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ABSTRACT

The general objectiwve of t -hi,_M: in5;igatilon is A,he developmnP-'"nw fuels
and new .'uel systems whý.ch wil] provide the cool.ig arid propuision - .ts of
advanced oir-breathing engines. In previous studies on the utiliza Ido-
t;he~rrc reactions o' hydrocarbon fuels, the --atalytic dehydrogenazioi . tbenes
showed the mos , pr(mise co" practical applicatiolis. In .mtinuing these sta:ies,
n large number of catalysts were prepared and tes+.ed for activity and stability.
for the dehydrogenaticn of methy' 3yclohexarne and dE calý,. The sTability of support-
ed platinun catalysts for these reactions was affected by the physiLnl properties
and chemical om.position of the suppo)rt and 'by the metal eonterit and mret-al composi-
tion of the catalyst. •cyclo(2."'(,2)octane was dehydrogenatad to bic,.yc2ooct-fie i
low yield with a supported platinurm catalyst. Additives were found which erhanced
the rate of thermal cracking of' paraffins. Impx-toed wall catalysts iere formulated
for the dehydrogenation of' naphthen-s and a mrathe•na ti!,el model was developed for a
catalytic wall reactor. Various fuels were evaluated for thermal stability in both
our standard ASTh aok,. and a special Alcor JFTOT unit desIgned for operation up
to IO00°F and 1000 psi,. The high temperat',,e thermal stability of fuela was im-
proved by means of additives. The deposit profiles ors coker tubes were reproducibly
determrnlied with a recently developed beta-ray ba~kscatter instrument which is capa-
ble of measuring deposit thiccnesses up to 2500 A. 1Te physical, properties of JP-7
jet fuel were recalculated using improved methods. The new values compare favorably
with data obtained fron heat transfer experiments. The supersonic combustion of
decalin, tetralin and naphthalene was investigated using the shock tube. A litera-
ture survey was made of' airticles and patents of interest to this an4' related pro-
grains.
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HYDROCARBON FUELS FOR ADVANCED SYSTBM1S
IN'"-(N

As vehicles propelled by airbreathing engines are being designed to fly
at greater speeds, thermal problems multiply and cooling needs increase. The most
critical regions which require cooling are leading edges and engines. Although
thermal effects can be somewhat accommodated by improved materials and passive cool-
ing, sustained hypersonic flight in the atmosphere requires a substantial heat sink.
Mechanical refrigeration or a noncombustible coclant can be used for cooling, but
the fuel remaii's as the most efficient source of heat sink.

The speed limit on vehicles in the range above Mach 4 will depend on the
cooling capacity of the fuel. Fuels such as hydrogen, methane, and ammonia can
furnish a heat sink only through sensible heating and vaporization, whereas hydro-
carbon fuels can provide additional cooling through endothermic reautions. Hydro-
carbons can undergo both thermal (noncatalytic) and cstalytic endothermic reactions.
Theoretically the total heat sink of hydrocarbon fuels range from 50 to 112% of
the cooling capacity of hydrogen, based on heat sinks normalized by the heat of
combustion. Laboratory proven capability has achieved 85% for catalytic reaction
accompanied by sensible heating and vaporization, whereas thermal reaction, such
as cracking, with heating and vaporization has been limited to 55%.

Catalytic reactions of interest include dehydrogenation, dehydrocycliza-
tion, and depolymerization. The most promising type that has been studied is the
catalytic dehydrogenation of naphthenes. A typical example of this reaction is
the dehydrogenation of methylcyclohexane over a platinum on alumina catalyst.
Other promising reactionp are the catalytic dehydrogenation of dicyclohexyl and
decahydronaphthalene.

Until a few years ago the use of hydrocarbon fuels in advanced engines at
speeds greater than Mach 3 was no more than a concept. Studies under contracts
AF33(657)-11096 and AF33(615)-3789 investigated the possibility of using hydrocar-
bon fuels under the severe conditions of hypersonic flight. These programs were
directed toward evaluating the capability of these fuels in advanced engines and
developing the information necessary for the design of systems for the promising
fuels.

The current contract is a continuation of these past programs with emphasis
on extending the knowledge and improving the capability and performance of known
hydrocarbon fuels. In addition, investigations of new candidate fuels and new
techniques for utilizing hydrocarbon fuels are continuing.

Areas of investigation in the current program are the study of endothermic
reactions and the determination of properties and cTharacteristics of hydrocarbon
fuels. The catalytic and thermal reactions of different fuels are being investi-
gated and the kinetics of reactions with significant heat sinLks are being measured
and analyzed. Catalysts are being studied with the objective of optimizhng the
composition and geometry so as to improve catalyst activity, stability, and per-
fortnance. Properties and characteristics of fuels are being determined experimen-
tally and theoretically. Gas properties can be predicted reliably, whereas liquid
properties must be measured. Thermal stability and combustion characteristics of
fuels are being determined by experimental work.
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SUMMARY

As hypersonic aircraft and missiles are developed with increasing speed,
the need for engine cooling multiplies. The fuel used in an engine is a convenient
coolant for this purpose, absorbing heat as sensible heat and latent heat of vapor-
ization. Certain hydrocarbon fuels can furnish additional heat sink in the form of
endothermic reactions. Possible endothermic reactions include thermal reactions
such as cracking, ajid catalytic reactions such as dehydrogenation, dehydrocycliza-
tion, and depolymerization. Of these, the catalytic dehydrogenation of naphthenes
to aromatics is currently the most promising type of reaction. Reactions of this
type are very selective and proceed rapidly to achieve high conversion. The total
heat sinks for these reactions compare favorably with heat sinks for other fuels.

Over forty-five catalysts were evaluated in bench-scale studies for stability
in the dehydrogenation of naphthenes without added hydrogen. Almost all or tne
catalysts contained platinum either alone or with other metals as bimetallic or
trimetallic mixtures; these were mounted on eighteen different supports. In short
tests with decalin (30 minutes) at 10 atm pressure, six catalysts showed moderate
stability at 1200 0 F and good stability at lower temperatures. Four of these
catalysts contained platinum on four different supports; the other two were bimetal-
lic and trimetallic mixtures. In less severe tests with MCH nine of the catalysts
showed moderate stability at high space velocity (LHSV = 100). Based on the tests
with decalin it appeared that catalyst stability was affected by catalyst support
composition, physical properties of the support, and the catalyst metal content
and composition.

Exploratory studies with bicyclo(2,2,2)octane in a pulse reactor showed
that this naphthene could be catalytically dehydrogenated to bicyclooctene. Yields
were low (ca 26%) and the reaction was cuite sensitive to catalyst properties and
reaction conditions. With one catalyst bicyclooctene was formed using He carrier
gas but not with H2 carrier; with two other catalysts containing platinum, bicyclo-
octene was formed with one catalyst but not with the other.

I'enty different additives were tested in the pulse reactor as free radical
initiators for enhancLng the ra te of the thermal cracking reaction. Of the addi-
tives tested six gave substantial increases in the rate of cracking of n-dodecane
at 1100lF. The most effective additIve cauosed an increase in conversion of about
75%.

Addition of 50, propane to methylcyclohexane enhanced the reactivity of
MCH at and belcw 932 0 F but reduced reactivity at higher temperatures.

Devew•hpment of granular and coating catalysts and screening of catalysts
for dehydrogenetion activity have continued. Many additional granular catalysts
have been prepared which consist of one or more metals on various supports or
mixtures of several unsupported metals. Development of catalytic coatings for
metal surfaces have continued in order to improve ease of application, mechanical
properties, adherence to metal surfaces, and catalytic activity. Candidate coat-
inýs in platinized granular form have been evaluated in tests in the micro catalyst
test rcactor.
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The need for obtaining intrinsic reaction kinetic data in the -iosence of
heat and mass transfer effects has been discussed. Packed bed reacto's bave a
number of drawbacks and some kind of recycle reactor must be used. A catalytic
continuoun stirred tank reactor is appropriate and one has been designed to measure
the kinetics of the dehydrogenation of methylcyclohexane and decalin.

A mathematical model of the catalytic wall reactor configuration has been
developed. The model is one-dimensional in fluid flow, but accounbs for radial
heat fluxes. Differential equations describing temperature, pressure and Coonversion
are integrated numerically along the reactor. The experimental data on methylcyclo-
hexane dehydrogenation obtained in the Fuel System Simulation Test Rig (FSSTR) are
Sd!scussed and compared with the model. After slight modification of the kinetic
parameters, the model agreed well with the experiments. Approximations and possible
modifications of the model are also considered.

Test runs were made on the dehydrogenation of decalin with three different
catalysts in the FSSTR. Shell 10860-146 catalyst waj far superior in activity and
stability to Shell 10280-113 and UOP-R8 catalysts at c0 .r '-sions up to 80% and
outlet fuel temperatures up to 1050 0 F. The two latte- catalysts were comparable
-in initial activity, but Shell 113 catalyst was muct. .ess stable than UOP-R8 cata-
lyst at higher temperatures.

A problem in the determination of fuel thermal stability by a heat transfer
device such as the ASTM Coker is the uncertainty in evaluating both the amount and
the distribution of the deposits on the tube at the conclusion of the test. While
it is usually possible tD rate deposits by appearance on highly polished aluminum
tubes, many other metals such as stainless steels and nickel change color when
heated, even in inert environments, and this complicates the visual rating. To
solve this problem we have built a '- ,ta-ray backscatter instrument which is capable
of evaluating deposit thicknesses up to 2500 A. We have demonstrated that the
deposit profiles on coker tubes can be reproducibly determined. The calibration
of this instrument on aluminum tubes has been accomplished, and similar calibra-
tions on stainless steels and other metals are in progress. We have measured
deposits from several sources, and in many cases the geographical distribution of
deposits measured by this instrument is the same as determined by the optical
methods of evaluation. However, the relative values vary greatly, and in some
cases even the geý,graphical distributions are different. In fact, it appears at
this time that the beta-ray backscatter instrument is capable of giving a truer
picture of deposit distribution than the optical method.

One recent addition to the battery of' equipment being used for evaluation
of fuel thermal stability is a special Alcor JFTOT unit, designed for operation
up to 10000 F and 1000 psi. Although the equipment has not been operated as yet up
to its maximum capability, considerable data have been obtained with it under less
severe conditions with excellent results. Good agreement has been found between
data obtained with this equipment and those obtained with our standard ASTM Coker.
However, same difficuilty has been encountered at high temperatures due to a ten-
dency of the thin aluiminum tubes to buckle. Attempts to correct this by the use
of TEFLONO 0-rings and a conducting grease at the bus-bar clamps were not success-
ful.
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About 50 compounds have been screened on the SD/M-7 Coker for their pos-
sible use as fuel additives in improving high temperature thermal stability. Six
of these have been found effective in the liquid temperature range of 675 to 7000r,
and the best. of them increases the thermal stability breakpoint by 125 0 F liquid
or 1600 F metal temperature.

A storage stability experiment on high purity MCH, which was initiated
about 4-l/2 years ago, has been terminated with the removal of the samples from
the hot room and their examination. The samples were stored in one-gallon epoxy-
lined pails with a 2:1 gas/liquid ratio at 130'F, the gas compositions ranging
from pure oxygen to pure nitrogen. The remarkable result was that all the samples
appeared equivalent to their original condition; no deterioration had occurred
that could be ascertained by color change, gum determinations, or thermal stability
testing with the SD/M-7 Coker. Some tests have been made for the selection of the
most favorable antioxidant for SHELLDYNE-H® hydrocarbon fuel. Samples were tested
with various commercial inhibitors under accelerated conditions. 200OF in the
presence of excess oxygen for 18 and 30 hours. Although the results were not clear
because of difficulties with gum determinations, the most effective antioxidant
for SHELLDYNE-H' fuel appears to be the amine inhibitor, di-sec-butyl p-phenylene
diamine.

A new batch of MCH, synthesized by toluene hydrogenation, has been tested
in the SD/M-7 Coker, and is now being filtered to meet thermal stability specifi-
cations.

Revised physical properties for JP-7 jet fuel were calculated by improved
predictive methods. Pr perties were estimated for saturated gas and liquid at
suberitical temperatures and for the gas at superci-tical temperatures and differ-
ent Dressures. These revised values are considered to be better than previous
properties, especially for the liquid heat capacity and thermal conductivity. The
revised properties agree quite well with properties of similar mixtures, and com-
pare favorably with data from heat transfer experiments.

Ph sical properties were estimated for binary mixtures of methylcyclo-
hexane (MCH and a low molecular weight hydrocarbon (ethane, propane and n-butane).
These were prepared for use in future studies on fuel cooling of advanced engines.
Mixture properties were determined from known- properties of the individual consti-
tuents. Melting and freezing points of MCH-propane mixtures were measured and used
to calculate melting point depressions for the desired mixtures.

The surface tension of SHELLDYNE-H- hydrocarbon fuel was measured at three
temperatures. These results were correlated, and the correlating equation was used
to estimate surface tension at higher temperatures.

The supersonic combustion of decalin, tetralin and naphthalene were inves-
tigated using the shock tube. Met' ods of accounting for attenuation were compared,
and the best one was found to be the use of a constant value (0.001) for the atten-
uation coefficient. The ignition delay time correlation was modified by adding the
effect of fuel concentrrlt~on. The data obtained on oecalin and tetralin and much
of thr do ta on ignition dely times obtained earlier were correlated usin.r the new
equation. A statistical analysis showed that the correlations could not be analyzed
by st:indoi., Letr'cihnues. The me-iAoW of' fit ting: the parameters in the equat:ion to
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the experimental data was ilso discussed. In general, it is seen that oxygen hls.
the effect of reducing the ignition delay times, while increass in fuel concentrra-
tiai tend to increase it. The r',te of combustion of tetra]in was also measiirod.

From iirn4ted data it seems that temperature, oxygen, and fuel all tend to increase
the ra e of combustion. As has been observed before, the activation energy .13
fairly low.

Pertinent articles and patents that appeared in the literature during the

past year were compiled into a bibliography. Tis survey covered the following

subjects: Advanced Piels, Physical and Chemical Properties of Fuels, Thermal

Stability of Fuels, Fuel Contaminants and Additives, Catalysts and Catalytic Reac-

tins, Heat Transfer and Fluid Mechanics, Combustion, and Advanced Engine Develop-

ment.
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LABOR8ATORIY STUDIFc) OF CATALYTIC AND THERMVAL REACTIONS

'Me bench-scale studies of cdndidate Gndothermic fuels and their catalyst
systems that were initiated under the previos contract are being c n1i ued. Tests
were conducted in apparatus devzeloped under the previous contreCt)' 2, 3

Extending the work on the stability of catalysts for the dehydrogenation
of naphthenes, over fcrty-five catalysts were evaluated using the dehydrogenation
of decalin and of methylcyclohexane as the test reace ions in our bench-scale sys-
tem. The dehydrogenation of bicyclooctane was studied in a pulse reactor as part
of our exploratory seare for additional endothermic fuels. A number of additional
additives were tested as free radical initiators for t+e therml cracking of
n-dodecane.

BenchnScale Catalyst Stability Studies

Work under the previous contract -howea thdt there were con3iderable dif-
ferences in the stabilities oý qupported platinum cat•ilysts foT the dehydrogena-
tion of naphthene reactions. 2 )3) Further, preliminary stadies with a few commer-
cia. and laboratory catalysts showed that stability was strongly affected by the
catalyst pore structure. . As the most efficient catalyst for naphthene iehydro-
genation appears to be platinm, 't was of interest to expand the stndy of the
stability of this catalyst system. The purpose of the work was to study the
variables that influenced stabili &y, with the subsequent P m of optimizing the
cStalyst composition.

Under the present contract about forty-five catalysts have been evaluated
for stability using the dehydrogenations of decalin (DHN) and methylcyclohexane
(MCHi) as test reactions. Three of these catalysts contained no platinum. The
remainder consisted of fourteen different elements combined with platinum as bi-
metallic or trinmtallic mixtures or compounds and mounted on twelve different
supports. The variables under study were composition of catalyst support, physical
properties (5f the support, metal composition, metal content, and metal dispersion,
A detailed description of the preparation of these catalysts is given in a later
section.

The tests were done In our bench-scale laborqtory reactor system which
wus a tubular flow re-cctor equipped with conventional devices for measuring feed
flow rate,- and for collecting liquid and gas products. The reactor was a 3tainle~s
steel tube (No. 7,4-, 1/2-in. -P!) 52-in. long and 5/8-itn. ID., which was heated
by an electric furnace. The cat4lyst was contained in the aruiular space between
the thermoweil and the reactor wall. In order to supply heat rapidly to the
catalyst bed, the annular distance between the thermowell •ire the reactor wall
was about 1/16 !1., which was about one-pt•llet diameter. '.e cawalyst bed was
about 4-1/2-in. lonrn ard had a volume of 7 mi.. Pror to carrying out the experi-
ment•,ý the catiklysts were reduced in situ with hydrogen for 50 minctet.C at 572°F

S 0 c)00 and then fo;' one hour at the reactior em Lqr~.ure. The complete apparatus
vas descrihed In detls [1 in a previous report.:'•
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The reactor wall temperature was measured by a thermocouple pressed against
the outside reactor wall by the furnace block and located about I in. below the top
of the catalyst bed. The catalyst bed temperatures were measured by thermocouples
cnitained in the thermowell. The thermocouples were I in. apart and the top therm-
ocouple was about '12 in. below the top of the catalyst bed (the flow was downward
through the catalyJ.t bed). The "effective" catalyst temperature was between the
reactor wall temperature and the catalyst bed temperature.

