0.405
0.250
0.250

O O O O N O 0O O O O 0 O © v o —~ 0 0 D © o

o

20-30 Mesh

.500 1bs
. 865
.435
. 650
.780
.235
.490
- 400
. 695
. 300
. 660

130
465

.430
<165
. 960
.000
. 500
.930
. 840
.350
. 200
0.430
0.610
0.100

-
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APPENDIX Y

ITI CRUSH STRENGTH DATA ON ALUMINIA
SUPPORT BEFORE ATVRITION

8-12 Mesh 14-18 Mesh 26-25 Mesh 25-30 Mesh 20-30 Mesh 3
1.100 1bs 0.950 1bs 0.100 lbs 0.250 lbs 0.115 1bs ‘
1.020 2.020 0.310 0.695 0.260
3.970 0.080 .0.380 0.275 0.335
2.020 0. 590 0.012 0.705 0.375
5.190 0. 640 6.270 0.220 0.650
0.900 1. 585 0.310 . 410 0.215
2. 390 0.720 0.640 0.315 0.845
3.800 0.235 0.655 0.320 0.610
2.940 0.710 0.510 0.260 0.285
0.620 1,225 0.050 0.335 0.585
1.730 0. 1350 0.175 0.415 0.450
1.180 1.250 L.200 0.340 0.645
0.630 0.825 0.495 0.305 0.310
1.100 2.465 0.190 0.190 0.345
2.450 1,550 0.195 €.5%0 0.450 .
4.400 0.465 0.195 0.390 0.51 X
3.330 1. 300 0.563 0.180 0. 340 ~
1.120 2.530 0.890 0.230 0.350 v B
3.400 1.340 1.075 0.665 0.700 '
0.620 1.655 0.620 0.365 0.350 R
2.830 1.235 2.275 0.640 0.750 |
1.440 0.320 0.330 0.530 0.685 |
1.200 0.225 0.150 0.395 0.560 |
2.600 1.610 0.605 0.385 0.340 ;
4.380 1.500 0.475 0.690 0.110 |
i
|
3
;
:
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APPENDIX J

ITL CRUSH STRENGTA DATA ON ALUMINA
SUPPORT AFTER 50X ATTRITION STEP

8-12 Mesh 14-18 Mesh 20-25 Mesh
3.680 1be 1.915 1bs 0.410 1bs
2.220 3.345 0.565
2.190 2.240 0.600
5.050 2,735 0.390
4.560 0.730 0.575
0.900 G.170 0.085
4,425 1.580 0.615
3.660 2.310 1.315
3.375 1.740 0.300
3.410 1.970 1.240
4.910 1.150 0.420
2.950 3.100 1.410
4.875 1.110 1.195
3,565 2.830 0.615
2.620 2.550 0.360
2.715 1.035 1.650
2.560 2.580 0. 440
2.665 1.360 0.290
1.4680C 2.51C 0.775
3.015 0.775 0.800
3.900 2.325 0.720
4.500 2.310 0.825
0.850 1.230 0.930
2.400 0.460 0.550
2.170 2.400 0.815

o

L

25~-30 Mesh 20-30 Mesh

0.415 1lbs 0.485 1bs

0.335 0.260

0.450 0.515

0.950 0.430

0.610 0.625

0.615 0.195

0.485 0.500

0.445 0. 345

0.190 0.250

0.300 0.610

0.550 0.150

0.170 0.110

1.020 0. 550

1.155 0.260

0.160 0.200

0.275 1.015 ~
0.560 0.625 ~
0.690 0.325

0.345 1.660 3
0.340 0.290

0.565 0.555

0.270 0.800

0.810 1.005 .
0.315 0.020

0.560 0. 360
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- APPENDIX g

1TL CRUSH STRENGTH DATA ON USED SHRLL 405 -
CATALYST SAMPLES RECEIVED FROM TRW

1/8" 3 1/8"

Cylinders () 14-18 Mesh® 18-20 Mesh(® 18-20 Mesh‘d)
20.60 1bs C.750 1bs 0. 660 1bs 0.740 1bs
15.30 0. 385 0. 450 0.845

9.50 2.220 0. 165 1.210
11,20 3.665 0.850 1.065
40.80 2.145 0. 590 1.360
27.80 1.813 0.170 0.410
20.25 0.945 0. 805 0.210
21.50 0.915 0.735 0.875
40.89 2.570 0. 550 1.830 r
11.00 1,765 1.630

(a) Detailed hiatory not available, however, estimated at a few thousgand
seconds steady state operation.

(b) Approximarely 25C mecomds cf steady state firing over 51 cold starts.

(c) Sample saw 84,000 pulses in 5 1bf thruster in Novewbar 1972. Sample
from downgtream end of bed.