Durinig re-iction the catalyst bed temperature (thermocouple measurements)
was considerably _wer than the furnace block temperature due to the endothermic
heat of reaction. As the catalyst deactivated the catalyst bed temperature in-
crea.?ed and the magnitude of the temperature increase was taken as a measure of
catalyst deactivation. Another quantitative indication of catalyst deactivation
was the movement of the "cold spot" down the catalyst bed.

Product analyses were done by GLC from which conversions and selectivities
were calculated.

Dehydrogenation of Decalin

The catalysts were tested at 10 atm pressure and a liauid hourly space
velocity (LHSV, volume of feed per volume of catalyst per hour) of 100. Each
catalyst was tested initially at. 842 °F, and then at successively higher temperature
(in 90°F increments) through 1202*F or until the catalyst became inactive. The
test period was 30 minutes at each Lemperature.. The feed (F-113 JWN) had the
following composition:

25.0% trans-DHN
7I74.6% cis-DHN
0.4% tetralin (THN)

The catalysts were tested in two groups, one of which contained catalysts
prepared under the previous contract for another purpose, and the other which
contained catalysts prepared under this contract. (The preparative methods are
described in a later section.)

The principal reaction products were tetralin (THN) and naphthalene (N).
With fresh catalyst high selectivities (90-10) to ThN and N were observed. When
the catalysts became highly deactivated side reactibns occurred that gave products
which emerged from the GLC before and after trans-DHN, after cis-DEN, and after N.
These products were not identified further, altl ugh those emer ing before trars-
DHN were assumed to be cracked material (i.e., lighter than DHN). Sme cis to
trans-DH isomerization was observed at the lower temperatures (8420 and 932 0 F)
with all of the catalysts. The complete data, includInt, product analyses, are
shown in Table 55 in the Appendix.

In the first series of runs, fifteen catelysts were tested that had been
prepared under the previoiuls cantracto These consisted of pure p7atinzn, platinum
combined with twelve other metals as bimetallic or trimeallic mixtures, and three
different non,-platinum bimetallic mixtures. The metals were mountei] on four dil-
ferent supports. The pertinent data are summi-rized in Table 1, whhch al so includes
data "or a few catalysts tested previousl. .. .an. slow activty (i.e-,
conversion) and deactivatiorn (i.e., tnornase in atrist tenpe-iture, ATIM OxF)

as fulctions of block temperatuire.
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The most stalle ctalywt in this series was Shell 157B (10280-157B). This
catalyst was a bimetallic platinum mounted on a granular Type ]. support. The sta-
bility (Fiure d.& was about that of Shell 46 (granular Type 1 support) and 1.1C
granular Tý-_-support) ýutr the activity was lower than that of the latter two
catalysts (Figure I). Another cataJst with good to moderate stability was Shell.
15A (i080-1 ,5A a trimetallic plat-nium mounted on a spiherical Type I support.
In fact this catalyst was the most stable of all of the catalysts containing this
support that have been tested thus fr. UOP-R16E, which is the UOP "high stability"
platforming catalyst, did not deactivate at 1112°F, but did slow q catalyet ýempera-
ture increase of 104 0F compared to only 36 0 F for Shell 15A. However, the activity
of this latter catalyst was lower than that of UOP-R1.6E (Fige 1). Thus Shell 15A
was more stable but less active than UOP-R16E.

The remainder of the catalysts in this series showed poor stability at
the higher temperatures (Table Fi ure 2).

In d second series of runs eighteen different catalysts prepared under
the present contract were tested. These catalysts were pure platinum or platinum
plus another element that were mounted on ten different supports. The preparation
Gf these catalysts is de3cribed in a later section. The pertinent test data are
shown in Table 2.

Of the catalysts tested in this series, Shell 135B and 142B were the most
stal le. Thus moderate stabilities with increases in catalyst bed temperatures of
470 and 56°F, respectively, were observed at :1202 0F (block) and good stabilities

at lower temperatures. The other catalysts showed poor stabilities at 1202°F
ranging from complete deactivation to temperature increases of 131 to 2270 F (Table
2). Figure 3 shows stability as a finction of block temperature for a number of
these catalysts. The performance -f Shell 135B and 142B was comparable to that
of Shell 46 and Shell 114C (Table 2) and these four catalysts together with 157B
are the most stable of these tested thus far. Actually Shell 135B and Shell 46
are nearly identical catalysts. They contained the same support and same Pt con-
tent, but the method of mounting the platinum on the support was different. One
of the catalysts ccntained chloride and the other was chloride-free. Within the
limits of our tests the performance of these catalysts was the same.

ihel i46 (loMO-416) was a large bitch of catalyst (500g) prepared in
"same nawier as was She' l U.6 and is intcnded forx uae in the IS3TR. In our tests
the perfznnance of this catalyst was similer to that crbvelwed with Shell 46,
possibly a little more active and a little more r stable than the latter, based on
the test data at 11,I20F (Table 2). Unfortwunately it wao not possible to complete
the test at 1202OF with Shell !16 due to plugging ef the liquid receiver with
naphthalene. This suggests that Shell 146 was a little more active (i.e., gave
higher conversion to naphthalene) thain She-I 46 as the receiver did not plug in
tests with this latter catalystý.

Activities (as measured by conversions) were different for the various
catalysts but in general the fK)re active catalysts were the more stable.

Tables I and 2 ae
Figires I tlrough 5 follow
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Figure 1. DEHYDROGENATION OF DECALIN: EFFECT OF

TEMPERATURE ON CONVERSION
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In ear ier work it was shown that stability varied greatly with the cata-
lyst supports. 3 1 Further it appeared that the best supports were those with smaller
pore diameters. Figure 4 shows the increase in catalyst bed temperature (zAT ) as
a function of average pore diameter of the support for catalystb with simila'r t
contents and supports at block temperatures of 10220 and 1202 0F. Indeed those
catalysts with smaller pores appear to be more stable.

Dehydrogenation of Methylcyclohexane

The MCH-catalyst system was considerably more stable than the decalin
system. Thus with our standard 1% Pt on Al2 0• catalyst good stability was observed
with MCH at 10 E tm pressure but not at 1 atm4 ), while with DHN good stability was
observed at 30 atm but not at 10 atm pressure.') Consequently in these studies
with MCH, stability tests were made at 1 atm pressure. Each catalyst was tested
at a single temperature, 852°F, in a series of successive runs with increasing
space velocities of 5, 15, 30, 50, 80 and 100 IHSV. The reaction time at each LHSV
was 30 minutes. The test was terminated if the catalyst became i-active before
reaching LSSV of 100. Fourteen catalysts were evaluated in these tests, four of
which had shown good stability with DHN. The complete data are presented in Table
56 in the Appendix, while the pertinent data are stmmarized In Table 3.

Catalyst deactivation was measured by the magnitude of the increase in
catalyst bed temperature during the 30 minute test period. Conversions and cata-
lyst bed temperatures increases et the highest LESV are shown in T which
also includes two catalysts for comparison that were tested previously (UOP-R8
and UOP-Rl6E). Conversion as a function of space velocity are shown in Figure
for 1% Pt and in Figure 6 for 4% Pt catalysts.

Of the catalysts tested during this period all but five showed little or
no catalyst deactivation at the highest space velocity (catalyst bed temperature
change was 0 ! 2 Table 3). This group included platinum mounted on both commer-
cial and Shell prepared supports. Our test was not severe enough or of sufficient
duR'.tion to differentiate between these ten catalysts; thus, all of them must be
con.idered to have comparable good stability for MCH dehydrogenation. Commercial
UOP-R8 appeared to be the least stable, but stability was improved greatly by UOP
by adding a "metal activator" (i.e., uOP-R16E).

Activities varied greatly between catalysts, and at IMSV of 100 the most
activ2 catalysts were commercial Girdler T-309C and 10860-11E. Six of these
catalysts have been tested with decalin. Further testing of the others with this
naphthene are p~hnned, as decalin gives a more severe test of catalyst stability.

In summnry, we have evaluated many catalysts for stability for the dehy-
drogenation of naphthenes without added hydrogen. Almost all of the catalysts
contained platinum, either alone or with other metals as bimetallic or trimetallic
mixtures, mounted (,m various ---pports. In the te'ots with decalin six of the
laboratory prepared catalysts showed moderate stability at 1202'F and good stabil-
ity at lower temperatures. All of these catalysts contabired platinum; one was a
bimetallic and one vas a trimetallic mixture mounted on four different supports.
With the less severe tests with MCH nine of the catalysts showed moderate stability
at high space VelOCILy. 'T~hese catalysts will be evaluated further with decalin.

- C) -
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Table • DEHYDROGENATION OF METHYLCYCLOHFXANE: SUMMARY OF
CATALYST STABILITY TEST DATA AT TERMINATION OF TESTS

Pressure: 1 atm Block Temperature: 842°F

Catalyst Bed
Catalyst Number LHSV MTemperatureConversion, w Increase, 0 F

10 2 80 .W4 a)d) 80 19.8 76

10280-l08 100 31.6 +2
10865-132C 100 30.9 0

d)l0860-i 55A 100 52.5 -2
* d)10860-137B 100 16.1 27

lo86o-14 2 Bd) 100 37.3 -2

1086o-170A 100 33.3 +2

10860-170B 80 10.7 i8o
1O860-!71A 50 Io.8 _b)

1o860-17IB 100 34.9 +2

IO860-171C 100 33.2 0

10860-I7'D 100 34.8 0

lo860-i7lE 100 41.4 +2

10860-196 80 2.9 2 9 b)

UOP-R8e)d) 30 15.5 16 8b)

UOP-Rl6c )d) 100 18.5 3 1 e)
Girdler T-309Cc) 100 44. 0

- Standard Catalyst rPt on A12 03 .
b) Catalyst almost completely deactivated at the end of the

test.
c) Commercial catalyst.
d) Also tested with decafl n.
e) Cold spot moved down the catalyst bed.
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Based on the tests with decalin it appeared that stability was affected
by v'atalyst support composition, physical properties of the catalyst, the catalyst
metal content, and composition.

This study is continuilng with other supports and metal compositions.
Longer tests are being ccnsidered in which the catalyst will be run for 50-100
hours at constant reaction conditions.

Dehydrogenation of Bicyclo(22,2 )uctane

Bicyclo(2,2,2)octane (BCo) is a monocyclic naphthene with a C-C bridge
acrose the 1,4-position. In principle it can be dehydrogenated to yield three
molecules of hydrogen according to the reaction:

The+2H 2  + +3 H2

The endothermic heat of this reaction is about 1200 Btu/lb for the first step and
possibly 1800 Btu/lb for both steps. Another possible reaction of BCO involves
small ring formation, thus:

+ 2 H2  - +2H 2  I

+ H-+ 6 H2 I

The total endothermic heat for reaction I is estimated at about 2300 Btu/lb and
for II over 4000 Btu/lb. Thus BCO is puzentially a very attractive fuel, even
though it way be difficult to carry out the reaction beyond the first steps.

An exploratory study of the dehydrogenation of BCO was initiated using our
pulse reactor. in this system a carrier gas such as heliuim or hydrogen flowed
through the reactor. A small amount of linuid feed (i.e., 1 tl) was injected into
the gas stream and was carried through the reactor as a "pulse". The exit gas
was led directly into a GLC for analysis. The reactor was a 1/4" O.D. stainless
steel tube (type 304) five inches long and was heated by an electric furnace.
This reactor system is described in detail in the Appendix. GLC analyses were
made with an F and M Model 5754 chromatograph using a hydrogen flame detector with
a 160' capillary column 0.010" I.D. coated with SF96.

BCO was tested under conditions of both thermal and catalytic reaction
at 10 atm pressure. Onie microliter or liquid feed was injected per pulse. BCO
melts at 334°F. Hence, it was dissolved in a solvent L order to inject it into
the reactor. Mesitylene (1,5,5-trimeth~ylbenzeno, TMB) and n-hexane were used gs
solv#r-nt!. Nithe- -ne was particularly ' Lsfctory; both were cat~alytically
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reactive nnd gave renction products similar to those obtained with BCO. The solu-,
bility of BCO in the above solvents was limited to about 30% A •MB and 40% in
n--hexan- .

Product identification was based on GLC emergence times obtained with
pure compounds. With B.U; numerous side reactions, ar'e possible such as cracking
and dealkylation leading to the formation of benzene,tolaene, ethyl benzene, p-
xylene, and their correspond-Ing naphthenes.

Thermal Reacticn

The thermal reaction was studied over the tewperature range of 5720
to 1202°F wit*h both helium an.d hydrogen carrier gag. Apjarent contact times (ACT)
were 4.2 to 0.2 seconds. %Apparent contact times were calculated from the carrier
gas flýi ra=tes and the void volime in the reactor tube. The void volume was assum-
ed to be one-half of the btlk volume of tfhe quartz (cps.) The reactor tube was
filled w-'m" quartz chips having r bulk lroivme of 2.1 ml. Feed was 25% BCO in
mesitylene ('MB). Pure Ti was t0ested sepa-ately. The complete data for '11B are
shown in Table 4.

With He carriei gas TMB was reasonably stable, and at contact times of
4.0 and 3.7 seconds, conversions of o,%ly 8.O% and 2.2% were observed at 1202F and
1112 0 F, respectively (7able 4). Iowez' conversions were observed at shorter ACT.
Base o.zn first, orde,: kixietics (see Atteriac) the apparent activation energy was
57.1 k. cal/mole (l2Or,' to 1112°F; AC;T = 3.7 see). Fie_ is anArrnenius plot of
•hi! dato.

With H2 carrier TMB was rons!derabl.r more reactive than with He at 120 2°F
but noot at 1112F. .Ilso the apparent activation energy was higher with H2 carrier.
For example with H2 and awi ACT of 3.7 seconds, 24.5% conversion was observed at
1202*F and only 2.4 at 1112°F, which co'responded to an apparent activation energy
of 79.2 kcal/mole (F

Products and product distributions appeared to be similar with both
carrier gases, based on GLC emergence times. With this hydrocarbon the principal
reaction product appeared to be ethyl benzene (peak no. 4, Table 4).

B3O war, more reactive thermally than 1MB by about & factor of 3 to 4,
based on first order rate constanits. F~irther, as was observed with TMB, BCO was
more reactive with h2 than He at 1202 0 F but not at 11120F. The complete data are
given in Thble which shows the values for the product analyses in parentheses

qnd ,-he calculated values on a TMF-free basis. These calculated values were also
corrected for any contribution to the various components by thermal. reaction of
TMB, using the data of Table 4. A typical correction calculation is shown in the
Appendix. With BC0 the lower moleoular weight hy'drocarbons were the principal
reaction products (possibly benzene or toluene).

Activation energies with BCO were 58.3 kcal/mole and 74.2 kcal/mole with
He and H2 , respectively. The data are shown imnLjEe.
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The enhanced reactivities of TMB and BCO with H2 carrier gas could have

been due to a hydrocracking-type reaction that occurred at a significant rate at

1202OF but not at lower temperatures. This would explain the higher activation

energies with H2 carrier, as the rate of disappearance of starting material at

the higher temperature with H2 would be due to two (main) reactions, while with

He only one reaction occurred (i.e., thermal cracking). This effect of H2 carrier

on naphthene reaqtivity was observed earlier in work with dimethanodecalin and

bicycloheptane. 3 ' Based on first order rate constants the reactivity of BCO was

less than that of bicycloheptane (BCH) by about a factor of 1.7 to 2.4 (Table 6).

Table 6. COMPARISON OF THMMAL REACTION RATES OF

BICYCL0 r2,2Ll-)HEPTAX% AND BTCYCLO(2,2,2)OCTANE:
PULSE RMCTOR

ACT = 4.o to 3.7 seconds Pressure: 10 atm.

Temperature Carrier First Order Rate Constant, sec"1 x 10O

OF Gas BCO BC_ .

1112 He 2.8 4.8

H2 2.1 5.0

1202 He 9.2 22.0

H2 21.4 37.0

a) Table 1', pg. 107, reference 3.

Catalytic Dehydrogenation

Dehydrogenation of BCO was studied over the temperature range of 5720 to

102-20 F with both He and H2 carrier gas. Two feedstocks were used, namely, BCO

dissolved in ThB and in n-hexane. Four laboratory catallysts were tested which

were 1% Pt on Al 2 03 (standard catalyst), lO860-132C, io86o-141A, and 11637-190.

In these studies 0.25 n. of catalyst was diluted with 1.0 ml quartz chips. One

ul of liquid feed was injected per pulse.

Two of' the catalysts were tested with the BCO in TMB feed (about 30% BCO)

at 572-752@F using He carrier gas. These were our standard catalyst and 10860-

132C; 132C was a bimetallic platinum catalyst. Liquid hourly space velocities

varied fron 172 to 686 based on total liquid fed or from 52 to 206 based on BC(O

fed.