\a) Sample saw 210,000 pulses in 5 1bf thruster im Augusct 1973. Sample
from upper portion of bed near the injector.
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L0157

L0145

.9080

.8949

L0115

.0091

A -
APPENDIX L
SEQUENTLAL COMPRESSIVE MINI-BED CRUSHINC
OF 20-25 MESH FRESH SHELL 405
Series: = = ~eeememeeee- l ~ommmmm e
: Pressure
5 1b/in2: 21.9 91.8 200 322
i Weight
in Grams:
Starting .9050 .8662 8414 .B132
On 25 Mesh .8662 .8414 L8132 .5148
Through 25
Mesh .0390 L0243 L0245 L2775
On 30 Mesh .0366 .0232 .0165 .0815
Through 30
Mesh Q024 .0010 . 0080 L1825

- 237
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.0021

99

.8949
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.0337 |
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Pressure
1b/4inl;

Weight
in Girams:

Starting
On 30 Mesh

Through 30
Mesh

On 35 Mesh

Through 35
Resh

APPENDIX N

SEQUENTIAL COMPEESSIVE MINI-BED CRUSHING
OF 25-30 MESH FRESH SHELL 405

25 44.9 97.9 204

+9257 .9218 .9227 .9193

.9218 .9227 .8193 9122

0043 .0006 .0023 . 0064
- 238 -
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APPERDIX N
E FRESH SHELL 405 PAK1JICLE FLUIDIZATION EXPERIMENTAL DATA
Minimum Inlet Distributor Superficial Velocity
. For Particle Movement (8) Mcters per Second
E Pure Nitrogeu Pure Helium
E E 8-12 Megch 14-18 Mesh 20-30 Mesh 8-12 Mesh 14--18 Mcsh 20-30 Mesh
| 5.33 3.55 2.88 13.0 1.1 6.51
1 ; 3.98 4.40 2.62 12.3 11,1 7.27
- 6.42 4.23 2.11 13.8 9.40 6.76
3 3.64 4.99 2.62 11.5 7.73 7.45
b 5.92 3.55 1.69 .90 8.96 €.18
[ 7.35 3.98 2.45 11.1 8.45 6.43
E : 7.02 3.46 1,77 11.3 6.18 8.03
P 6.94 3.81 1.52 13.3 9.90 4.82
E i 4.72 4.32 2.62 13.3 10.5 4.82
P 8.11 3.98 2,54 12.3 11.0 8.95
e
4
[ 8-12 Mesh 14-18 Mesh 20-30 Mesh
e rresn Shell «wuo Fresu 3dhell 405 Fresh Shell 405
g Gas Comp. Velocity Gas Comnp. Velocity Gas Coup. Velocity
: ZNz(b) Meters/Sec —Zﬂz(b) Meters/Sec ZNZ(b) Meter: /Sec
86.9 5.59 78.8 4.40 55.2 2.45
88.2 6.43 75.6 3.46 66.7 2.54
E 87.5 6.09 €o./ 4.05 76.0 2.21
; 81.1 7.61 t5.8 3.46 50.0 4.06
1 92.3 5.50 61.4 3.72 4€.7 2.54
85.3 6.34 59.6 3.97 55.8 3.64
. 87.7 6.17 44,3 5.92 68.6 2.96
85.5 6.42 58.3 4.06 92.0 2,12
74.4 6.93 58.7 3.89
81.4 7.26 63,2 3.22
26.0 11.8 37.9 5.56 16.7 2,02
18.1 7.01 30.3 6.42 45.4 1.52
25.6 3.63 30.2 3.63 26.7 1.27
16.4 10.3 19.2 2.79 14.7 4.31
18.0 7.52 13.1 5.15 36.4 1.86
27.5 5.82 23.1 3.30 32.1 2,37
, 17.6 8.61 30.2 3.63 21.7 3.89
Z 29.0 3.21 21.4 3.55 34,8 3.89
24.5 3.80 31.0 2.45 3z.1 2.37
20.3 5.82 25.7 2.96 41.2 2,88

(8) Miniuum inlet istributor superficial velocity which results in any
i . particle movement.

ofiiaals e

(b) Volume IN; i{n a N;-He blenl.

i
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APPEMBIX O

PLPET DATA ON THE EFFECT O LI1QUID EROSION

e Frash Shell 405 1/8" x 1/8" Cylinders st
100 Feet per Second and 8,200 Pulses

i Initial Wefight Final Weight Weight Change
! Pellet fRrams grams grams
i
| 1 .05159 .05150 -.00009 !
; 2 .05122 .05105 ~.00017 ;
3 .05225 05194 -.00031
4 .05025 .05012 -.00013
\ S 05416 .05407 -.00009
t
? e Fresh Shell 405 1/8" x 1/8" Cylinders at
100 Feet per Sccond and 100,000 Pulses
Inttial Weight Pinal Welght Weignt Change
Pellet __grams . Brams Rrawms
\
1 .04819 047725 «. 00044
i 2 .04930 .0489) - . 00039
3 .04796 04748 -.00048
4 .04839 L0685 -. 00045
S 05134 .0509%0 - . 00044
| e Fresh Shell 405 1/8" x 1/8" Cyiinders at
! 100 Feet per Seconc and 500,000 Pulses
Initial Weight Final Weight We ight Change
Pellet grams grams Rrams
! 00143 .05016 -.00127
pd .04995 .04989 - . 00006
3 L0LR8S L04BS5S ~.00030
4 .04947 . 04940 -.00007
5 .05Q34 .04935 ~.00099

- ————— -
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APPENDIX O (Cont'd.)