With the standard catalyst (1% ,Pt), BCO conversion was observed at

the higyest temperature and lowest space •e1Acit (Tablej). Lower ccnversions

were observed at higher space ve'locittes and Trhwer temperatures. This is show-

in Figure 8 which shows conversion as a fuictit n of space ve'locity for each test

Table 7 and Figure 8 fol low

AFAF L-TR-70-71
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temperature. There was no measurement of catalyst deactivation during these tests;
hence, the conversion values are minimal. The complete data are presented in
Table 7 in the order in which the tests were performed. Pr.duct analyses, calcu-
lated on a TMB-free basis, are shown in the Table7, and the complete product
analyses are shown in parentheses. The calculated values were obtained assuming
no TMB reaction. This will introduce a slight error at the higher temperatures,
as, in a separate experiment with pure TMB at 752 0 F (LFSV = 172, He), it was deter-
mined that 1.6% TDB was converted to m-xylene (0.8%), toluene (0.4%), and unidenti-
fied products. Thus 1..6% should be the maximum error due to TMB reaction, unless
there are synergestic effects whe1n T1B is mixed with BCO.

First order rate constants, calculated from conversion of BCO, increased
with increasing space velocity. Presumably this effect was due to changes in
pulse shape with varying flow rate of carrier gas. Apparent activation energies
were calculated from the rate constants at the same space velocity and were 15 to
18 kcal/mole.

Product material was principally benzene and other alkyl aromatics. No
dehydrogenation products with bicyclo structures were observed. This suggests
that with this catalyst ring opening at one of the secondary carbon atoms is faster
than dehydrogenation of the ring, or unat the two reactions occur simultaneously.

Based on the first order rate constants the BCO was more reactive than
BCH. A comparison of the reactivities of the two naphthenes is shown below:

Table 8. COMPARISON OF REACTIVTTES OF
BICYCLO(.2.2, OCTANE AND

B ICYCLO2(2,1)HEPTANE:PULSE REACTOR

Temperature, 0F LHSV First Order Rate Constant, sec-'

BOO BCHO

1112 45-57 o.413 0.0c2
172-258 o.63o 0.070

a) Tab.e 51, pg 113, Reference 3.

Preliminary results indicated that considerably more catalyst poisoning occurred
with BCH, probably due t) formation of cyclopentadiene structures.

Catalyst 132C was more active initially than cur standard catalyst, but
deactivated appreciably with use. For example, initially 47.6% BCO conversion was
observed compared to aniy .31.1 with our standard catalyst (572"F, LRSV =12).
However, at 752°F (after successive tests at lower temperatures) only 58.4% conver-
slcn was observed compared t 91'k with the standard -,talyst. Finally, on return-
ing to the original test conditions (572%'O, I3V = 172) only 10.11, conversion with
132C was observed. Thus, this latter catalyst had very poor stability for BCO
dehydrogenation. The complete data are sh(yn, in 'T.ible 9.

Table ( fol•ows
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Product distributions were similar to those observed with the standard
catalyst, namely benzene and higher aromatic homolor es. No component with a
bicyclo structure could be definitely identified -n the dehydrogenation product.

A series of short tests were made with cdtalysts 10680-141A (141A) and
11637-190 (190) over the temperature range of 662 1022'F. Both catalysts contained
the same type of support; 141A was platinum only ttnd 190 was a binary platinum
mixture. The feed was 38% BCO in n-hexane. Tests were made at a single LHSV with
-a (LHsv = 65) and H2 (LHSV = 130) carrier gas.

"With catalyst 141A BCO was dehydrogenated to bicyclooctene in low yield.
"Best results were obtained at 9320 F with H2 carrier, wheri 22% BCO was converted
to bicyclooctene. Total BCO conversion was 83.5% which gr~v- a yield of 3lcyclooc-
tene of 26.4t (Table 10). Lower yields were obtained at lower and higher tempera-
tures and with He carrier gas. The complete data are presented in Table 10.

Besides bicyclooctene the principal reaction products were two unidenti-
fied components that emerged after bicyclooctene and before BCO (T2 and U3 , Table
10). plus a considerable amount of material that emerged in the CI region o. the
GLC chrcmatograph. This latter group could not be successfully resolved by our
anelysis system but appeared to be hexanes, hexenes, and benzene.

The emergence times of component U2 was about that of p-xylene, but the
emergence time for U3 did not correspond to any of the benzene homologues. Thus,
id&ntificaticn of these components is pending.

BCO conversions were about the same with He and H2 at 752 0 F and lower,
but at higher temperatures (952 0 -1O22°F) higher conversions and yields of bicyclo-
octene were observed with H2.

Catalyst 190 was less active, less selective for bicyclooctene, and for
same reason appeared to be completely poisoned by hydrogen at 842°F and lower
temperatures. For example, at 932°F BCO conversion was 77.5% with He co.apared to
only 5% with H2. Furthier, at 8W2-F there was absolutely no reaction with H2 car-
rier, although with the He 30.1% conversion was observed. This is interesting as
this catalyst was designed primarily for dehydrocyclization of paraffins (i.e.,
ring closure), in which H2 is part of the system. IThe complete data are presented
in Table 11.

In siuwmary, bicyclo(2,2,2)octane was catalytically dehydrogenated to b-cy-
clo( ctene in low yield in pulse reactor tests. The reaction "was quite sensitiv(
to catalyst properties and to reaction conditions. With one catalyst bicyclo-
octene was formed with heliun present but not with hydrogen, ano with two catalysts
containing platinum bicyclooctene was formed ith one but not with the other.
Present tests indicate that bridged-ring naphuhenes can be dehydrogenated but that
It may take a highly sophisticated naphthene-catalyst system to effect dehydrogen-
ation to the corresponding dienes or trienes with pood selectivity. The work is
continuing and ohher eatalysts and B)CO solvents are being considered.
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Table o . DWEYDROGENATION OF BICYCLO(2,2,2)0C)TANE OVymI CATALXST 10860-141A

Pressure; 10 atm
Feed: A8% BCO in n-Hexane
Catalyst Volume: 0.25 ml
Catalyst ,!t: 0.0966g
Pulse Volume: 1 4Ll
Catalyst Diluted With 1.0 ml Quartz Chips

Run No. 11767- 71-1 71-3 72-1 72-2 72-5 73-1 73--2 74-1 74-2

Carrier Gas He He H2  He H2  He H2 He H2

Carrier Gas Flow Rate I
cc/min 150 150 ;00 150 300 150 300 150 300

LASV
Total 172 172 343 172 343 172 343 172 343
BCO 65 65 130 65 130 65 130 65 130

Furnace Temp., 'F 662 *-752--- - 842 No 4-- 932 -, *- 1022 --

Product Analysis, 7.5

Cr nd lighter r .0 71.3 p.2 C0.4 7l.86 86.9 75,7 87,0 85.4
UTJ 0.0 c.6 0.0 0.5 0. .6 1.5 0.4 1.7
Bisclooctene o.8 1.9 M.8 3.0 4.0 2 . 4e) 8.4 2. 4 e) 6.5

U2d) 1.0 1.2 2.8 1.1 7.5 0.7 6.2 0.8 3.4
B3 0.7 1.4 1.7 1.7 2.5 1.0 1.9 0.9 0.8
BCO 26.5 23.6 23.5 ]3.3 13.6 8.4 6.3 8.5 2.2

BCO Co.nversion, %w 31.0 38.7 38.8 65.41 64.6 77.9 83.5 77.6 94.2

BCO Converted to BCO 2.0 4.9 2.0 7.8f)' 10.4 6. 22.0 3f) 17.0

Yield BCO= 6.4 12.8 5.1 12.0 16.o 8.0 26.4 8.1 18.0

a) Hexane, hexene, benzene, cyclohexane, and lighter than C3.
b) Emerged before bicyclooctene - unidentified.
c) Uinidentif ed; emerged after bicyclooctene.
d) Uniderntified; emerged after U2.
e) Two unresolved peaks; one was bi'cyelooctt ne, the other my have been bicyclo-

Octadlene.
f) Assume this ccmjx)onent is tll. bicyclooctene.

T 1] 1 I followsfnbi U lB ow
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In this respect it is of interest to test BCO-MCH and BCO-DHN feed systems.
Presumably interpretation of product analyses should be simplified as the two pure
naphthenes dehydrogenate t- tzluene and to tetralin and naphthalene over these
catalysts. These feeds ,ouLf? h'ave a practical application also as successful dehy-
drogenation of BCO in ITY Tn el'fect would be extending the heat sink range of this
latter naphthene.

Thermal Cracking of n-Dcaecane UsigAdditives

There is considerable interest as to the maximum amount of heat sink that
-.an be obtained with a paraaffinic type jet fuiel (JP-Y). The latent and sensible
heat obtainable from this Tr-erial is about 1000 Btu/lb when heated to 1300 0 F. An
additional 300 Btu/lb could >' obtained by thermally cracking the fuel to about
50% conversion. Howe, -. .Ider conventional cracking reaction conditionas some
coke is produced, which is undesirable. Also, the rate at moderate temperatures
is too low. Under the previous contrart an investigation was initiated as to the
possibility of enhancing the rate of thermal reaction with concurrent reduction in
coke make, usisLg free radical initiating fuel additives. This work is being con-
tinued under the present contract.

The experiments were done in the pulse reactor, which is described in
detail in the Appendix. In this system a -tream of carrier gas flowed through the
reactor continuously. At the desired time a small amount of feed (ca I microliter)
was injected into the carrier gas stream and subsequently passed over the catalyst
as a pulse. Reaction products, or a slip-stream sample thereof, were led directly
into a GLC for analysis.

In these experiments "Ghe reactor tube was filled with quartz chips (10-20
mesh). Liquid hourly space velocities were calculated based on the bulk volume of
the quartz (i.e., volume of the empty tube), and the apparent contact time (ACT)
was calculated based on the void volume in the tube (i.e., one-half the volume of
the empty tube). This is close to the actual contact time and is different from
our calculation of ACT for catalytic beds, which ignores catalyst volume.

The tests were done at 10 atm pressure and LHSV of 60 using n-dodecane as
the test fluid. Helium was used as carrier gas and i ml of feed (n-dodecane +
additive) was injected per pulse.

In the first series of experiments fourteen additives were tested at
1112°F. The feed was 2% or less additive in n-dodecane. (Some of the additives
were not srluble at this concentration. ) The results are tabulAted in Table 12.

Some of the additives were effective in increasing the cracking rate and
increases in conversions of 4o0, to 75% were observed (ef 165-7,8,5). Other addi-
tives were ineffective or acted as rate irnhibitors 1ef ]65--2,3,3). -The additives
used were organic compounds containing various functionn7 groups', and it was evi-
dent that some of these groups were more effective tmhan others.

The reaction products were lighter than n-dodece.ne and presm;nably were
cracked material (Table 12). fr)m GC emergeice times the prin'ipal component
appeared to be a C, hydrocarbon (peak No. 1, Table 11) and w;is not en t f'I d

AFA[ F--I N-70- 71
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further. In calculating conversion it was assumed that each molecule of dodecane
reacted gave one molecule of product; hence, the conversions are maximum values.
Product distributions did not appear to be affected by additives, and analyses for
several runs with different additives are presented in Table 12. No estimate of
coke make could be made from the pulse reactor data.

These results were similar to those observed previously and the maximum
rate enhancement was about that observed in the previous work. The best results
obtained thus far for all additives tested showed that at 11120F the rate can be
enhanced by about a factor of 1.8 with about 2% additive.

In a second set of experiments a few additives were tested at 1202OF using
3% additive or less in n-dodecene as feed. These add-Itives had been tested pre-
viously at 11120F.3) The complete data are tabulated in Tablej, in which the
values in parentheses are those for 11120 F.

At 1202°F considerably less enhancement of i.eaction rate was observed
than with nhe corresponding additives at 11120 F. Foi. example, with 200-1 and
119-13 the overall conversions were increased by 105% and 62%, respectively, coin-
pared to increases of 41% and 9% at 12020 F. No essential difference was observed
in product material or product distributions at the two temperatures, nor was the
product distribution affected by the additives.

Presumably the overall rate of the cracking reaction was due to free
radicals generated by (a) thermal means and (b) the additives. As the rate
enhancement by the additives declined with increased temperature, this suggests
that the activation emergies for the production of free radicals by purely thermal
means was greater than that for the generation of free radicals by initiators.
This work is continuing.

Effect of Propane on the Catalytic Dehydrogenation of Methylcyclohexane

The sensible heat sink of the methylcyclohexane (MCH) system could be
Extended by mixing MCH with a light hydrocarbon such as propane, which would lower
the mc'ltlng point of the system. For additional heat sink MCH would undergo endo-
thermic reaction. Consequently it was of interest to determine if propane affected
the reactivity of MCH for dehydrogenation.

A mixture of 50% propan, in MCH was tested for MCH dehydrogenation in our
bench-scale reactor at 10 atm pressure, 8h2-1]12°F, and an LIVV of 50 (basis MCH
fed) over our standard 11, Pt on Ala 3 catalyst. Reaction time was 30 minutes At
-each temperature. Liquid product material was analysed by GLC and the gaseous
"products by mass spectrometer. The data are shown in Table ].4, which includes Jata
for pure MCH obtained iuder the same reaction conditions.

Addition of' propane enhanced the reactivity of MCH at the lower tempera-
tur,,s but not) aat10?fiV. This is show-n more cleairly Dy Flue 9, which shows con-
Version aS a flnction of block temperature. This suggestF: Lhat iropane acted as a
diluent, and as such improved the heat transfer to the catalyst resultihn, inhigher
converslons,. At the hig7her tempcratures it appeared that the catalyst was deactz -

vatI1g, possribly due to propane decompositi Yn, although no propylene or lighter
hydr)enrbons wertŽ observed in the gas products. in earlier work with this catalyst
:ind no prppee prcsent in the ,4CH •'eed, )'A, MCH conversion was observed at LHSV of
1,v,, 1C, atm prt s;, ure, anri 111I ')

Table .1 • aWd Figuire 9 follows
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Table 14. DEHYDROGENATION OF PROPANE-MET-YLCYCLOHEXANE MDXTURE

,attlyst: 1ý Pt on A12 03  Pressure: 10 atm
atElyst Volume.: 7 ml L1MV: 50 (basis MCH bed)

. 1.25- ._ 11767-

R an 189 7 O 191 11-1 i .•2-1 12-2 13

Feed -- Pure MCH -- 30-1O C3 He-7(C% MCH --
Teniperat arc-., :F

Bloc c 842 953 1022 840- 932 1022 11.12
We11 765 837 921 34 8o6 891 1013
Cate Lyst y -ýed 650 6914 752 662 67] 752 855

Liquic: ?roxduc

MCi ý42.2 26.1 13-9 56.p ?1.( 14.7 1.6.8
Th!u, me 57.8 73.9 86• 63.8 78.4 85., 83.2

MCI. Cczversic.•, •, 57.8 73.9 86.1 163.8 78.4 85.5 5

Ges Iroduc i nalysis,

I I
Propal ,P - - 9 26.5I 25.5 26.-

00 00 TO ! 70.7 74.5 73

- AFAP -1T,- ,0- 71
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CATALYST STUDI9

We have continued the study and development of conventional granular and
costing catalysts and the small scale screening of catalysts for dehydrogenation
activit•,i the micro-test reactor (MICTR), which began under a previous con-
tract.• })3) Manry additional grrlnular catalysts have been prepared that consist of
one or more metals cn various suppoits or mixtures of several unsupported metals
from in-house programs. Improvement in dehydrogenation activity at high selectiv-
ity still] is being sought.

A number of catalysts consisting of 1 and 41t Pt on types 1 or 6 supports
with various physical properties have been prtepared in furtherance of the concur-
rent MICTR and bench-scale reactor studies on the activity-stability of dehydro-
genation of endothermic fuels, namely MCH and decalin. Included in this study are
many additional type 1 supports from both comsnercial and in-house sources prepared
in quantitý for bench-scale evaluation. In addition, a study has been started on
stabilization of' the activity of one of the best tyrpe 1 supports, at 1* Pt concen-
tration, by adding single metals at different concentrations. Or. this support
4% Pt has given better activity-stability than 1 Pt in the bench-scale tests.
These metals are expected to suppress the coke forming side reaction that is
believed to limit catalyst life during dehydrogenation reactions at Low hydrogen
partial pressures. Bench-scale testing has shown that greater stability resuJts
from using a support with small pore sizes and a high platinum concentration.I
Favorable information obtained from this present study probaoly can be utilized
in creating coating formulations with extended catalyst life.

Study has also been initiated in improving the activity-stability c"
granular platinized type 6 support catalysts, a problem encountered in scale-up
preparations, by using two nonalkaline sources or platinum to avoid attack on the
surface ol' the support.

_;tudy has continued of the improve-ment of catalytic coatings for metal
surfacee., such as ease of application, mechanical properties, adherence to metal
suTfaces, and catalytc! activity. New formulations have been studied by metal
strip Lest evaluation and by MICTR Lests of candidate coatings in -latinized granu-
lar form. A I.x)ssible substT tute for the fibrous type I component in the best older
formui.ntic, A nd which is no longer manufactured has been sought in a widely avail-
able natural fibrous rmterjil (type 16). FiTorts have been made +' reformultate
coaýiJno matewial: pithi comry)n nts sh rn sepairitelv t,, ne activity-stable when
platini,.ed. Al]-:, the effect of" finer Frindiig of the wet c )mponent mixtures has
been itudie! to obtain wot er metal idhesion on drying, and to simplify the formu-
lation. FKvrt.her, for,•uaflton j tli rne or more preplatinized coinpopents rather
thirn vltin iization of i( , it-1 coat i ns ha; been studied as a means of obtaining
more ex-rt control t .,, of' impreinated pl tinum.