e Fresh Shell 405 1/8" x 1/8" Cylinders at
55 Peet per Second and 8,200 Pulses
Initial Weight Final Weigit . Weight Change
Pellet grams grams grams
1 .05204 .05201 -.00003
2 .04963 .04955 -.00008
3 .04684 .04675 - .00009
4 .J4982 .04976 -.00006
5 .04998 .04995 -.00003
e Fresh Shell 445 1/8" x 1/8" Cylinders at
! 55 Feet per Second and 100,000 Pulses
| .
!
! Initial Weight Final Weight Weicht Change
Pellet grams grams g1 ams
1 .05111 .05126 +.00015
2 .04953 .04946 -.00007
3 .04996 .04976 -.00020
4 .05158 .05046 -.00112
e Fresh Shell 405 8 to 12 Mesh Granules at
100 Feet per Second and 8,230 Pulses
Initial Weight Final Welght Weight Change
Particle grams grams grams
1 .01383 .01378 -.00005
2 .01538 .01527 -.00011
3 .01418 .01409 - .00009
4 02309 .02205 -.00024
- 241 -
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APPENDIX O (Cont'd.)

e Fresh Shell 405 8 to 12 Mesh Cranules ¢t
100 Feet per Second and 100,000 Pulses

Initial Weight Final Weighi Weight Change
Particle grams grams grams
1 -02226 .02194 -.00032
2 .01696 .01674 -.00022
3 01334 .01993 -.00034
4 .01334 .01318 -.00016
5 .01601 .01583 -.00018
e Fresh Shell 495 8 to 12 Mesh Granules
at 55 Feet per Second and 8,200 Pulses
Initial Weight Final Weight Weight Change
Particle grams grams _ >ams
1 .00865 .00864 -.00001
3 01571 .01564 -.00007
4 .00816 .00818 +.00002
5 .01191 .01183 -.00008
e Fresh Shall 405 8 to 12 Mesh Granules
at 55 Feet per Second and 100,000 Pulses
‘Initial Weight Final Weight Weight Change
Particle grams grams grams
1 .01448 .01438 -.00010
2 .02615 .02608 -.00007
3 .01959 .01940 -.00019
4 .01822 .01803 -.00019
5 .01211 .01199 -.00012
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P ANALY:IS OF PERCENTAGE WEIGHT CHANGE RESULTS
) YRGM PULSED LIQUID EROSION DATA IN PLPEI]
L
Liquid . Percentane Ch .
Valocity Nuzber Presh Shell , 7 Percentage Change In Wedght
feet per of 4035 : Todividual Standnrd
gecond Pulses Catslyst Change Mean Deviition
': 100 8,200 1/8" X 1/8" ~0.17 - 030 G.17
| / Cylinderxs o «0,33
1 —0.59
-0.26
«0.37
120G 8,2C0 §--12 Mesl .-0.36 ~0.869 0.23
- Particles ~0.72
~G.63
i ~1.04
100 130,609 i/8" x 1,/8" ~-0.91 -0.90 c.08
Cyclindiye ~U. /Y
- ~1.00
' -0.62
~0.86
106G 120,000 8-12 Mesh ~1.44 ~1.35 0.22
' -1.30
~1.68
: ~1.20
: ~3.12
Y

PO
- i — - o
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ArPENDIY P (Comc'd.)

Liqutd
-4 Velocity Nusber FPresh Shei:
é feet per ot 405 Iadividusl Standiazd *
E gecond Pulies Catalyst Change Hean Deviatiea
3 $5 8,200 8 to 12 Mesh -0.12 -0.25 0.40
& ’ Granules -0.44
c 40.24
E -0.67 !
B
£
i S5 8,200 1/8" x 1/8" -0.06 -0.12 0.06
E Cylinders -0.16 !
i -0.19 :
13 -0.12
-0.06
85 100, 000 1/8" x 1/8" +0.29 -0.61 1.08
Cylinders -0.14 i
-2.17 ;
: 55 103,000 8 to 12 Mesh -0.6S -0.79 6.32 P
E Cranules -0.27 by
E -0.97 ’
-1.06 P
_ -9.99 P
i )00 500, 000 1/8" x 1/8" -2.47 -1.06 1.08 :
¢ Cylinders -0.12
5 -0.61
s -0.14 !
3 -1.97 :
4 !
E
b i
L3 !




69.°0 189
T ™ (399333 9441 askiwaen)
MW ‘ “_ﬂ L Iu suwal dnoan
] 1 L |
. ! ! i - { (302333 £3190704)
\~/ 603 N N ) i\ suwsy cg.—OUL
, [A0R! 98" 660 (19°)
016" 0z'1 76" 70" 1 L1z 000°001
89°1 00°1 L6°0 oy*
o€ 1 6L° Lz'o 91"
w1 16° 69°0 62~
(69°) Lo (sz*) 90°
. %0°1 92°0 L9°0 AN
6€¢” £9°0 65°0 %2'0- 61° 002°s
Lo €0 "%°0 91"
9¢'0 A &) 210 90°
(359337 swingd 83[NUBIYH 813pUI 14D ga]nuelo BI8pUTIL)
30 2equny) yssn (-8 n8/1 % ,.8/1 Ysad z1-8 u8/1 X ,8/1 sasing
BUIIN puodag 193d 3933 001 puodas 1ad 3934 GG 30 2a3qmp
Aoy AYO11¥Vd Ol FAIIVIAY aINdI1 40 X1100713A

YAORYV FHL NI G4SN YIVA TYNAIAIGNI 13d1d
O X1aN3ddv

- 245 -




o

SRS AT A0 WU,

S — TR 2 = ST T T T e g A Al Gl | i p 5
IR ;U . a4
A———— e . - ——— W [

- 246 -

St
APPENDIX R
REPORIS OF DR. D. P. H. HASSELMAXN




LEHIGH UNIVERSITY

Bethlehem, Pennsylvania 18015

Materials kescarch Center

October 27, 1974

Dr. W. P, Taylor

Government Research Laboratory

EXXON Research and Engineering Company
P.O.BOZB

Linden, N. J. 07036

Dear Dr. Taylor:

As we discusged during my last visit, 1t may be 4diffi-

cult to get the necessary property values for the Shell 405
catalyst, 1n view of the irregular shape of the individual
varticles. 1 recommended at the time that good aporoximations
for the catalyst properties can be obtained from composite
theory in terms of the properties of the alumina and iridium
and thelr volume fractions in the compocite.

Enclosed are the resultsz of my estimates for a number
of properties of single particles of Shell 405 catalyst. The
property values are summarized in the attached Table I. A
summary of the calculations and a list cf approoriate litera-
ture references are also included. 1 heve been deliberately
brief in writing down the calculations in order not to spend
a lot of time writing a lengthy report. Please contact me
1f I can give p.y clarification.

With regard to the actual expressicns I chose to compute
the composite properties, from the many that are avalilable,
1t turns out that in view of the small volumes fraction of Ir,
the choice of the equation 18 not critical. The relatively
large pore content introduces a far greater uncertainty. For
the latter effect I chose a semi-empirical expression, which
I believe gives us the proper range of values. Since at this
time I was unaware of the distribution cf the pores in the
composite, 1n the calculations I first calculated the proper-
ties for a theoretically dense composite, which were then cor-
rected for porosity. The particular property data chosen are
from the literature. PFor the 41,03, the property values are
those close toX -Al503. For the IT I have taken data from
the 1ist you sent me glus a few data points from the litera-
ture. If 1t turns out that property data better than the
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Dr. W, F. Taylcor - 2

ones 1 have chosen become &vallable, the values for the com-
p0slte properties can eaglly be recalculated. Clearly, 1
kave assumed the particles to be isotropic.

In estimating these property values a mechanism for catw
alyst degradation occurred to me, in additicn to all those we
discussed during my last vislt, 1 prefer to call this mech-
anism "internal fatigue". This arises from the slight mis-
match of the ccefficlents of thermal expunsion of the Al,03
and the Ir. This causesg internal stresses within a singie
narticle whenever the particle 1s at a temperature different

rom the one at which the Ir was depcsited into the A:ip0+.
¥or a small volume fraction, the internal stresaes in a Second
rhase to & flist approximation are:

wnere A« 13 the ditference in coefficients of thermsl expansicn,

E 13 Young's modulus of the second phase, aT 1eg the
difference between the temperature of the particle and
the temperature at which the comreoeite wee formcod, and
¢ 1s Poissou's ratlo. ]
For ad = 0.5 x 10-6 C", E . 74 x 106 psl and say aT = 800 ¢
and y - 0.29, the value of internal stress becomes some 20,000
psi. If the particle 13 ahove 1ts forming temperature this
stregs 1s compressive; 1f below, the stress is tensilie.
Cycling the temp~-ature of the particles up and down, as oc-
curs in practlice, subjects the Ir to cyclic fatigue. In my
view, the above value of stress is sufficient to fatigue a
brittle material even it the stresses from mechanical loading
and the continuum thermal stresses were negligible, which I
doubt. To —heck on these internal strasees I suggest that an
X-ray analysis be psrformed on the varticles and the patterns
compared with thoae of the single-phase AIQO; and Ir. Peak

troadening and shifting will be indicative of internal gtreas
content.

It this mechanism indeed ig responeible for the catalyast
degradation, we could solve the preoblem by sclectlng &8 sub-
atrate material with a coefficlent of thermal expanglon which
more closely matches the expansion of the Ir than 1120?. If
this 1g diZficult, one mignht pussibly first cost the AL-0
with & ductile material such as Au or Pt prier to Ir deposi-
tion. The ductile material will reduce the internal gtress
level. As an alternative solution, perhaps a method may be
found of replacing the catalyst in the rocket-motor.
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Please give me your comments,
__Slncerely,
‘ - -

D, P,~#. Hagselman, Director
Ceramice Research laboratcry

C— .

~—
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Table I, Estimated property values for single particles
of Shell 405 catalyst with 564 porosity.

1. Volume fraction Ala0s 0.932

| 2. Volume fraction Ir 0.068

i 3. Theoretical density (gm.cc“) 5.0¢€

: 4, Porosity % 56
S. Shear modulus (106 psi) 3.T=4.7
6. Bulk modulus (109 psi) 6.2-7.8
7. Young's modulus (106 psil) 9.1-11.5
6. Polsson's ratio (. for A1,04) 0.25

.