Through TtCy, I' ;, a t, )tu !i l ')8 catalysts have been prepared or obtained
r rri ry i -cil ; ures; ijl of these have been screened in the

MIC'1- durinc the ' i', it, pagst contaicts. Most of the catalysts have been
te:;td in n,-,, -e h p. rti e 'v'es, ineliuding many candidate coating formulations,
11'11i I " A" J) i tuhes - tlt.a ytically coated internally have also been

:te'' 1.r'eenir:l' ha'; ho 'r I'-r dehydrolenetion activity of' MCH to toluene witbout
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added hydrogen at 10 atm pressure, 100 LHSV, and 662, 752, and 8420 F. The same
pump rate (90 ml/hr) was maintained for the coated tubes as for the usual granular
catalyst charge (0.9 ml catalyst diluted to 2.0 ml with granular quartz). The
coated tubes have been filled with quartz to create better mixing and heat trans-
fer. All catalysts have been compared with reference catalysts 9874-139 or its
equivalent 10860-70 (1% Pt/UOP R-8 type A1 2 0 3 ). The purpose of the screening
tests was to obtain a quick comparison with the reference catalyst so as to deter-
mine the more promising catalyst compositions, and to eliminate catalysts with
activities too low or selectivities too poor to be of practical importance.

A sketch and photographs of •he MICTR are shown in Figures 87, 88 and 89
in the Appendix of a previous report'l along with a. descriptjon of the operational
details. Subsequent modifications appear in a later report 2 ); more recantly the
original GLC trace recorder has been repiaced with a Westronics recorder. Detailed
test data appear in the Appendix, Tables 57 and 58, of this report.

Preparation and Evaluation of Granular Catalysts

Most of the particulate catalysts have been prepared by impregnation of
various supports (10-20 mesh) with one or more metal salts, followed by drying at
126°C and reduction of the metal (or metals) in situ with hydrogen Lt 795°F prior
to evaluation. Some of the catalysts were unsupported oxide mixtures of various
types from several in-house catalytic programs.

Typicall]v, quantities prepared were a few grams for MICTR evaluatiGn with
MCH, 30-40 gr-:z. for bench-scale studies with endothermic fuels, and 300-400 grait•
for FSSTR studies (I0860-146 and 147). Metal limits were usually betwcen 1 and 4%
for the supported catalysts.

Catalysts of the 152, 11;, 135, 13-6 ]38, 139, 141, 142, 158, 165,167, and
161 series were prepared at the I and 4% Pt levels on two types of supports with
varin'is physical properties. The approximate physical properties of the supports
arc given in Table 5i. These catalysts were prepared primarily for activity-
stability studies with decalin in the bench-scale reactor, although they were first
screened in the MICTR f,, activity with MCH (AppendL, Tables 57 and 58). Study
of factor affecting actiity -stability has been carried out primdrily with gnmnu-
lar materials, but the factors are considered to be likewise important in catalytic
coatings on metals, also.

Catalysts of the 188, 189, 190, 191, and 192 series were prepared from a
type 1 support previously shown to be activity-stable in the bench-scale reactor
at 4h Pt c(ocentration but much less so at 1% Pt concentration. Various metals
(AA-AE) at -lifferent concentrations were incorporated into this support in an
effort to -ý.Iy•o.-ove the activity-stability at the lower Pt concentration (12) and
to furthe . . at- stability factors. This treatment has been direcued toward
the suppre....... z.;ining side reaction,-.

Table 16 stmmarizes MICTR evaiuations of' a group of ca-ttalysts c mtaining
I or I Pt on type 1, 6, or 10 supports with various physical properties (also
Table 57 of the Append!.,). Table 1[ summarizes MICTR evsluation of aidi tional
catalysts prepared fronm tyv. I supports from never sources. The first jroup of

Tab1A F A fPo I o7,:1
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Table 15. APPROXIMATE PHYSICAL PROPERTIES OF VARIOUS CATALYST SUPPORTS

kmuffled at ~lll20F)

Support Bulk Surface Pore Av.
Type Density Area Vol. Pore Dia.

Original Configuration (gm/ml) (m2 / gm) (ml / gm) (A)
Granular 0.50 164 .776

it to.58 254 0 .384a 65""I o ,50~i ,.5 84 ='6
"" " 0.76 380 0.51 50

"0.80 230 0 .2 3a )o
"" o.88 210 -0.37 70
"" 0.75 550 -0.258) -28

""o 0.87 80 0.29 145

,,c) o.6 3 275 o. 62 90

,,:l o.65 242 o.494 82
"o.61 342 o.367 43
o.87 319 0.3 25 4

,,'d' ,,0. 60 26oo 0.526 76
,,c O.4 9 e) 250 0.144 77

Extrudate -).68 249 0.55 89
tic) it o.63 207 o.66 127

6 Granular 0. re -800 o.43 -21
" " o.58 34o 1.15 135
" Extrudate 0.30 314 1.535 125

10 " o.0 6oo -- -9

16 Granular -y-0.41 1259) o.60) _1 200

a Does not incude macro pore volume.
b) Priminrv particles are fibrous.
c) Commercial source.
d ) Tn-tvuse source.

R) uI k denis *'ty o" Vowc"-ar

tf) Pct, 0% type 6 binder,
"") 'ronded poowder.

AFAPL-TR-70- 71



Table i6. MICTR SCREi�I�A OF VAiiTOLS PlATINUM SUPPORTEDCATALYSTS OF
DIF5�XENT P1Ci�3ICAL PROPF�T! �

C0ndltioris: Feed Stoc�' M(>i, L.�SV DO, 10 atm pressure, no added
hydrog� �. Teniperetiire v�r{ab1e. GLC samples �aken
at 5, � and 13 minutes� respect�ve�y, at each temp-
eratur.�

Cat. No. 5 MICTh wt Converolon of 1�J8 to ToA.ueno, %�
Support � 1

10&O� Pt Run 1�o, Obarged 662 752 81420F

9874-139 1 tOP R-8 type A1 2% (Ret.) 1122 0.43 24, 22, 24 1 50, 46, 41 70, 70, 70

1 � �w, 24, 24 * '� 75�I
H 4 " ±118 o.h5 24, 22, 24 � 47, 47 76, 78, �

1 1 " " ' a' 1123 o.�4 24, 23, 24 " 55 85, 64, 82
3.151; 0.53 35,29,23! � 53 82,81,o±

1�4 13 4 " " j 1124 0.53 20, 24, 21 59,48,48 77, 77, 76
________ - 4, 1135 0.56 (15), 25� 26 54, 5�, 49 79, 77, 76

13' 0 1 Type 1 Support a) 1125 0.52 25, 26, 26 �, 56, �4 83, 81, 80
L.37 0.53 27,25,27 54, 52, 52 81, 8l, 8o

1350 I 4 " I 1126 0.57 27, 25, 24 53, 50, 51 78, 77, 77
-I, 1138 o.s4 25,24,24 58, 53, 53 83, 81, 81.

135A Type 1 Support a) I 1120 0,78 24, 21, 20 51, 48,49 76,76,76
135B 4 1 11____ ______ 1121 25, 22,22 58, 53, 55 83,82,83

137 A 1 lype 1 Support a) 115, 0.73 28, 25, 24 53, 50, 49 79, 78, 77
137 8 I 4 " a) 1139 0.72 26, 30, 27 57. 54, 52 82, 80, 81
144 4 " " " c) 1153 0.83 35,35,55 �, 56, s8 87, 87, 86

138 A 1 T�'pe 1 Support a) 1148 0.74 26, 24, 24 51,49,49 80,76,76
N N U 11142 0.75 22,32,30 55,53,55.82,81,80

1.588 4 U 1141 0.70 28, 25, 31 59, 56,55 83,82,81

i±4� o.77 33,33,281 &, 58,58 87,86.85

139 A 1 Type 1 Support R)d) 1143 0.31 28, 25, 24 44, 4-, 42 66,63,63
1390 4 U 1144 0.32 26, 30,27 5�5 ';r) 5Q 75 74 73

141 A 1 Type 1 Support a) 1146 0.31 20, 19, 18 4o, .55, .54 56, �5, 55
141 B 4 " 1147 o.�4 27, 22, �'2 j 49, 45, 44 70, 68, (9

a.61 "." t9i
142A I Type 23, .•�, .�, i.,, 51 �,
1488 4 t �,0u�ort a) 13.49 24 (2, �, �

1350 0.72 50, 25,
__ I-

- �

145 A 3. Type 10 Support. 8) 1151 0.61 24, 22, 21 58, St., 4 w
Oq, 21 � . -, H, s(

143 8 4 1152 3.66 25, 44, Ii> 10, 11, /-1

6 �uppor� 1156 19, 26, 38 44, 41 41 o4 61, 56
13117 0.55 23. 21, 2' '+�, hi, 41 05, 63., 6�

I1'ypel Support N) jj.70 0.81 5), 50, 53 (,j, 0), 0, 00
1372 0.0' , 20, 51, 55 t�, 5�. I t, 0(K> "3, �........................................................................-.--

I 9874-159 1 t'OP R-d type A1�0� ref. 3356 0.4�5 I 22, 24, 2 $0, t,
�6o

-156A a , r�pe 6
19860-1368)4 51 4BZ.
10860-:51 4A 3

I " 4',
� 'tuf tied before lapt-egnati z..
b �4.ifried betore Pt (Ihi,�)4'' in,; exchaa�e �tep.
C (� ON re�LMM� �.

AFAPL.-TR.-70-7}
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7I
cAtalysts were pred1orninant.1y l~~ rseal~e preparations oU aior types-, MDstjly
with hlFigh ýýc A'vity, ivnc were prepared primarAlxr to fur-the%- thro study of aictiv!Aty-
stability in the bench-scale reactor wi~th endoth.1ermric

Two ,Zeneral problems of scale-up w,,ere encou~ntcred with Lype 06 juppor.s

(1 ) High delnsity type 6 s,'ippo-t .)art i.clies decrep~itated extui-ijively to
smaller than. 20 mesh on Impregnation with platinoiis T.,etrarbm ine dihydrox-idc, not~
withstanding the prehumidifleation of. the -partlie.eIs w LiiWater (,10860-1,36A andE13'6B, Itaue 16). This was avoided In subs'equent prepare i~ons i2036-134Ah and 5[)
by a modified technique.ý Catalysts from this sup~port have been shoupn ini the past,

tob-cs notive "Oln the MT41CTR test aind less stable In th-Je Inich-scale test vwith
decalin than those prepared from law densi~t,ýr tyqpe h suýppor ihch does not dyecrepi'
tate on contact with ljiqaid wavcr.

(2)Scleup f yp 6 uporedprepari.O:insrequreslangerdryt.ng tane
andthu logercontact time, resulting from thicker catalyst layers durinig eva-por-

i lead to geaterattack of 'the sýiliceous svrface with consecýuent diissolution of

pores.. A glass-like film has been o'bserved et the evapo)ratinig interface in the
porcelain dish during concentration of imipreg-nating solutioyns. Teexpelinental1
preparation.2 designed to avoid Lhis problem are described below.

Farlieýr study with small batches of catelys-ts corsist~ing of 1. or 4% lt-
on low density type 6 support showed good activit~y for MCH dehydrogenatioi.L in the
MICTh, notwithstanding the low charging weigh1"t (Table 18, catalysts 10800-114B and
114C). Also, caýtalyst 1114c showed excellent activity-stability on bench-scnle t'ests
with dec-alin. Reproduction on, a l-rger scale gave catalysts less active for MCH-
deh~ydrogenation (10860-1A and 141IB), and cptalyst 1I41 sh-owed pcorcr activity
with decelin in the bench-scale test than catalyst 1240.

Various factors have beer, studied to elucidate further th is dif f Ic U7,ty.
These results indicate -that when platinum solution 3-'0 is used as a souxrce of
platinum ecually active catalysts are obtained regardless of wh-ether the low
density type 6 support is used on a i'as received basis", or is muffled in air at
11120 F, (catalysts 10860-1149Ak and 3-4.9B). Sligntly higher -ctivity is obtained if
the platinum solution is first neut-ralized (catalysts l086o-lh9)C, 149D, and 166A).
This modification of the impregnating solution is expected to play a more important
role in activity-stability wit!) decalin in the bench-scale test, because surface
atte~ck on the type 6 support by the highly alkaline platinum solution probably
damages the catalytic surface more than the neutralized platinum solution. Cata-
lysts of equal performance to those prepared by the latter solution have been
obtained when an acidic source of platinum, is used (No. 31.). The data shown in
Table 18 indicate that highly active catalysts can be prepared from extruded low
density type 6 support with good correlation of activity wi-th platinium content
(108u-128A, 128B. and 1280).

Catalyst 1.0860-113 (41, Pt, 9-16 mesh, spherical type 1 support), made in
large quarntity for FSSTR studies, wAas found to be less active in the MICTR with
MCH than earlier counterparts (10280-10-B and 91A). These latter catalysts had

AFAPL-TR-70-71 -25 -
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Ineen prepared on the same suppo•rt sereened to 10--, 6 mesh, (Taole 1108 v,1
1155 and 401). A !.0-16 mesh portion of catalyst .1.. had higher activity (run 1114)
ibut less so than earl.ier .ounterparts; thusu the p~articie L-.J. e rnnge WaI, only partl.y
• i ponrsible. Heating of the 9-16 mesh art ic Cs te f catalyst 115 .in air j t, P52'
improved the ac t;- v tiy somewhat (rim 150 .

LI A number of type 1 suppor ted ca tallyuts cnorit hi ng di.icrent om-urn s of
metal G at a 1:1 weight ratio with platintmn ha-'ve been tested with MGH in the v-IC' '
Wltot added hydrogen. Suitable control catalysts wilt-h the same amcunts of plat.

inum without metal C on the same supports have also been tested (Table U ce..
present MICT'. V*IJI aondLz7lons hI.x. ciidition of metal G produioed no n. eciab le
ii activity for dehydrogenation of MCH. Platinum-metal G promoted catalysts have
been examined for activity-stability with decalin in the be'Inch, scale test apparatus
arid Uhe i zsults are gi-!en earlier in tihis report.

Table 19- EFFECT OF MEFTAL G ON PE14WORMANCE OF PIATI" ;IL/TYPE 1 SUPPORTED
CATALYSTS WIT1 ME YCLOHD4NF. IN MLAI

Conditions: L1V l0, 10 atm. pressure, no added H2 , temperature
variable; 9874-139 reference catalyst.

Metals MICTR Average Conversion of MCH to Toluene,Catalyst No.{ t%-~n o

t G Run No. 662 752 842OF

9874-139 1 0 1105 26 47 72
10860-129F 0.5 1. 1110 23 52 82

" 129A 0.5 0.5 1102 26 54 79
" 129G 1 0 1111 24 514. 4

"129B 1 1 1103 27 53 78
" 1 32C 1 1 1119 21 49 74
" 129C 2 2 1115 23 51 60

129E 4 0 1109 25 55 83
129D 4 4 1107 25 56 87

9874-139 1 0 1172 25 47 70
110860-134A 0.5 0.5 1128 26 42 65

1314B 1 1 1:29- 21 J __4.
S" 34-i, 72 2-L. 43 65

Table 21 shows the MICTR evaluations with MCH of 1% platinized type 1
supports containing various amounts of several metal.- intended to improve activity-
stability on more rigorous bench scale testing. Metals AA and AB with content
increasing from 1 to 4* decreases initial activity only slightly at 752°F (runs
1263-1259). Metal AB produces a much more pronounced decline of initial activity

AFAPL-TR-7n-71 -27-
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w_.t.h me; nCo;: tept. (runs ]60-4 )..: ),Metal AD at different (,3ncentrattions
has no appr-i.nable ef•fect on .. nit.i•l: activiby (rt~s 126y.-1269). M.,etal AE with
increasing concentraitijoi decreases fI nti-l activity only slightly aL 752',F, acting
in a mn:Ier sTimii t-0 m AL.I• AA and Ali ( tins 1270-127;2).

L eL)aration of Catalst Co-tin.s on Metal Surfaces

Stainless Steel

A large number of new candidate r.,etal-coat .g formrlatLlaions have been
studied. Most of these have been made by wet -rinding the 21r.cpdients wiiah a
mortar and pestle. However, in certa in cases ball-milling th,. ingredients together
has shown to have certain advantages. Small portions of each candidate formnla-
ticn were spread ab thir, coatings, usually 3-7 mils thick, onto the smooth and
sacid'asted sides of degreased stainless steel strips, 1/2 x 2",. or on aliuninized
stainless strips. These coatings were dried, calcined, ind then evaluated for
coating thickness, metal adhesion, and physical c-,ndi.oion. A few coatings were
stored wet in a humid desiccator and tbEn subjected to similar tests '.z check
their storability. A portion of each or.ginal formulation was dried and auffled,
and the 10-20 mesh particle size platinized and evaluated in the MICTR with MCH.
Activity at 752°F is shown in Tables 22 and 2 with coating ealuations. Complete
MICTR test data are given in Tables 57 and58 of the Appendix.