9. Coefficient of th, exp. (°C-') 0-100 ¢ 6.05 x 10-6

10, Thermal conductivity (cal.em~'.g”'. 'c™")

Room temp. 0.013-0.011
Boo ‘¢ 0.007-0.003
11. Specific heat (cal.gr=!''Cc™')(R.T.) .19
12. Thermel diffusivity (cm.%s~')(R.T.) 0.028
- 250 -
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PROPERTY ESTIMATER FOR SHELL 405 CATALVST

A. Yolume fractions, theoretica! density and perosity

t Volumes assumed Ir AlZO3
‘ Wt. fraction (W) -1 0.3 0.7
v Deusity gj). gms.cc 22 .4 3.8
; 1. Volume fractions ;
; Ve © "xpili-iux v A
Yields Al 03 vV = 0.932
lr V = 0.068
{ 2. Theoretical density,/qth
% Pun -5y P
.’ Yields Bh = 5.06 gus.cc™t
i 3. FPorosity (P)
| .
: P = 'Dactu:l/'pth P = 56% pnctualz 2.24 gm.cc ~
i ’ B. Elastic Properties ~
i Values essumed for fully dense Ir and AIZO3 ‘ﬁg
] Ir A1203
. Young's modulus, £ (10° psi) % 55
! Poisson's ratio, ¥ 0.25 0.25
H Shear mndulus, C éo psi) 29.6 22.0
Bulk modulus, B (10° psi) 49. 36.7

1. Shear mmodulus of dense Allo3 - Ir

: After Haskin & Shtrikman;
i - - @ 1l +

; < -5 v +z(a>v Lplc gp;n -1)]

HheteC/ C ’ nnd(> are the shear moduli of the composite, wmatrix
! phase ESd/second phgle, Tesp.V is Poisson's ratio of second phase
i R aod C is volume fraction 2ad pgaae

Taking A1203 as the reaction phase, substitutlon of values yields

]
c = 22.95%x 10 psi

This is oniy elightly higher thnn<;7for A1203 23 expected from
small value of volume fraction of Ir.
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2. Bulk Modulus of dense A1203 - It

After Raskin & Shtrikman:
3 “-Vm)(Bg/Bm ~1)cC

B =B 1+
2 (1-2v)) + (14V) lsp/sm - (B, /By - 1) cJ

Where B , B , and o ate the bulk moduli of the composite,
<
matrix &nd Znd phasg resp .

Substitution of appropriate values yields
6
B =37.4x 10 pst
3. Young's modulus of dense A1203-1r
E=g B/(38 +()
I
Substitution of appropriate values forﬂ and Bc ylelds:

E =55.2x 10° pst

As expected the value is only sl.ghtly higher than for A1203.

4. Young's woduius ol porous cowpousiie
Scwi-empirically:
EsE {1-ap/{1+@-1p
- - -
o ( -
When F and E are Young's modull of the porous and non-porous
msterial, resp. P 1s the fraction porosity, and A is a
constant wnlch from experiments 3 <A<4.

This yiclds:

E~9.1 to 1l1.5x 106 pst

Thermal Conductivity

Values agsumed :

K (Cal C° ca”! sec ) A1203 CIr
Roon Temp 2.06 0.35
800°C 0.02 0.35

From Haskin (same as Keruer)

VZ (l(p - Km)

K. - K fl +
K ¥ 1y (K = KOV

<

.
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Where K_, K;, and K _ are the thermal conductivities of the

rompoclte, matrix aRd 2nd phase, resp. Vz is the {raction

2nd phase, Vi =1 - V2.

Substitution of appropriate values ylelds:

K «s0.068 at RT
K 2~ 0.024 at 80C°C

D. Thermal conductivity for porous composite

Same genetal expression as for porosity effect on Yourg's modulus

with A2:4

Yields:

e

0.011 cal. °C. "¢
0.0

KC
K 04 " " "
[o

+ -
Thermal conductivity estimates from vpper (K /and lower (K )

bonds in the cond. of composite.
K, = K1V1 + K2V2
1 .
/K_ Vl/!\l + V2/K2

dense comp.

K 0.5797
* 0.040
K_ 0.064
0.020
Avg. K_ and K_ 0.012
0.005

1 m-ls—l

at RT
" 8000C

porous comp.

0.0132
0.0066

0.0106
0.0033

About the same as values on top of page.

E. Coefficient ot Thermal Expansion After Turner

X = OBV +0GBV)/ (B, + ByVy)

For Al.O G »6.0x 10_2'C-‘ at
Tor 152 0 (e g.55 1070 4t
-6 o .-1
Yields O =6.05 % 10 c .
F. . Specific Heat
Cc " Ci‘% * CZ‘%
- 253 -
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Al,0, C ¥ 0.26 cal. °C’ " ®,
1r 20.033 " oo :
Yields: %
o.~1p -1 . i

C_ 7 0.19 cal. °C Pt %
%

1 Deffusivity (K)
K =K/pc
Where K = thermal conductivity

}7 = density
C = specific heat

Yields K @ 0.028 cm2S ). 1z 1T
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LEHIGH UNIVERSITY

Berhlehen, Pennsylvania 18015

Maicrials Research Ceater

March 3, 1975

Ir. W, F. Taylor .
Government hesearch Laboratory

EXXON Research and Engineering Laboratory

P. 0. Box 8

Linden, N. J. 07036

Dear Bill:

This letter sgerves to provide you vwith a sumwary of the
comnments I gave at the Advlisory Committee Meeting held in
Princeton oo Feb. 25. A few thoughts which cccurred to me
since the meeting are included as well, .

This was the flrst meeting of the Advisory Committee I
attended. 1 found it very helpful as it filled me in on many
more of the observatlons and detalis of the research program.

Yy commerts, which are not presented in order of relative
importance, are as follows: i

1. It 1s my view that in the test for compressive strength,
actual fallure of the catalyst particles occurs in a tensgile
node, due to the presence of 2 tenelle stress state in the
vparticle interlor. The direction of thig tensile stress is
peroendicular to the directlon of the compressive load.

The tensile stgength (3.) is related to the failurz lgad
(P) by &= 1.37 P/a< where 2 1s the particle diameter. This
equation 1s used at Carnegie-¥ellon Universlty to calculate
the tensile strength of abrasive graln, sublected tc failure
in compression. IU may well be interesting to see what valuesy
of tenslle strength you may be able to get from the experiment-
a) data. It way also be or venefit to taxe into account the
slze of each individual varticle. This could very well reduce
the scatter in the dats, whlcre should reduce the total number
of tests required in order to obtsin results witn a given de-
gree of statistical slignificance.

It wag of Interest to note that, in the 1list of proverty
data you presented, the tenslle strength was about 1/3 of the
conpressive strength. I understand the tenslle strength was




Dr. Taylor-2 (3/3/75)

estimated, and please fill me in on how this was done. It
may be fortultous, but it is of interest to note that for-a
cylindrical pore with clrcular cross-section, the stress con-
centration factors are 3 and -1-for the stress at the pore
equator and poles, resp. In compression this gilves a tensile
stress 3qual to the compressive stress appvlied externally.

A tensile load, however, glves a tenslle stress at the pore
three tlmes the applied stress. The ratio of the compressive
to tensile strength then is expected to cqual three. The -
existence of a tensile stress at a pore =ven during compression
should facillitate tensile fallure under “hese conditions, as

I mentioned earlier.
e During thermal shock on heating,.a brittle material can

fail in tenslion or in shear depending on geome*ry. Protrud-
ing corners on irregularly shaped particies will shear off on
heating, which tends to spheroidize the particle. A near-
spherical particle will fall in tension because of the tensile
stress state in the particle interlor. In this case, the -
fragments tend to be of conlical shape. I mention this for two
reasons. On thermal shock by heating we should keep track of
both the tensile and the compressive thermal stresses (1. e. ,
320 and 500 psl as given in the next-to-last report.) om
cooling these stress values are revemed. This tends to make
thermal shock by cooling more severe than thermal shock by
heating, for the same Bliot number. Cooling is expected to

be more severe also for the reason that =t the higher temper-
atures from which cooling takes place, the thermal conductiv-
ity tends to be lower. This increases the Biot number and the
corresponding tenslle thermal stress. Thls is why it is vital
to firmly establish values for the Blot number in order %o
render the thermal stress calculatlons mcst meanlingful quanti-

tatively.

The other reason why I bring this ur i1s that an examin-
ation of the shape of the fragments may tell us something of
the failure mode. Generally, on heating a britile material
will fail catastirophlically into 2 relatively small number of
fragments, which for a spherical particle tend to be cone-
shaped, as I mentloned. If the fragments are cone-shaped,
you may possibly conclude that fallure occurred on heating.

' On cooling, generally fallure occurs non-catastrophically,

by the formation of numerous small cracks on the surface, giv-
ing rise to loosely attached fragments. Such fragments can
be removed gradually by the aerodynamic forces, leadlng to
gradual breakdown of the catalyst particles. In other words,
such degradation would be a two-stage process.
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3. The following thought occurred to me after the meeting.
Although I have not read the specific wori-statement and have
rot talked to Dr. Webber as yet, -I unders:and thut the aim of
his aralysis 1s to superpose thermal stresses resulting fronm
thermal shock and internal stresses arlsiig from gas pressmres
within the pore. This approach is quite rroper in order to
analyze failure mechanisms. I wish to su;gest a further con-
plicating factor which should be taken in“o account in such
an analysls as follows: As the result of the flcw of heat
during the translent heating or cooling, the disturbing effect
of the pore on the temperature glves rise to micro-mechanical
thermal stresses around the pore perimeter. These stresses
exist ir addition to the continuum thermal stresses (as con-
centrated by the pore) and the stresses wilch arise from the
internal pressure. All three stress systems need to be con-
sldered. Appropriate literature references for these micro-
mechanical thermal stresses are: .

Tauchert, T. R. J. Comp. Matls. 2 (4) 478-86 (1968);

3 (1) 192-95 (1969). '
I hope that sometime in the future I may be able to get together
with Dr. Webber to discuss these aspects n greater detail.

4, I wish to make a minor comment on the data for particle
breakdown in the simulated crushing test. Please give me

some more detall on the partlcular screening operation used,
but generally, screening itself can result in particle break-
down. This is a common problem in carryirng out and interpret-
ing screening tests. In my opinion (subject to correction)
the data for particle breakdown for pressure less than 100 psi
are the result of the screening subsequent to the compression
‘testing. If so, we can conclude that for pressures less than
some 100 psi the resistance to compressive breakdown is even

more than suggested by the exverimental dzta.