In the past, the more successful thixotropic candidate materials were
applied to metal surfaces with freedom from arascks azd •ith guod adh-,--! qfter
drving wvel -mirfli'-r-T. Pknc u.rorp r1st~iM'A-7-1 PJ'-"~~ti're q.mfRaCes3). it was
found that application of the hydrous fol:nations must he 1ade more swifti.,
however, since these formulations dry out rapidly at rcoom temperature while being
applied to flat metal surfaces. Coati-rg cf tubes internally i,- less of a .eblem
since the drying proceeds at a slower rate. It hac been folund that this diffi-
culty can be avoided by the addition of 10 or 201 (based on dry solids) of deli-
quescent salt No. 22. On drying and thermal decompoition this salt becomes a
binder itself, and also within certain limits can supplpnt p•.rt ,Lf t . No. 6 binder
currently used. Examples of catalysts using Nn. 22 binr-er alont are t•'e 10860.-
119A-D series impregnated with 2 or 35 platin'm (runs 1084 to 1087) and tube No.
28 (run 1088, Table 57 of the Appendix). While activity v:f the solid cpealys-ts
is high, this type of formulation has poor .,etal adherence and self strip.-L easily.
This apparently accounts for the low a-tivity of 1/4"1 0.D. coated tube No. 28
(run 1088). Coatings were made with 15% Nu. 6 binder - 5% No. 22 binder and 10%
No. 6 binder - 10% No. 22 binder, which have been used to prepare the active
platinized catalysts of series 125 and 126 (runs 1094 and 11.... ) tal ac1I..
of the formulations appears satisfactory. Demonstration of activity of a platin-
ized coated tube was not deemed necessary.

Some experimentation was carrj .d out in which alkaline platinum solutions
themselves were used as binders for a powdered support with a spherical particle
shape (1.0860-121 and 123, runs 1091-1092). Although active catalysts resulted on
platinization, adhesive properties of this type of formulation were poor.

Tables 22 and 2A follow

-30- AFA PL-T R-70-7.



WfN UN U'ý L\ LN f N LCN IN (I

0 f

C-))

HH

a)~ I Ii- r

0) a) 01 0 O

'~~C) 0 )
C-4 10__ co_ 0 _ _ _ _ _

0 +'-x'1*0

,-4D CH ;.4 .44 .4

cu 5 Ko - 0 0D

ca 4-4

C) rra

zu 02 :3 l R

C-) Hý C) H 
0  

(d H

H P-44 .U 0 -4 to

CD H- F- , H 4

a a\' C>Ci ( 4-4 W£~ -. ) H *f

Q)J c)V W))

4ý))
C-)', -r.', -P'Hf 04'-, -

I F-
H) I- )-1---U

1- 0 ~ 0)
oN ON V) 0' m1 .t 4 0 C-)C HO

AFAPL~Tf~7O...4 a)H H P4 H H

H) (.1 C.4 CM.J 'C'

AT5 -- P_____pI-.I________

I1a 1 U ý _ ) _



4-I

(UOC

(3, *-0cl"OJ N Oj K ;.>K OI044 .

4040 "0

cc 0n ýC0 > m ~ m ~ m ~ E U

40(0 0(0 1)40 '4)4) 40
0I4(, 44, 00,(0 ,, 04

0,4 *C,- ~ ,0 .. 4 *. HH 0(OCU ~C ~CO C

'0 to. 'o -)

W > M, 0) '-w (n 6-'ui 1: E!E 40 55 8 s l FJ.' t1__4lK

u W t I

0, v

~~~ U) Uw -) 4-

+3 Co

0:4 Ll 'ý 1

V0 0 m

co 4 -

AFAPL-TR--7o- 66758



TIn past studies various f'oMl¶lnitl ions have been 'tl uo Cozit tJho ir• ,.rjor
walls of metal- tubes. After drying anp gi t,uisizingf, the exact p)aionraHT1 invr{nw=i
Could only be detqrmi-ned by removing Dart of the coatin,,, ano analr.yzin, it fr
platinum content)3 

. Another opproach has been st-udied, namely fo£mu0ila tion in
which one or more components has been prekn-irized wti an exnctly known amount
of platinum on powdered type 1 or type 16 support. The,oe were then fornnulated
with the usual type 6 binder and tested as 10-20 mesh granules. The adhasive
properties and acbivities of 10-20 mesh granules are show-. in Table ?_j> Generally,
with a single platinized (eitrier fibrous or particulate) Lypc I support - type 6
binder adherence to smooth stainless steel is pioor but adherence to san, dbla.a.ted
stainless steel (10860-165A and 163TA) is fair. About the same results were
obtained with a combination of fibrous and part,,iculate type 1 suppoarts (wtith
binder) if either the fibrous support was preplntinized (1086 -165c) or the parti-
culate type I support was preplatinized (i0860-163 and 16113). Somewhat better
adhesion was obtained if both fibrous and particulate type I supports were pieplat-
inized (O0860-163B). Platinum contents varied from 1.6 to "'.2% overall in these
catalysts, and the MCH dehydrogenation activity was as great as or greater than
that of the reference catalyst. Similar experiments were conducted substituting
preplatinized fibrous type 16 support for preplatinized type 2. iu-port. Utle type
16 support is attractive as a possible srbstitute for the type- 1 fibrous support
no longer manufactured, a component in the ternary 40:-0:20 type I fonmulatior.
For comparison, the res".lts shown in Table 25 are obtained with a type 16 support -

type 6 binder (80:20) which is first dried ano tnen metallized with three concen-
trations of platinum (10860-16oA, 160B, and 16OC). Adhesion of the coating mater-
ial is fair on smooth stainless rtol and better on sand blasted stainless steel,
The activity of the metallized dry granules is a little better than the r-eference
catalyst. If the type 16 support is preplatinized (10860-167C) and then bonded,
about the same adhesive properties to metal are obtained. Activity is a 1Ittle
less than for the 60 series of catalysts at the same platiniu content. P'rcmufflo•d
fibrous type 16 support-preplatinized particuTate type I support-t.,rpe 6 binder
(4o:40:2o, 10860-173) gives fair adherence to smooth stainless St4el and 1-0od

adh-_ence to sand blasted stainless steel.. Th. dehyoroenation ctlvit: is P ':
high. it occn supporib ,r. p'd•tiicd ... t--- 'r t,-,

both smooth and sand blasted stainless steel 17iC? ... ); actavi-y T thrr-v'-
ized granules is about the same.

A recently available type 1 supp-zt with excellent. physfca, *:l •mi,•rr'
has been studied as a coating candidate component and ha,3; .ac, ,,'.t, r :
In all respects, except for activity-stability on bench scle eas.

The data in Table 24 show that s-ubstitution of this nip rV, mjpr-.r't
into the usual 40:40:20 formulatirn (type T), in p!aee of' rhe ran t "im ,,' V ito,,

particulate t. pe I support, gives good adhesion t.1 nii. ,c r(nt} n:) .2'.r
stainless stee! but not to smooth stainless stoel surf'nonIl ( f -IA). PU
milling improves the adhesion t- smooth sw-facs •-;,,s dc, -: (1. 'i. - 7' - ¾-r,
high MCH dehydrogenation activities are obLtahue-,d w. ,b tar- .,V ia,', i -: ,:
counterparts (10860-177, 17TB, and 184A). Equivalent, resu1 ts ',r- ' it'-, on r-nd
mii'ing the type I formulation containinr7 the usea typo 1 s'u-r-'. 2, ,"li. gy

(I0660-78B, 185, 81D, and 184E).

'AF.P - TR ' 1,7
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SQuite divergent results are obtained on rod milling 80% newer type 1
support - 20% type 6 binder together (type If formulation). Adhesion is poor to
1)b thb rmouLh and sand blasted stainless steel an mortar mixing but excellent after
rod milling (1086o-164 and 181). Cata'.yst activity is high and equivalent in both
cases at the same platinum content (l0860-164A-C, and 1840). With the previously
used counterpart type 1 support included, adhesion is equally poor after either
mortar mixing or rod milling with 20% type 6 binder. Again dehydrogenation activ-
ity is hi h at the same platinum content (10280-56A, 10860-182, 58A, and 184D).
Thus, the use of the new type 1 support in the type I formulation appears to give a
promising and simpler wall coating metal support than the previous corresponding
support. However, another important factor, namely Activity-stability, is yet to
be determined.

Satisfactory adhesion to smooth, sandblasted and aluminized stainless
steel surfaces has been obtained with fibrous type 16 instead of type 1 support
formulations 'f mortar mixing is used, but poor adhesion to a smooth surface
results with ball milling (176B and 180). A small penalty in activity is taken
in both cases (1O860-177C, 1771D and 184B). The activity-stability of this type
o: catalyst has not been studied as yet in bench scale studies.

Alininum Clad StaLnless Steel

Sources of internally aluminum clad stainless steel or Hastelloy C tubes
are being sought. The oxidized aluminum surface is expected to form an even better
bonding surface than the bare stainless steel walls for coating formulations, and
may itself be a suitable support for impregnation wi '1h very thin coatings of metals
catalytically active for dehydrogenation reactions. Coated tubes of these types
should have better resistance to thermal strains set up by differences in thermal
expansion between metals and catalytic coating materials.

One type of alumintmi diffusion alloyed 1/4" OD stainless tubing was
obtained fron Alon Processing Canpany. These were unsatisfactory in that about
one-half of the tubes were plugged solid, and all tubes had rough, unaeven, and
very rusty internal surfaces. The exteriors had a very rusty appearance and
'opiouiily thed rust flakes. The ends of tubes were magnetic, more so than the
centers, apparently because magnetic austenite was formed at high temperatures in
the cl1,dding treatment. flnission spectroscopy verified that the material was
504 type stainless steel, and this was later confirmed via telephonic conversation
with a representative of Alon Processing Company. The poor condition of the tubes
did not warrant catalytic coating studies, with them.

Four stainless steel strips which had been aluminized on one side were
obtained fron the above conpany. These strips had the usual general grey metallic
appearance of stainless steel and were free from rust. The aluminized sides had
a dull grey, rough, pebblegrain appearance. On heating in air at 1292'F a slight
white surface oxidation was observable. Coatihng aterial 10860-124, after drying
and muffling, adhered well to the aluminized but Luoxidized surface of a small
strip. The coating primeipally filled th, indentasLions between the pebblegrains.
In view Af the unsatisfactory physical cmndition of the above tubes, no further
experbntntrition with c:nting their catalytical.ly is contemplated.

-'52- 7
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Various stainless steel and Hastelloy C tubes of different lengths and
diLameters and several strips of stair ess steel have been obtained that are alum-
Lnum clod on all exposed surfaces. The se have been clad by a proprietary vacuum
diffusion )rocess (PNA-T5) by Pratt and Whitney Aircraft Division. Preliminary
experinent3 have bcen carried out by coating one side of the aluminized strips
wit Lh> rore recent experimental coating fornulations. These tests have been
carried out at the same time as those with the smooth and sand blasted stainless
steel strips, and the data are included in. Tables 23 and 24. Generally, coating
"adherence is about e uivalent to that of sand blasted stainless steel and superior
to that of smooth stainless steel. Preoxidation of the a-luminized surface in air
at 13820 F appears to increase slightly the tenacity of the coating adhesion.

MFASURJMENT OF CATALYTIC REACTION KINETICS

Q.uantitative data on the chemical kinetics of MCH dehydrogenation have
been obtained previously in a tubular flow reactor with packed bed catalyst. A
single stoichiometric reaction is involved, constituting fairly simple kinetics.
Even so, difficulties were encountered with temperature and concentration gradients
in the packed bed and in the catalyst pellets. The gradients in the packed bed
were accounted for by calculating them with a rather involved computer program,
and also by attempting to minimize these gradients by changing the reactor geometry.
The gradients in the catalyst pellets were not fully taken into account and have
only been fully appreciated recently. 3 1The result of these interfering nonkinetic
effects of heat and mass transfer is that the true chemical kinetics are difficult
to extract frim the experimental data.

Need For Intrinsic Kinetic Data

A legitimate ouestion that could be raised is: Why is it necessary to
determine the true chemical kinetics? Since in the full scale reactor heat trans-
fer and mass transfer effects will be present, why not just run the experiments at
the desired conditions and fit a model to the results, regardless of whether the
effects are due to mass transfer, heat transfer, or the intrinsic chemical kinetics?
The answer stated simply is that is is extremely difficult (often impossible) to
exactly simulate the conditions of the final application. Furth-mrxore, if one
were to obtain such a model based on this completely empirical approach, extrapola-
tion of the mudel to conditions other than those of the experiments would be highly
questionablc As a straightforward example, consider an experiment performe(. to
measure the r ~te of chemical reaction using a catalyst pellet 1/4,' in diameter.
One could certa'nly measure this quantity and fit a chemical kinetic model to it.
The problem wou'd arise if the measured rate of reaction was affected by the rate
of diffusion of reactants and products through the pores of the catalyst. An
attempt to use the kinetic expression for the same catalyst as a 1/8" diameter
pellet would fail, since the diffusion would occur much more rapidly than before,
resulting in a higher net rate of reaction. The kinetic model would not predict
this since the pellet size ard shape is not part of the kinetic expression. A
similar problem could occur by changing the velocity of the fluid flowing past the
catalyst. This can change the rate of heat and mass transfer to the catalyst
pellet an.] thereby the apparent rate of reaction, whereas a kinetic model would
not account f'or this and. would miss the effect entirely. A broad experimental
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study could be made of the effect of all of the important variables in the reactor
such as reactor configuration, pellef shape and size, catE.lyst comporition and
structure, and fluid pressure, temperature, and velocity. But one rapidly finds
that an enormous amount of experLmental work would be required, and the resulting
model would simply be a device for representing the data.

A more satisfactory procedure is to separate the different processes
which occou.•, study each independently, and then recombine them to form a model
which often has a sound fundamental basis and can be used fairly confidently to
calculate results, even in regions where experimental data are not available. In
heterogeneous catalysis, there are several processes which can often be separated.
Much is known about the rate of heat and mass transfer to and from inert particles
(e.g., spheres). This information can be applied to a model of the processes sur-
rounding a spherical catalyst pellet. Models are also available for the rate of
diffusion in the pores of the catalyst and the rate of heat transfer within the
catalyst pellet. Also, much information is available on the mechanisms of cataly-
tic chemical reactions. Assmining one can obtain kinetic information in the absence
of the interfering effects of heat and mass transfer, mechanistic models can be
proposed, tested, evaluated, and fitted. Once a good mechanisti" model is found
which relates the rate of reaction to concentrations, pressures, and temperatures,
then the models of heat and mass transfer can be applied to result in a reasonable
mathematical model with the desired characteristics.

Design of Experimental Reactors

The problems in designing a laboratory reactor •or catalytic chemical
kinetics has been widely discussed in the literature. 8,7) The problems ere
exactly those described above. A system is required in which the interfering
effects of heat and mass transfer are either absent or mathematically describable.
The reactor type used in the traditional approach, and the one used in this in-
vestigation in the past, has been a packed tubular reactor. The problems with
this reactor are that the flow patterns are complicated, and there are invariably
appreciable temperature and concentration -riants bvween catalyst particles as
well as within particles. Also, the reactor produces integral rate data and not
the rate at a particular set of conditions. Differential reactors are sometimes
used to eliminate the last problem, but errors in the chemical analysis lead to
large errors in rates. To remedy these problems two different kinds of re, tors
have been developed: the recycle reactor and the catalytic continuo's sti- -ed
tank reactor. In both the conditions of reaction are uniform and w(. L defined,
and many of the heat and mass transfer problems can be eliminated. In both reac-
tors the reaction rate is measured directly from the conversion and the flow rates.

A recycle reactor consists of a small amount of catalyst exposed to a
floing stream of reactant, most of which is being recycled past the catalyst.
During each cycle only a small amount of conversion is occurring, but the total
conversion of feed to product can be as high as desired for ea.y analysis. Such
reactors hnve been used by putt et al.8) and Perkins and Rase 9". About the only
problem with this kind of reactor is the pump used t) recycle the fluid. It must
meet rigid standards of noneontaminqtion and be able to withstand the operating
conditions. Bernard and Teichner' 0° describe a novel pump.

AFAPL-TR-70-71



A catalytic continuous stirred tank reactor (CCSTR) has essentially the
same advantages a. the recycle reactor. In this type the catalyst is either con-
tained in the impeller or is mounted on the wall, and the reactant enters, becomes
well mixed, reacts, and leaves. Again, virtually any converiion is feasible.
Reactors of this type have been used by several workersP-1's The problem here is
one of agitation. Sufficient agitation must be supplied to the fluid phase to
ensurc complete mixing. In a high temperature, high pressure system special
enuipment is re.uired. Since this type of reactor has been found to work well at
high temperatures and pressures, we have chosen it for our work on the dehydrogena-
tion kinetics of the MCH and decalin systems.

The catalytic continuous stirred tank reactor which we have designed will
be a modification of one of our existing standard reactors made by Autoclave Engin-
eers. The agitation will be supplied by a magnetic drive with speeds up to about
2000 rpm. The reactor is designed to operate to 1000 psig at 10000 F. It will be
constructed of Incanel and be about 1 liter in size. The impeller will be con-
structed of parallel screens containing catalyst pellets.

MATHEMATICAL MODEL OF CATALYTIC WALL REACTOR

A mathematical model has been developed for our catalytic wall reactor
(CWR). The model should be useful in analyzing our experiments and in estimating
the effects of changes in operating conditions, reactor geometry, and catalyst
composition. The model assumes that the fuel flows turbulently through a tube
which has a thin coating of catalyst on the wall. The fuel is assumed to be well
mixed radi•lly so that the bulk flow may be considered to be one-dimensional. The
heat is assumed to be applied by generation in the tube wall, since that is how
it is done in the experiments with the Fuel System Simulation Test Rig (FSSTR).
The heat transfer between the outside of the tube and the environment Is given as
a boundary condition. The model then accounts for the heat transferred radially
between the tube wall and the catalyst layer, and between the catalyst layer and
the bulk fluid flow. It also calculates the axial temperature, pressure, and con-
version profiles.

Model Development

The equations for the balk gas and for the tube wall were aqapted from
those derived previously for the regenerative heat exchanger model. 2m The equa-
tions describing the bulk fluid flow result from a one-dimensional momentum bal-
ance, an energy balance, and a mass balance (see Appendix):

d dP) d -T -2f o (1)

cpd dT) Td ~ d 2=+ IL
/.- "' 2f (2)

GM dZ/ 57 d T VZ G
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where

d = inside catalyst diameter
p = fluid density
P = total pressure
Z = axial distance
T = temperature of bulk fluid
G = mass flux of fluid
f = Fanning friction factor

Cp = fluid specific heat at constant pressure

q1 = heat flux from fluid to catalyst layer (based on
inside diameter of catalyst)

Equations (1) and (2) may be solved for the derivatives of P and T with respect
to Z:

dP_ G apb -a 1 (Z)
dZ d \axIa 2 2 - a1 2 a2 l/

dT _ Ga2 -aa1b1 + a, ,b. (i,
dZ pad a 11 a2 2 - al2a2 l

where

G2  3oSazz = -1 + • -•

812 = O "2

a2  =p

a22 =c

bi = 2f

b2 = 2f -
G3

Equations (3) and (4) are integrated numerically to give axial temperature and
pressure profiles of the bulk fluid flow. The following data are recuired to
sol-re these ecuations:

1. The density at each axial position.

2. The partial derivatives of the fluid density with respect to pressure
and temperature.

-36-
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5. The heat capacity at constant pressure.

4. The Fanning friction factor.

5. Te rate of heat transfer to and from the catalyst layer.

6. The composition of fluid at each axial position.

The required physical properties are calculated by tdcir•-q'es scussed
Dreviously.S2 Ln addition to density, density derivatives, and heat capacity, the
vlscos.L.-Y and Uiermai uvunwuct4vity must be calcu.a-Ged. S't~zl'- ,
written to do this The Fanning friction factor is calculated by the equation
presented by Koo'1), modified slightly:

f = o.oo14 +0.-125 (T 0.5(5
(Re') 0 .3 2  Ti)

where

Re' = modified Reynolds number = (dG/g) (T/T,)
S= viscosity at wall
T = bulk absolute temperature

Ti = wall absolute temperature

The rate of heat transfer is based on film theory using the Dittus-Boelter corre-
lation for the heat transfer coefficient:

h = 0.023 1- (Re) (6)

where

h = heat transfer coefficient
k thermal cnwnductlvity of film

Pr Prandtl number of film
Re Reynolds number of film

The differential equation describing the ccnversion is derived in the Appendix.
The equation is

dx r ve (7)
dZ C
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where

x = number of moles reactant converted per unit feed
r = rate of reaction per unit volume of catalyst (kinetic expression)

S= total mass flow rate
vc = volume of catalyst per unit length

The temperqtur:o in the catalyst layer and in the tube wall are calculated
az:uming that the rate of heat generation or absorption is uniform across each
section. With this assumption analytical expressions may be derived (see Appendix)
for the temperature rise across each section, and the average temperatures can be
estDUk. u. I- ei upi-•ta•ure rime across the catalysL layer is fcLm-d f:ri

Y2 -+2 -(-8

at 2kc Lkj

And the temperature rise across the tube wall is

ATwrl ~2k k ~wl -IL 1- ( )2_ k 3  (

where
AT = temperature increase from inside to outside of catalyst layer

cat

qi = heat flux to chemical reaction, based on inside tube area

y2 = inside radius of tube

k = thenial conductivity of catalyst

Yj = inside radius of catalyst layer

qj = heat flux from fluid to catalyst, based on inside tube area

AT wall - temperature increase from inside to outside of tube

= heat flux of heat generated in tube wall, based on inside tube area

k = thermal conductivity of tube wall

Y3 = outside radius of tube

qA = heat flux from outside of tube to ambient conditions, based on
inside tube area
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The average temperatures in the catalyst and the wall are estimated by assuming
that the temperature differences can be divided into a generation part (terms
involving qM and qj) and a transfer part (terms containing qj and qA). Heat
generation leads to approximately parabolic temperature profiles, while heat trans-
ferred leads approximately to linear profiles. The average temperatures then are
f';,urd bj using 1/3 of the difference due to generation and 1/2 of the difference