5. I was intrigued by the observatlons reported By United
Aircraft, which at least to me seem to suggest that at least
one of the contributing mechanisms of fallure can be attribut-
ed to particle rupture due to internal preseure bulld-up.
If so, it may be worthwhile, as I suggestcd at the mesting,
to carry out a simulated test which would involve a rapid
decompression of the catalyst particles inpregnated with an
approprlate 1iquid. I reallze that the ccntract already
speclfies the tasks and thelr rates of effort (generally I
am accustomed to some greater flexibility). Nevertheless,
1t may be wise to carry out such a test at some later time,
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Dr. Taylor -4 {2/3/75)

Ll

pernaps as vart of a progran extension, Sluce particles csan
be fatigued by this mecnsnise, such tests if deemed worth-
while, should include single as well as multiple deconpressions.

il

6. I wus very pleased to learn more about the actusl struc-
ture of the catalyst particle, Neverireless, 1 would like

to see some SEM's of the internal structure of a fresh alumina
and lmpregnated particle as vell &s a used particle ard of
fragments resulting from actual service. Xevertheless, I
understocd that the Ir i1s located on the pore surface in rel-- :
tively 1solated particles. This helys a great desl in sre-
¢lcting property values, becsuse Ifor a numbter of properties

the Ir cennot coatribute much, such as for strength, thermal
coaductivity and elastic dbehavior. Density and specific heat,
of courese, are expected to depend on Ir conteni. As a resgult
gsome of the values I estimated earlier snould be re-assesged.
These estiuwates depended in part on theorctical solutlons for
materials coataining near-spherical inclusions. Pending examin-
2tions of some SEM's, tne lattcr structure does mot appear
“““““““ 1atc to the catalyat. Neverthel:iIss, we Cau wane & nuam-

ber of educated guesses.

¢

P R

4

o i

From the rathar low value oi Young's modulus, I conclude
that the alumina consisgts of & migs of particles wnlich are
only lightly bonded together. Incdlrectly, this value of Young's
modulus is confirmed by Dr. Webber's thermal stress analysis,
since for the Blot nuudber of unity, my orlginal value of Young's
modulus would result in unrealistically hlgh therwmal stresses
in comparison to the titrength values. We can use the value
of Young's modulus as a gulde in estimating other property
values, since to A very first approximation those prcpertics
affected by pornsity follow similar relative dependence on
pore convent. This glves us a handle on thermal conductivity,
for i1stance. A3 a result I attack & new list ¢f estimated
property values, whlch again 1s open to further revielon when
qmore information becomes avallable ar the program progresses.

Aa far as property measurements are concerned, 1t may bve
of interest tu polnt out that in our ceramics laboratory wve
have recently installed equlonent wilch measures thermel dif-
fusivity by tne laser flash technique. This requires a circu-
lar disc specimen 0.5 inc: 1in diameter by about 0.1 to 0.2
inch thlck. If a speclwen of those dlmensicns could be acqulred
(such 8s the alumina with ¢r without the Ir) we will bte most
kauppy te rivn it through our aopparatus tuv measure tnermal dif-
fuslvity and calculate thermel conductivity. 1t should also
be possible to determine the Aiffusivity of m catalyst Af a
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sultable specimen holder can be devised. incidentally, a
value of thermal conductivity can be very vseful in veriiying
the Blot number used for the thermal stresc aralysis. ‘

T. A further mechanism of particle degradation wnlch has
occurred to me may be attributed to the attrition procedure.
The damage to the particles durlng attrition may result in
falrly loosely bonded fragments which detach themselves during
operation. I suggest that an ultra-sonic cleaning operation
following attrition can be of benefit in removing these loose-
ly bonded fragments. Clearly, durlng such ultra-sonic clean-
ing additional particle impact should be avolded by using

dilute suspenslons.

8. I suggested earlier that possibly an internal fatigue
mechanlsm may be operating which on heating and cooling results
from the cycllc stressing due to the slight differences in
coefficients of thermal expansion of the alumina and Ir. It
may well be that as the result of this internal fatigue the

Ir becomes detached from the pore surface and finds its way
out., If so, we would expect that the dust clogging the bed
should be richer in Ir than the original catalyst composition.
Were compositions ever determined? If not, one might do this.

9. Clearly at this time, we cannot say anything about the
actual fatigue mechanism with any degree of confidence.
Nevertheless, we might give some thought to a pre-sorting

or prooftesting operation which would rapldly eliminate those
particles which cause the difficulty.

For instance, 1f it turns out that the compresslve strength
test of the single or bed of partlcles correlates well with
the fatigue behavior, we might proof-test by passing the par-
ticles through a set of rollers or use the impeller impact
test used by the abrasive industry for testing friabllity or
toughness of abrasive grain.

On the other hand, if we find that breakup occurs because
of internal pressure, a batch process involving decompression
could be designed. In this resvect, it is my thought at this-
time that it may well be that the denser, stironger particles
with the smaller pore slzes are more likely to break up because
of internal pressure. It could be of interest to examine the
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Dr. Taylor-6 (3/3/75)

fracture surface microstructure of those purticles which
falled in the testing done at P. and W.

If we find that thermal shock is the culpri<, a quenching
of thc particles may be in order. Or, in this case, thermal
shock resistance can be lmproved by decreaclng the particle
size, which lowers the 3Biot number.

Since it 1s my feeling at this time that the mechanical
behavior of the particle primarily is convtrolled by the proper-
tles of the ulumina, 1t may well be profitable to carry out
these prouf-tests on the attrited alumina particles prior to
Ir lmpregnatlon.