due to transfer.

At the present time, the model assumes that there is no diffusional
resistance between the bulk fluid and the interior of the catalyst. In the lan-
guage of catalysis, this assumes external and internal effectiveness factors of
one, and can be approached by high fluid velocities arid thin catalyst layers.

The calculation of -oi" -,akilal "' c a _'.,lc . ani temoeratLre profiles in-
volves a trial and error procedure as follows:

1. The average catalyst temperature is assumed.

2. The rate of reaction is then calculeted from the kinetic expression.

3. The heat absorbed by the reaction can then be calculated.

4. The heat flux from the tube wall to the catalyst is found as the
difference between the heat generated in the tube wall and the heat
lost from the outside of the tube.

5. The difference between the heat flux from the tube wall to the
catalyst and the heat absorbed by the reaction is the heat flux
between the catalyst and the fluid.

6. Knowing the temperature of the fluid and the heat flux to or from
the fluid, the temperature of the inside catalyst surface can be
found using the Dittus-Boelter equation.

7. Assuning that the heat absorbed by the reaction is constant radially,
the radial temperature profile may be calculated by equation (8).

8. Then an improved value of the average reaction temperature can be
found by a simple convergence procedure, and the process is repeated.

The key assumptions in this calculation are that the average reaction rate takes

place at the average temperature and that the heat uptake oy the reaction is
uniform radially. Neither assumption is strictly true. The reaction rate is an
exponential fumction of the temperature so that the average temperature will
Lniderestimate the average rate. The other assumption, however, tends to counter-
act the error. Since the reaction Is endothermic, the hotter part of the catalyst,
where the reaction occurs faster, is cooled more by the reaction, thereby retn-f
Ing the rate.
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Application to Met ylcycl~ohexane Deadro enation

Only two experiments have been pprformed with catalytic wall reactors
under reaiistic flow conditions. The runs were made In the FSSTR and were reported
earlier. 3 1  Test series 10018-167 was chosen for comparison with the model. The
experiments were conducted at three power input levels: 0, 95,000, and 195,000
Btu/hr-ft 2 , all at 86o psig pressure and 930°F fluid inlet temperature. The feed
rate was 19.'7 lb MCH per hour, which gave a Reynolds number of about 100,000 in the
highly turbulent flow regime.

The ccmnputer program required the heat losses to ambient conditions,
which were obtained from the measured outside wall temperatures during the run
and a knowledge of heat losses as a function of temperature, which had been ob-
tained experimentally under no flow conditions. The critical constants of methyl-

rya1vn and toluene were supplied along with a set of -9eudoeriticat ! cz-Stants

for hydrogen:

Tc = 43.6 0 K

PC = 20.2 atm,

Vc = 51.5 cm3 /gmole

These constants for hydrogen yield more accurate results than the true ones for
corresponding states correlations. The thermnil conductivity of the catalyst was
estimated to t- 0.15 Btu/hr-ft-'F, based on data of Sehr81' on similar catalysts.
The thermal conductivity of the tube wall was calculated by

k = 7.33 + 0.00458 Tw (i0)
where

Tw= temperature of the tube wall, OF

The kinetic expression used was that obtained from packed bed experiments:2)

Ap3
k= c r PT PH ) (II)r =1 + kc l PM Ke

where

r = rate of reaction of MCH per unit volume of catalyst, lb mole/hr-ft 3

catalyst
c = concentration of MCH, lb mole/ft 3

k, = A, exp(Bl/RT)
k2 = A2 exp(B2 /RT)

= partial pressure of toluene, atm

pH = partial pressure of hydrogen, atm

Ke = A3 exp(B3 /RT)

-4O-
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R u- uinversil. gas constant - 1.987 Btu/Ib mole -OR
T abso1u;, e temperqture, OR

A, 5.4 x 105 hr-1

B 1 -5000 Btutro mole
A2  4.5 x 10-8 ft 3 /Lt mole
B2  54,0oo Btu/Ib mole
A3  4.0 x lo20 atm 2

B3 = -92,500 Btu/ib mole

It was found that 50 integration steps were sufficient to obtain an accurate solu-
tion to the equations.

The results ,i.qinc thp pa-ked bed kinetic parameters are summarized in
riture iu. The conversion of MCH at the three different power levels is shown,
as is the outlet fluid temperatures. The experimental values are represented by
the discrete points, and the calculations by solid lines. As can be seen, the
conversions are calculated much lower than tihose found experimentally. The fluid
teai-peratu-es are therefore much higher, since the transferred heat not absorbed by
reaction must heat the fluid. The £~ct that the conversions are calculated too
low indicates that either the catalyst temperatures are caicalatLed tou low or that
the kinetic expression predicts a rate which is too low. The first possibility
can be eliminated since the wall temperatures are calculated much higher than those
observed experimentally, and as a result the catalyst temperatures are actually
predicted too high. Therefore the packed bed kinetic parameters predict too low
a rate of reaction. This is probably due to pore diffusional limitations, which
are calculated to be appreciable in the catalyst pellets used in the packed bed.
The thin layer of catalyst used in the catalytic wall experiments (3 mils) would
not show the same diffusional limitations.

Several variations in the parameters A,, B1 , A2 , and B2 were made to
determine their effect on the results. The most reasonable results with the
least effort were obtained by increasing the value of A. only. A value of 30. x
lOs, rather than 5.4 x J0s, gave the best agreement with the data. The results
are shown in Figure 11. The conversions at the two higher power luv.ýIs are
calculated slightly too high. The outlet fluid temperatures are also too high,
indicating a small error in the heat balance. The fluid temperature at zero power
level is 40OF high, which is somewhat greater than the others. In general, though
the resuilts are encouraging. The lack of heat balance is easily explained by a
loss of heat between the points at which -the fluid temperatures are measured and
the beginning and end of the reactor, which is not included in the calculations.
If 910°F is used as the entering temperature, instead of 930 0 F, the heat balance
checks out. Figure 12 shows the resul , for using 910°F initial fluid temperature.
The calculated temperatures and converiions agree quite well with the experiments
at the two higher power levels, and are not very far off at zero power.

A comparison between the calculated and exp(rimental outer tube tempera-
tures is shown in Ejure_ý . The agreement is not excellent, but except for the
first few inches the results agree within 40 0 F. It became appae-nt during the
experimental run that something was wrong with the first 4 inches ot catnlyst.
The outer wall temperatures climbed steadily with time indicating that the catalyst
was deacTivating. This could be explained in terms of coke formation on the

-41 -
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catalyst; however, the phenomenon affected only the first four inches and appar-
ently did not progress downstream. It was not clear why the apparent lack of
activity only occurred in the initial region of the reactor. Part of the answer
may lie in an indication that the catalyst was thicker in this region. Outer tem-
perature profiles were obtained during the activation of the catalyst with hot
nitrogen gas. The profiles for no input power and a low power level are shown in
Figure 14. At no power input the initial temperatures appear to be too low. When
power was applied, the temperatures appeared to be too high. This seems to indi-
cate that the catalyst was thicker in the first four inches of length, which would
cause at least part of the greater temperature differences observed. However,
this apparent lack of activity may also be due to lower partial pressure of hydro-
gen or poisoning of the catalyst at the inlet end of the reactor. Further experi-
ments are clearly in order to resolve this question.

The fluid pressure was measured to be 860 psig at the end of the reactor
for all three power levels. This pressure was calculated ly the model to be 853,
851, and 84-8 psig in order of increasing power input.

Accuracy of Predicted Reaction Rates

In an effort to check the effect of the several assumptions concerning
the temperat-qre profile and rate of reaction in the catalyst layer, a detailed
calculation of the radial variations was carried out. A set of conditions at the
195,000 Btu/hr-ft 2 heat flux during experimental run 10018-167 was used. The CWR
model gave an average reaction rate of 10,600 Ibmole/hr-ft 3 cat. and an average
reaction temperature of 911°F. The inner and outer surfaces of the catalyst were
calculated to be 892 and 1006@F, respectively. These cand.tions were determined
for a position 0.037 ft from the entrance of the reactor.

The differential equation for the radial temperature profile of the
catalyst is

d2 T 1 dT _ r6R (12)
dy 2  y dy kc

where

T = temperature of catalyst, OF
y = radial distance, ft
r = reaction rate, lbmole/hr-ft 3

•HR = heat of reaction, Btu/lbmole
kc = thermal conductivity of catalyst, Btu/hr-ftCF

This equation was integrated numerically using the inner catalyst surface tempera-
ture of 8920 F and the known heat fliux at the surface between the catalyst and the
tube wall. The temperature, the reaction rate, and the concentration were allowed
to vary during the integration. The results for the temperature profiles are

Figures 10 through 14 follow

-42-
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shown in Figure 15. As was expected the temperatures resulting from the radially
integrated equation gave a flatter profile (solid curve), reflecting the additional
cooling in the region of highest temperature. The profile resulting from the
analytical solution in the CWR model, assuming uniform heat sink (dashed line),
gave more temperature variation and a higher outer surface temperature.

The average temperature of the catalyst calculated by the radial integra-
tion is 9000 F, and the reaction rate is 9300 lbmole/hr-ft 3 . This corresponds to
an error in the CWR model calculation of about 1.2% in the temperature and about
14% in the reaction rate and conversion. The results were obtained by comparison
with the experiments at the most extreme conditions we have rin. At lower heat
fluxes the errors should be less. One solution to this problem would be to inte-
grate radially as we.l as axially; however, the execution times probably would
b ome excessive. Instead, there may be a way to obtain a better estimate of the
a.erage reaction temperature without resorting to this two-dimensional approach.

DEHYDROGENATION OF DECALIN IN THE FUEL SrSTEM SIMULATION TEST RIG

The reactor (3/8" OD x 0.049" wall x 24" long Hastelloy C) used in these
tests has been used previously in this program. However, during its last use a
leak developed in one of the welds and this had to be repaired. Since several of
the attached thermocouples were also damaged, the ceramic coating was completely
removed from the tube and all couples were replaced. A sketch of the reactor is
given in Figure 16.

The following three test series have been completed using the indicated
catalysts charged to the reactor section in the Fuel System Simulation Test Rig(FSmT).

Series 10018-194 UOP-R8 catalyst (ca 0.8% Pt/ 1/16" A1 2 03 spheres)

Series 10018-198 Shell 10280-113 catalyst (ca 4% Pt/ 1/16" A12 0 3

spheres)

Series 11644-6 Shell 10860-146 catalyst (ca 4% Pt/lO-20 mesh A1203 )

The normal operating sequence for these tests was as follows:

i) Charge catalyst to reactor and activate by heating in nitrogen for

1 hr at 1OO0F.

2) Set feed rate at 25.0 lb/hr (UISV = 545).

3) Set inlet pressure at 900 psig.

4) Establish inlet temperature at 90OOF by preheating feed in two 3/8"
OD x 10' long heat exchange sections.

Figures I.) aind 16 follow
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5) Operate long enough with no power supplied to the reactor to establish
steady state conditions. (Outlet fluid temperature was ca 720*F under
these conditions.)

6) Supply sufficient power to reactor to raise outlet temperature to 800F.
Maintain power constant for ca 1 hr.

7) Increase power to reach 900OF outlet and run for ca 1 hr at constant
power.

8) Increase power to reach O000OF outlet and run at constant power long
enough to establish catalyst activity decline rate.

9) Decrease power to bring outlet temperature down to 8OO°F again and
hold long enough to establish final catalyst activity.

When the outlet te iperature is changed to s new value in this operating
procedure, the initial power requirement is noted and maintained constant for
that particular test period. By following this procedure it is possible to tell
when the catalyst activity is decreasing, as a decrease in conversion at constant
power input results in an immediate increase in fluid outlet temperature. Of
course, product analyses also show the decline in activity, but these are not
available until well after a run has been completed.

The three catalysts exhibited quite different characteristics. The UOP-R8
and Shell 113 catalysts had similar initial activity up to 900OF outlet fluid tem-
perature, but the Shell 113 catalyst declined in activity so rapidly at this power
input that the outlet temperature had increased to 1000°F at the end of one hour.
Hence, no further power increase was made. The Shell 146 catalyst not only had
much higher initial activity than either of the other two catalysts but also
exhibited superior stability. Figure 17 shows the initial conversion attained by
the three catalysts at outlet fluid temperatures up to 900OF before any deactiva-
tion had occurred. Table 2. summarizes the conversion and outlet temparature
history for the three test runs. Decline in conversion and the acccnpanyirg rise
in outlet fluid temperature are evident for the three catalysts at power levels
sufficient to give 900°F or higher outlet temperatures.

Operating data and product analyses are tabulated and fluid temperatures
and decalin conversions are plotted against run time for each of the tests in the
following Tables and Figures:

Series 10018-194: Tables 26 and 27, Figures 18 and 19

Series 10018-198: Tables 28 and 29, Figrs 20 and 21

Series 11.644-6: Tables 50 and 31, Figures 22 and 2.

Corresponding dat& for these three catalysts, or their simualants, are
given in Tables ad)2 "I in bench-scale and MICTR equipment. It the bench-scale
runs with decal In the Shell 115 prototype catalyst appeared scinewhat more active
and stable than UOP-R8 catalyst, but the Shel] l46 catslyst was considerably

-44-
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Table 25. FSSTR: DEHYDROGENATION OF DECALIN IN 2-FT REACTOR,
SU]IA.RY OF TESTS WITH THREE CATALYST FORMUIATIONS

Reactor: 3/8" O.D. x 0.049" wall x 2 ft long Hastelloy C

Catalysts: UOP-R8 0.8% Pt on 1/16" A1203 Spheres
Shell 10280-113 4% Pt on 1/26" A1203 Spheres
Shell o086o-146 4% Pt on 10-20 mesh A12 03

Nominal Inlet Conditions Feed: 33.6% t-DHN

Pressure 900 psig 65.8% C-DHN
Temperature 900F 0.5% THN

Feed Rate 25.0 lb/hr (545 UISV) 0.1% other

Test Series Time, Heat, Outlet DHN Selectivity

(Catalyst) Hr.:Min tu Btu Fluid, ConvyIn, to

(hr/ftu) F % THN N

(0018-1914 11:15 - 11:50 -1,400 -8 723 13.9 85.2 14.8
(UOP-R8) 12:05 - 12:50 43,200 251 8oi 32.0 63.1 36.9

13:10 106,800 620 906 54.5 31.5 68.0
13:40 " " 924 52.5 29.2 70.2
13:50 139,100 807 i301 62.4 17.o 81.4
14:15 " " 1038 59.0 16.1 82.2
14:40 " " 1051 57.2 16.5 81.8

15:00 - 15:35 22,600 131 795 20.1 67.9 32.1

10018-198 10:35 - 11:05 -1,500 -8 720 i4.o 83.8 16.2
(Shell
10280-113) 11:25 - 12:05 47,000 273 805 33.6 61.4 -8.6

12:20 104,500 606 927 51.3 28.7 71.3
13:20 " " 1000 43.7 21.7 78.3
14:20 " " 1054 .1 19. 8 8o.4

14:50 - 15:45 16,3oo 94 800 i4.5 61.4 38.6

11644-6 10:35 - 10:45 -1,300 -7 709 16.9 89.8 10.2
(Shel]
10860-146) 11:10 - 1-2:15 75,6o00 800 55.0 59. 4

12:130 150,100 871 916 78.7 22.0 78.0
i15:50 " 942 7T.5 19. .
13:50 176, ]00 ]02-)2 l 80.7 lo.1 8o.6
14: 50 1055 (8. 1 9- 905
15:50 " " 1050 77.5 3.) 91.1

1 6:i0 - 16: ,55 58,30( 22? 794 ?P.9 66. ,

794 5,.
TD F"APL-TR-7 07 Coi-7-T:
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Table 26. FSSTR: DEIYDROGENATION OF DECALIN OVER UOP-R8 IN 2-FT REACTS_,

IDATA SUIMARY SERIES

Reactor No. 10018-49, 0.277" ID x 0.049" Wall x 2 Ft Long Hastelloy C

Feed: 99.5% Decalin, 0.5% Tetralln;
25.0 lb/hr, 545 MSV, 59,740 ib/(hr •t 2 )

£operlint.1 NI. ____________________ i sx d t.0 190.td Nmt

- "I in- It 1.. W.11 T... ".at*
TSL..- 1.4 --- ?- -

1 tr.r 1. e• ctala e~• 'Aot~ytat 35. f-1+ B 9]q&o ( 8hi) -16 1.
f ro, i09,1177 77 4 Tf -1:5 57 -2

115o 7-5 9,0 a& 13.9 35*2 14. 744 R I -22

t ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 1 -8.Ja Ir .Aý _ di5 T 90 2 $13 184 -. 8 1.5
1 110 7 .o 79 6 7 T7 -2.5 -57: -2.56 91 T69 I i5 o - 5 754~ -(1.4s

2.5.5 751 ,

1.5 a 87 2 m 859 T 9 . 521 -7.8

I T 2 852 4 (8 ) (729 -1.4 2610 8104..

21 B T3 (o 1A) (-1.4)

0 )22.5 7T0 730
B 8

(1510o 919o '596 899 88" 54. 5 1.% .0 0.5 9 953 0 (896) (934) 106.8 0 0
91.5 l 950 1 846 984 106.9 2 384 155.0

S,,,q'v7 • 1o6.8 1291 s1.7o

97jIi.T 4 10 9589 3 1 1o6.8 0.57 25-85

15 B 9 22 950 8 97 106.5 14200- 568.9

S1 T 9803 24 (1.852) (813) 106.7 154 619.6

21 B 15) (0-24) (406.8)
22.25 T 199

5 I 23 .5 B 999;
899 315 .1 70.2 0.5 p 955.0 (956) (934) 106.8 0

11.5 950 2 949197 106.8 1291 51.7
B 94 6 6 946 92.1 106.9 1874 155.0

10slx 981059939 0.88 6457 258.5

912 1 94 9 50 1016.8 9038 361~
12 T 969118 990 961 506.7E 1 16206 44.68

15 B 98lO2 9 985 106.7 1425 565.90

is 1T06 a o Y oss ((1 ) 0o6.9 15490 619.5
2.1 B 199 (0- ) (106.8)

1390 1 1001 90 0 '•3 52.5 1n.0 81.4 0.5 B 95 9 (90 7) (958) 169.2 0 0
(C wmt~n~tiz of •, 1 .,) r1.5 7 984 2 98 959 i39.2 169 5 T

6 BT 1993 61 997 968. 1396.2 '50 7 201.9

6 7 9 10 A 9i9 988 15. 8 4 15 36
12 1012 14 1039 10 1 9 114 1•0 1 6flO

12 7 13 19 ' 17' 15. 154 8015 B 105w 2 100695 j 1068 . ~ o 13. 56
Bs 1061 (24)1(1011) (io9 54939-1)-

18 ( .8' & 0.9

21 o 0-2i) 106

350 .8.9 'B 1.0 01.2 01 a

'9 0

( c c t c n a n I n o tr s..) 9 697 1 5 9" .2 16 48 2 1
1. 7 '987 6 99 9 61 139.2 s648 mi

1"6'i 6 992' 1 098 39.1 841) 356.5
:10 lo Oi053 l ~ 1)9.1 I1.1711 471 o

2. T 1031' 18 1040 . 11>35 1,9.0 15140 605.5

1 B lo 2 12 109)1, 1064 i 38.9 1835, 739.9
"I5 B 1061 21 0 '16 124)!010 so.

1e 1095 j

I 1 I 1 I 1 +

11509 0 10 118 848 '7.0 16.5 81.8 '.5 " 0 (989 ('4) 139.2 j 01

(crtn..tI .1o101 P 3l 15 97 2 '90 061 3)9.2- 1665 637.5;
I B 995 0 Sq' 998 * 159.2 504 2,01.9

9961 o 1019 091 159. 8k425 536.
91014' .4 103.120V 1"9.1 (li780 4510

Iý T 1 I 196 17 105 159.0 15140 700s -

j15 Bg 105 ' 11' 515 sil 1849' 09 V
18 0 ('04 4 115?) (1m6) (55.0 8 215 806 '
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Tale 7.•WT: DEHYDROGFNATION OF DECALIN OYE SHELL
io86oL-140if-FT HACTOIt PRODUCT~ ANAMNS

FORl SERIES 11644-6

Product Cum~lo• ct•c, %w 4Time-- - -"

t-Decalkn c-Decalin Tetralin Nxphthalene

10:35 - 10:451") 51,6 31.8 15.0 1.6

11:10 - 12:151) 35.7 12.5 31.6 20.2

12:302 17T.7 5.1 I7,8 59.4
13:302) 20.8 T.i 15.1 57.0
13.502) 15.1 5-3 9.0 70.6
14:502 16.3 6.5 8.0 69.2

15:5O02! 16.8 T.I 7.4 68.7

16:io - 16"53.) 41.6 29.5 19.5 9,5

Feed 33.6 65.9 0.5

"IT Average values over indicated time period.
2) Smoothed data.

Fi•ures 18 and 19 Fnd Tatle 28 fo!i)ow
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Table 28,. FUSTiR: DE RGNT OF r DECALIN OVER SHELL _1020-41)
IN 2-FT RUM-'C DATA SLAYSAE 0i=3-

Reactor No. 10018-49; 0. ?T'" ID.Y 0~c.04~911 Wall x 2 Ft Long Hastelloy C

Feed: 99. ,Decalin, 0.5% Tetralin;
25.0 lb/lx. 545 LIMSV, 59,7440 Thb/(hr ft 2 )

1018 i m To - ' rtoue-pi r Wetll t Tow., e Y 1u ) 10'l , kmzt v

11 - 1 4t

il ,43 Tai~~ 11.0 83.. 16.2~.. 15 B BW 2 (895) (899' -1.6 0 0
1hrr n.h Caa h ct110. td 1 5 T 809 6 -2 N1.5 -i8 -0.7

-*1 8 e 7 *. 1.3 -52 1p*
67T71 10 75k 755 -1.58

le T14 8 3 34 -13 j -145 -5.8
15 B 7h1 22 (728) 730 :1:2 -1 T -. 0

8 71 4 (78) O9) -1.2 -19 -7.6
21 43 731 (0-24) (-1.31)

895 12 4. 5 T 12825.5 B3 750

1200w 9 805 eg 6 36 61.4 38.6 0.5 p5. 0 I4 91) h-
1. 7 89 885 7 T050 2

6 % 10 849, 4T.1 28k21 113.7OwT 18 85 fT- 511
15 5 850 2e 5So 8")44 25 5

218 2 84T 214 (856) wM6 47.1 6OL41 272.9

I23.51 r 856

122 903 92T SO 852 51.5 28.7 71.3 0.5 a 974 0 (909) (968) 104.4 kl

3 B 56 956 1934 104.5 5790 157.6
j 5 10 961 939 lo 6516 252.6

125 9 1 8 905 9m 104.4 11370 454.T
97B4 2 ll 992 10h4. 36w~ 555.(1

is T 980 02 104 99e6 o5) ioki, 15690 555.7
211007 (0-241 (1 06 (ao) sio o6

8941110 14968. 5 T 10200

130 8 00109005 k13,7 21.7 -d.. 0.5 a3 968, o (m7) (951) 04. 5 3 0
(Ccuiumul.ml or Rim 12V0) 1.51 T 9671 2 961 9, 104.5 12S3 50.5

3 a 9581 6 9629 3 104.5 3T90~ 151.6
I6 T 962 10 q%76 954 104.5 6316 252.6

Ij 9 43 95.3 Ab 110 979 104. 4 8W4 3556'

Ts 9 16 10352 IC,11 104.)" M160 h45:5l
118 2 10 11051 10k.2 15890 555.