These are my thoughts and recommendatiors at this time.
Flease call me if I cen give any Yurther clarlfication.

Best wishes.

Slinpcerely,

[y

D, Y. H. Hasselman, Director
Ceramice Research Labora*ory

Professor, Ketallurgy and ;i
Materlials Science

3l
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Dr. Taylor-T7 (3/3%/75)

Table I. Estimated property values for sirzle particles
of Shell 405 catalyci. (3/1/75)

1. Volume fraction Alp03 0.932

2. Volume fraction Ir 0.068

3. Theoretical density (gm/cc) 5.06

4, pPorosity (%) 56

5. Young's modulus (10° psi) 3.0

6. Poisson's ratlo 0.25

7. Shear modulus (10° psi) 1.2

8. Bulk modulus (105 psi) 2.0

9. Coef. th. exp. (°c~1) 0-100% 6.0 x 10'6

10. Th. cond. (cal.cm™'.s=1.°c™')
R. T. o x 1074
800 °C 0.67 x 10~%

11. Specific heat (cal.gr". c-1) 0.19

12. Th. diffusivity (cm2.s~1)
R. T. 4.7 x 1074
800°¢c 1.6 x 10~%
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LEHIGH UNIVERSITY
Bethlehew, Pennsylvania 13015

Miaterials Research Center

March 21, 1975

Dr. W. P, Taylor

EXXON Research and Engineering Company
Government Research Laboratcry

P. 0. Box 8

Linden, N. J. 07036

Dear Bill:

Vic Moseley of Bell Aerospace s.nt me a section of thelr
proposal, which contalned a great deal of information on the
Shell 405 catalyst. I still have to ebsorb most of 1t but
here are a couple of preliminary comments:

1. The Bell proposal lists a value ¢f thermal conductiv-
ity of approx. 0.75 x 10-6 BTU/in sec “F. If my conveision
is correct this value corresponds to apovrox. 1.4 x 10~% cal/
cm sec * C. FPFor the single partlcle I eatimated a value of
thermal conductivity of 2.0 x 107 cal/cm gsec * C at the same
temperature. Since the bed is expected to have a somewhat
lower thermal conductivity than the individual particle, my
estimate appears to oe fairly well on target., This Jjustiflies
the assumptior I used for my estimate, namely that the rela-
tive effect of Porosity on properties such as thermal conduct-
ivity and Young s modulus 1s the same to a first approximation.

For the higher temperature, my estimate was based on the
temperature dependence of the thermal conductivity of the
s0l11id alumina, which decreases with increasing temperature.
The experimantal data shown in the Bell report show an increase
of thermal conductivity with temperature. Although this in-
creagse 1s somawhat greater than I would expect, nevertheless
it indicates that radiation heat transfer can make a signifi-
cant econtribution to the overall thermal conductivity.

This positive temperature dependence for the catalyst
pellets in contrast to dense ceramics may well make thermal
shock on heating (cold specimen) more severe. than on cooling
when the specimen is hot.
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Dr, Taylor-z (3/21/75%)

2. In regard to thermal shock, the Bell proposal lists
a value of heat transfer coefficlent of 2000 BTU/ft<hr ‘F6
Teking the value of thermal conductivity of K- 0.7% x 10~
BIU/in sec °F and £ particle radius of C.01 inch, ylelds a
value of the Biot number of the order of 600 (cf course, assum-
ing again that my converslons are ccrrect). Such 8 value is
far higher than the value of unity used by Bill Webber. Even
taking a value of K - 10 BIU in/ft2hr ‘F (as quoted by Bell
for a single particle) stil) yields a valu. 0of the Blot number,

m > 20, for the mame pori.cle size and heat transfer coeffic-
lents.

A very crude calculation,  (open to corrections) showed that
for a tensile streagth of 10’ psl, the particle can undergo a
total tenperature change of 1040 and 1200 ©C for m - 20 and
600, resp. Since, in practice, these values are sowewhat less,

the perticle is not expected to fall, at leagt not during the
firgt cycle.

Another way of looking at this is that for a ficval surface
temperature of 1110 "F (~ 600 ' C), the thermul stresses for
the same sized particle originally at 0 'C, will be 500 and
550 psl for m ~ 20 and 600 resp. {(Aguln, crude estimates).

Tnese stregg velueg are sufflcisnil; kigh in cowparison to

the tensile strength of around 107 pgi, that weakening and
everitual breakup can occur by thermal fatlgue. Thermal fatlgue
predictions can be carried out for homogeneous ceramic bodies,
asg we are doing now in our laboratory. But I doubt that such
predictions for the catalyst with itg highly complex structire
can be quantitatively meaningful, unless these ware performed
at a rate of effort far greater than is avallable or even
Justifled at this time.

3. A further questior occurs to me. WwWas the Shell 405
catalyst developed to give maximum reactivity by making as
porous a sgiructure as possible at the expense of long-term
gtructural integrity? And if so, could a trade-off be made
such that a stronger catalyst be developed at the expense of
2 sglight decrease in reactivity?

Your commenteg are invited.,

Sincerely,
N -~
ek
/
D. F. H. Hasgelman, lirector
Ceramics Research Latoratory

Profeesor, Metallurgy snd
Materlels Sclencs

P. S. I Just received yousr report and will look &t it ap soon
g I can,
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