09 214 (110W) (102) 104.2 51540 i 605,81!1 15 0 24) (ICA. 4)
79 1078I25. 5 p3 1087

1M 897104845 9 19 80.4m 0.5 43 9741 0 (981) (959)I 104.5 o 0,i
fmb*kwarhmI )1.5 1 T 969)) 2 6 4 1 C.516 i

6 T 6 111 963 )to W 10* 99 Z10 '1~ 526
'9 976 9.9 140 112 bA.), 8838 353.5

I 00[ 18 104 lZ.145 11k 5.
.1O4 15 .9' 113 V.4 -3-%80 555.2

T4 106P 24 (i140')~ . IVI 1 15I-. .
21 43 0o,9 (o 14) .1CA 4

23.m8" 1455 3w 115.9 E)~i i. 141.5; T %8 2 155 "f. 6

15T 9 0.5 0 (90) 7965 If, ý 9fl .

I9 43 '1 )0 1k 1?T 79k, 16. 5:"
12 1 T '95 III &A0 .ol 16 7

15 46~~416 M 16.1 1169 6.

T 001 o.Ž4

... . 1 3.d'1.0.,. .1 ~ 11o1d Il~. rz 4. rd4 .. 4.,....------

T)K..1m o .., w..11is %). bV1wi. j.144.. b3 - w3tt4m, .To
.1V 4 ý 9,0i.14E 1. l04, V* i.A 10 1 r ) or ne "Ve o f .tu. 4.*%d imal..

66,75



Table 29. FSSTR: DEYDROGENATION OF DECALIN OVER
SMHEL 1CnO-113 IN 2-FT REACTO

PRODUCT ANA iSES FOR SERIES f018f-198

Product Composition. %w
Time

t-Decalin c-Decalin Tetralin Naphthalene

10:35 - 11:051) 43.0 43.2 11.7 2.1

11:25 - 12:051) 35.7 31.6 20.5 12.2

12:2e2 26.1 24.o 15.0 34.9
13:202, 26.8 30.9 9.8 32.5
14:202) 27.2 35.0 8.o 29.8

14:50 - 15:451) 35.8 50.0 9.0 5.2

Feed 33.6 65.9 0.5
1) Average values over inekated time period.
2) Smoothed data.

Figures 20 and 21 and Table 150 follow
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Table •O. PSST: DEHYDROGENATION OF DECALIN CWE SHELL Io86o-I46
IN 2-F1 RACT,(. LkTA S[ff"Y SERIES II- i

Reactor No. i0018-49; 0.277V IDx Oo049"Wall x2 Ft Long Hastelloy C

Feed: 99.5% Decalin, 0.5% Tetralin;
25.0 lb/hr, 545 LLSV, 59,740 Ib/(hr - ft 2 )

D~~~~~o ~~~ ~ ot1 9M~tliy 9acla~ Nu 16 . .. pr 1

6- o 1)06 ' Oo i 91 I 7o.] 869t6t.1.*- %n O T m.1d *eid _t IftHfI= Ino . . ..P.

in. 7- o 10 - .? -' 0 -1 .2

9 B C'0 62 752 i (25 -1.2 -109 -2.. 9
12 T 22 78 116.19 -19 -159 -56

15 B ,I5g 22 7167 717) -1.2 -168 -7.

. 1 71 1 ,(0 -,.2

1200 9T0 800 9I1-24) (16) .18

75.5 T 0 F
P 880 866 1 75.5 912 36 51
S6 845 828 T5.6 2.0o 1^96

LO W T2 7.6 4568 12.:7

I ~9 a - 80 7. 696 I 2551.9
12 T 85T 860 75.6 8?226 0

15 2 856 P2 871. 855 75.6 11050 64w.1I
18 7 857 21 (878) (862) 75,6 10970 438.6

*21 B 871 (-24 )j (75.6,
*2-..5 7 e8n I

2 • 6 w i 783 2,0 78.0 0.5 B 1019 0 (1050)(5020) 169.9 0 0
1.5 T 9w 2 975 962 150.1 1813 72.5
5 a 6o 9 6 962 910 150.2 53 217.7T
6 T 91 10 92. 911 150.2 907 52.9
9 B 940 12 959 97 i ,1 0 5 .1

112 T -351 j 18 1985 95J, 150.1 165W0 655.:2
15 B 976 22 01 988 150.0 19960, 1 ,
18 T 982 21. (103) (1008) 169:09 217T7 870.8
I ' 21 B 10141 (0-24) (15.1) . 8

.22:5 T 1025
23 B 5 1071

.550 699 02 9 V-1 73 .5 19.9 80.1 0.5 B 1015 (1010) 1'9-9 0 0
1^ T 90T9 761 (102o)I 169. 185 '7.(Co.n=time, of.m 1.) 1.5 ( 7 2 91 91 ' 150.1 11 2.

B 6o 6 962 910 150.'2 5665 217.7,
u T w 10 966 416 150.2 9o 536&.9 I
9 B l 91 1. 967 956 150.1 12700 5m-. 1

12 T q55 18 000 )69 15o.o 163)01 653.2
1 98 22 (0! Oil 11.9.9 19950 T98.2,

21 1055 1(0-24) (o2( os. 15691
25.5 9 1055(0 !

1550 899 IoD9 905 71
8  

0.7 10.6 89.6 o.5 io0.6 Q1 (10M) (v 75) 176.o 0 .
1.5 T 100o5 2 997 961 .76.2 F2129 85.1

3 991 6 975 9156 176.2 b5w 255.5T 97 92.1 176.2 10950 126.0
105 - 0 " 1 Wl 76.2 16910 596.5

9 99. 1 1069 16.1 19170 766.6

f175 D 'ok 15 10 1 75 1751:9 26 '.56(Ti ) (1628 1
I 21 10 (0 l 2o ) (176.)

9051 I ,

1 950 0 1035 903 7Ti 79.5 s.
7  

90. 0 B .2A.9 (1070) 1(10351 17.
(Con11.,lon.~1B , 11- 1355 ) 1: 0 CK5 2 1001 F?2 M.15162 '1.

9w b, 9761 7 176.2 79 51-

. .• O , 197, F 1 F I 176 9t% 9T 7.6. 1

6 r

9 1 977! 1. F 109 0, ~ ' 176:2 41690[ 59b.1~~~~~~I I 11 7 '19 11 1)20 1 17,' 21) 1 6.

S...............I...15 B 0 2 .126 0.1 1M '6.7 Fj18 2 26 (1160) F . 7
(I Fi, I 9 ll

7

1,150 '101 10L50! 9)173 I Ti 7. 5 61.9 91.1 o. S B 00 F (1 ) (Io!~ 76.0
17o'(I. il 71107 4 .0'M 177b,' .

I 997, 6 A92 A, ý ,0
9&, lq11,0. 625.',

9w I4 1 ,1, 96.9 9.. 11441

F 9 106' ~ -. 4 11 2.1.5

11 99 PA11 A26 1170 t'*h) F. 1.1
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Table 31. FSSmR: Dl) YrROGEIATION OF DErAL.IN OVER UOP-R8
IN 2-FT MECTM,~ PRO UCT WM&LI! FM SIt

Product Composition, %
Time- -

t-Decalin c-Decalin Tetralin Naphthalene Uxinown

11:15 - 11:501) 4.3.4 42.9 11.8 1.9 0

12:05 - 12:50') 36.7 32.1 20.1 11.1 0

13:10?2) 26.0 20.9 37.4 35.4 0.3
13:h(#) 26.6 22.3 15.6 35.2 0.3

13:502) 21.1 18.0 11. 148.9 1.0
I14:152 22.0 20.5 9.9 46.6 1.0
14:402) 22.6 21.T 9.8 14.8 1.0

15:00 - 15:35') 38.8 41.5 13.6 6.0 0

Fewd 33.6 65.9 0.5
I) Average values over indicated time period.
2) Smoothed data.
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Dable _ YDROGEATION OF DECA-LIN 0IV ±ai VARIOUS CATALYSI'

Feed: F-I15 DHN Pressure: 10 atm
Feed coesit:on : 100

25.0% trans DHN Reaction Period: 30 minnutes
"01' .5% cis DIN
o.4% THN

Reactor: Bench Scale, 5" bed in 1/2" INS SS tubing furnace heated.

btlytcmlt N Conversi at-I a F ATJrd ofatastB -sd atrun

c)0talat - 1 4 protlcty 1112 Ee.- 1. 1 2 1112 1202
i.o86-ih6 43.7' 58.3 62.2 71.2~ii 87.3 m8 6-I I f Iob
UOP-R8 56.2 43.9 47nyb) - 14 43 ~b

10280-1o7Bc)l 59.1 46.7 54.2 61.5 66.5 1 11 25 34 56 i6

3a9- 5.0 46.1O 5h.9  61.6 6 9.8 0 AD 22-s6so 1 2o

a Reaction time: 10 minutes.
*b) Cat~alyst completely deactivated atu the erd of this run.

1)028o-113 prototype.

TableY3. ACT11XWI1 OF CATALYST 10280-213 AND io986o-P46
FOR MET__CYCLOHMO NERD-YDR(XIENATI[ON AT SEVERAL, TEMPERATURES

Condt.ions: V#G*I, 11EV 100, 10 atm pressure, furnace heated
Reactor: MICTh 4-1/4" bed in 1/4" O.D. S3S. Tubing, catalyst

diluted 0.9/1.1 with quartz chips

C-talyit •U Average Conversin of u-

No. Pt Port MCH to Tol'iene %w

Type Mesh S:tze Run No. 662 752 84QpF

i)860-70 i UOP-R8 type Ai7o1 O th 2m 7 f 7

l028(-V11-!3 4 1 4-2 I t 7i W$.

AFAP I--TR-/ 0-,7



oetter than either the UOP-R8 or She!l 113 cetalysts. rhus the FSSTR data cnfirms
these findn.g in general. The lesser activity/stabilitýý of the Shell 113 catalyst
compared to U, -R8 catalyst in the FSSTR ccopared to the results with the proto-
types may be due to some misadventure in the makeup of the large batch prepared
for FSSTR evaluation; this will be rechecked, In the MICTR the comparisona involves
MWH rather than decalin, but the order of activity bears out the results found In
the FSSTR with dectlin.

ThRMAL STABILITY OF -

Thermal stability st iies have progressed along several lines during the
post year. fl0e of the chief Evances has been in the completion of -he prototype
beta-ray backscatter rig for measuring deposits. This device, although still
umdergoing evaluation and testing, has been used successfully on standard ASTM,
SD/M-7, and JFTOT Coker tubes. It has also been used in measuring the deposit
thicknesses on titanium strips frcm experimental fuel tanks at Boeing Aircraft
Ccmpany.

The characterization of candidate fuels requires the development of suit.-
able apparatus to characterize routinely the behavior of the fuel at high tempera-
ture and pressure in both the absence and presence of endothermic reaction. To
provide a method of so characterizing fuels, we developed and put into operation
du-ing tt* last contract period a piece of equipment, the Cýatalyst and Fuel System
Test Rig (CAPSTR), capable of evaluating a fuel/catalyst combination to a maXimum
temperature of about 13000 F. However, a major difficulty in the utilization of
th,'s appa.-atus was the determination of the amount of deposit on the heating tubes,
which, because of the high temperatures involved, could not be fabricated of
alminum and rated visually as is done with tubes from the ASTM Coker. Now t•hat
the beta-ra,> backscatter device is a',ailab1e,ve shall be able to start fuel evaluae
tions vitn the CAFSTh, in which Inconel 60c heater tubes are used. Because of
color changes of the metal itself, color rating of the Inconel tubes is impossible
and deposits from this equipment could not be ecvaiuated in the post.

Further progress in thermal stability testing has been achieved, in that
t4he JFTOT fuel tester is now complete and operetive, and a number of tests have
been made. The rig has been found to be delightfully simple and rapid to use,
but does seem to have a high temperature liiatation. This can probably be solved,
howev er.

No further changes have been made an the SDjN,-7 fuel coker, except tnat
a beclkan Oxygen Analy7er has now been Installed and is functioning properly.

V.iri.ous thermal statuility investigetions have been made Including brief
.studies of hydrocrackate fuels and current commercial Jet-A type fuels. In uddl-
tion, we have been exploring a new class of poteitt.W1 ii•ldiPT1e8 for Improving
thermal stability of fuels. Several addit>-,t,,s. lwv. been founW] to be effe!tive•.
although tests to date have shown that they are beneficial only in Puelns cmtain-
Ing dissolved oxygens, the berl.rfiL from the additive th.ing, substantial'y the same
as th•ose fron nitroge• .,perr-4ng of t/he fuel. This suggests, of course, that the
addlitIves directly aierfera with the degraddation mechanisms in which oxygen is a

A -RA~A. - h~7c.-'7



Measureme-t of Deposits hj Beta-Ray Backsc~ttter

After a broAd investigation of possible ways to 'neasure fuel coker depos-
Its q antitatiyely, a prototype beta-ray backscatter test rig was built for thir
purpolie. Thi,3 equiýmenta has been completed to an operational stage, and its
characteristics and c -aabilities are now being evaluated. A photograph of the
apperatuas in its present state of development is -jhown in Fi-ture 24. A description
of the equipment appears In the Appendix.

Initially, the test rig was set up partially fram ordered co.mmercial and
,,hop produced components, plus some borrowav components, including a vacuum pump
and a scanning mechanism dri-e motor. These borrowed parts have row been replaced
with a large capacity vacuum pump to provide rapid pumpdown, and a suitable drive
motor, speed control and gear reduction arrangement to permit scanning of differ-
ant sized rubes. Tn addition, the original temporary detector, devised by mod•fy-
ing one which had been used for other purposes, has been replaced by one designed
specifically for this Instrument, and embodying improvements based Gn experience
with the first. A commercial detector which was ordered while the temporary one
was used has finally arrived. Although this detector is no longer needed, we plan
to test its operation in compar'ison with the newly designed one, However, we are
not optimistic about the co~meaxial unit, since it has a window thickness c•
approximately 2500 A. Since It was ordered, we have determined that the maximum
window thickness to avoid loss of sensitivity is about 150()0.

Our currently installed windMer has a thickness of approximately 10100 and
has been in use 24 hours per day for five weeks without leakage. The differential
pressure ai~ross the vindow, which Is supported by a 2&3 line-per-inch ickel screon,
is essentially one a-,mosphere, and the vacu[w system holds readily at a few milli-

microns Hg pressure. This clearly demonstrates that there are no holes in the
window. However, the window has been a problem. If the window thickness iz too
small, the window either breaks or develops holes; if it is too thick, it cuts out
"-he low energy electrons required for measurement of deposit thickness. We origi-
nally used a cellulose nitrate naterial which was on hand in the laboratory, bkt
windows cast from this material, when sufficiently thin, proved ton fragile and
,Ahort-lived. The wi-•idow material thqt we had planned to use (L.~ion Carbide
PARY±L, Ie film) wa- too thick (2600 A). We have now receivod a thinner film
"(1000 A PAR.YENe' film), which we plan to install later. While we were wniting
for delivery of the tiin, film, we successfully cast a 1000 A film of PRLODiONL"
(also a cellnuose nitrte material), which we are now using. Although the PARYLENEI
material is believed t- be stron.ger, the present window is performing satisfactor-
ily and will not be replaced until necessary. The present arrangement of window
film and wire scremn permits about a 70 percent transmission of electrons, which
is considered adequate.

A considerable anount of effort has been exper ded in tV-e evduattion o t
this equipmer.t and is still continuing. The effects of vacumu level, detector
time cr•ant, rotational-transl.stioal tube speed, detector head positioning,
chart speed,pen response time, and u number of other varipblec hare beer tuder.
fmvestigation.

a .Telfaeraxtd R. M. Curtis of our Analytical Departnient wer.e responsible for
the design, zonstruction and prelimkinary testing of Lhis equi-x, t.
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As was noted preniou~sl;,,1 t is rxoss,,"le tc reach sat aaticVý,W for any7
given e~octrcr, enezyyr level, and týýnce to reach a carimum deposit thickness beyond
which, readings -will be linaccurate. If tUil .ker deposiýta are -to be ý,easur 4. a dual
a~et of detentors,. Rnd sources might 'b~e require a P.* ba avsured that, true der ,ait
thickriesses are being measured, Tm ddttlc)1n,, the span cT lthe current 5 isv single
0taNnel 5-Inch si~trip reccrd.er ie so narrow that it cennot read out the signal
Itoc all deposit levels at t same iernsitivlity settWsg. This oftep requires *
iaultiple runs at differen t 3rnsi~tivLt~ieri ist order Wo me~saure Jie entire Jetiosit
profile. This could b-, corrected by v.il'izing a 1 am, ItO-inch strip recor-der with
dual channels. n~is NC\21jd Jfn ,"rease the senSit-.Vit'y, odthe uee of the tvo channels
a deirade apart wou~ld eniable as to bn.a kreater reange. of thckrnesses

W4e have foirnd the> st l or ~:.nrface une*venness of tun;e an miCause base-
Uricp fluctuat~ion, said e~xrimer'bt dn .gas nhCTni that -Lbis Is obbarvýable for steps
el aittle as (0-001 inch.. ThNis is, not due ".,, differences in aix- thickness, but
rxP t,,br to tit. Weocetric chararcterlaties af the beta-ray collin- to?. This pniblem
cmm Ibe cqeroomoý, .NOwever,, by ;clcanlis' depossit. trom rerroiw band. -pac:,ed along the
strip to Provide Z r.A'erencte level ofba caer

Ailthou4l the betAý-ray 'backscatter equiAgrut has given reproducible results,
a sa~hflctcu rnehcd of c'ali bration which reluvnt, beckscatter values to the actual

tŽE.ckinea&eý of the deposit, is still oeing purcuel. F2or our purpos.9s, such calibmN-
tiun,$ while intellecttallrv satisrying, is not sa Baiafly necessary as lan-g as we
ecawpre del~ns.'ts ,)n. tvoes ot the. !sama composiL"'tz- The output of the device Is
asa~wud to hexb zrtcwa to the aiumaber of' -. f 'iaatertal. an the tube iunder
ex~mtnation, if Teaverage atoprte n~zaber does ite1,t depart too seriously from -that
of carbcr' ki requires, ti lo&r w.icentratlorn c,-, higher atomic nuxaoer element-s.
This will Rcrera-lly be the cace.

ti £rvtionof the iTuatnimant thus f.ar has been attempted with nitrocel-
liflosra falmbý wrapped around an et.'im'inium coker t,4be. These firsw have beer. separ-
stcýLy cast and then taped -to the babie for rctiLng hy the backsacatter equlpelenG.
'The `ilm is then removed and the thickness c f it meý sured indevendently by a
mlcrr.,copic light diffracýtion tIchnicuc. Rcaghly, we have found by uising this
method that 1. inch on the strip chart corresponds to a thickness of 550, f on a n
alzuadnimi tube. Howevevf, the fil1k so app] jed hias always been wrinikled and nonunii-
form; hence, the search for an ntceumi~rte mcthhc of calibrating the instruwernt is
still, underivay, and an absolute calibration was, not availableý hin he e~arllor work,
For that reason, depasi t wc,- auremrnts are? rep.ýKorted here in nond ime~rjzsionailnis
but are approximate'ly equal to thiicl~measý-s in- Any,ýstroms.

As a part of tiie f.verall caibhra Lion problýen&g we needed a calibr-ation
method for depoýiits anu lifferent substrate metals,. To implement this investiga-
tion, a calibration rod of I ,/8-nhcr _)D has !been canqtructed which cons~sts :)
sections of thc followiJng nmaterials: brrnss, silver, elixainum, cadmI~ium, c~obal.t,
zinc, iron, tin, titanilti,, tma7iesitun,, cabon, and TEFLON® rod. By sccxming.47 this
rod we obtain a series of' steps on ,%he recorder due to 'the different backseatter-
big efficItencIes of the materials of' the rod. A 1000 1 PARYhENefl film thnm is
wrapped onto the tube unider tensionr. thus eave 'dlng the previous wrinklIng problem.
The tube Is then rescanned t[o obtain the caiium~tionxs for deposit, thicknesi..ýi
additional advantage of the rm.utimaterial tuibe is that. It wIll be vfei ce r
res týandard iz.ing, the tube when ,t. bn'oones niecessary to chanh-e winclows, up to maket
regular t'alibratioari checks ixn the event ofn drift in the electr 'if, equiprnert.

AF-A.P!L JR-70-7!
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Calibration ývit other pure hydrocarbon films is planned, although cali-
bration with nitrocellulose is not considered to introduce a serious error, since
the difference in the beta-ray backscattering by nitrogen and oxygen and the
backscattering by carbon is not expected to introduce a significant error. However,
this will be checked.

Boeing Titanium Strips

We have completed an evaluation of the tank deposit strips that were sent
to us by Mr. George Hays of Boeing Aircraft Company. Results of these surveys are
plotted as deposit profiles in Figrs228, where deposit thickness in A0 (approx-
imate) are plotted versus distance along the strips. The narrow vertical dips
shown are due to the fact that divider strips were welded and cemented to the flat
titanium sheets, from which the fuel. tanks were constructed, and were then removed.
The greatest thickness of deposits was in the region of the divider strips, and
this suggests a possible interaction of fuel with the cement or sealant, or an
electrostatic attraction of deposit towards -the dividers. The thickness of the
sealant is indicated by the ends of the dips and ranged from an apparent 150 to
8oo A".

In order to compensate for the departure from flatness of the strips, the
deposit was periodically removed by mild abrasive action, although this is not
shown on the deposit profiles. By assumning that the minimum deposit thickness
midway between divider strips represented the true unhindered depth, approximate
dashed curves have been sketched in. It can be seen from the figures that appar-
ent deposit thicknesses ranged from about 500 to 14.00 A0 . Calibration was made
with a 1350 A' nitrocellulose film on cleaned titanium strips.

An effort was made to check these results by cutting two sections 2.5 cm

in length with apparently uniform. deposits from one of the strips. One of these

arese measured 1200 A' and the other 1400 A* by beta-ray backscatter. These were
then analyzed by combustion for carbon and hydrogen and a clean, freshly abraded
sample was also analyzed for background, impurities. Great care was taken to
prepare these specimens so ts to avoid contamination, and the edges and backs
were filed clean with a fine file. The samples were then rinsed with normal
heptane and dried 1mn a vacuum oven for two hours at 1500C. The amount of carbon
and hydrogen determined for the deposited samples, however, was much higher than
would be expected froan an oxidized hydrocarbon film of th:? thicknesses indicated
by beta-ray backscatter, calculated densities being about 4.0 and 6.1 gm/cm3. This
:could have been the result of the inclusion of substantial amounts of oxides of
heavy .lenments in the coating, since they would scatter more effectively than
tltani~u, and would make the deposit appear thinner to the instrumen)t. Ha-,ever,
,,caning the srlps fith the T.EK instrument (Varian Corporation) indicated that
no large concentration of elements existed in the film olher than carbon, hydrogen,
and oxyren. At tile present t n.me the most reasonable exp.snation for this pheno-
menon is either that the orilinal calibration of the instrkunent was at fault or
that, Lhe depo-Si t retainled substantial amounuts of the normal heptane with which it
was wished, in spite of being dried in a vacuim oven for two hours at 160°C.
This will be checked further.

Flfurnes 25, 26, 27 and 28ol Cloow
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Alcor oTFTOT and SD/M-7 Coker Tubes

A few & .uminum and stainless steel tubes used in our Alcor JFTOT unit
hav.3 been examined both in the Tuberator and with the beta-r"y batkscea+" jC-.-4oe,

A distinct advantage of the beta-ray backscatter method is that it enables
one to know when an observed color is not a true deposit, but rather the color of
the metal itself. This was demonstrated with a stainless steel Alcor JFTOT tube
having a faintly yellow tinted area which one might have rated a code 1-1/2.
Nevertheless, the area still looked like bare metal, and indeed the beta-ray
backscatter scan showed no difference between the tinted and the original metal
colored areas. The beta-ray backscatter readout was constant for this entire
tube.

However, a stainless steel Alcor JFTOT tube having an apparent code
2-1/2 rating, and giving the impression of being a true deposit overlay, gave a
definite beta-ray backscatter count indicative of a deposit, as shown I Table 3.
Here only the maximum visual code rating was taken, and then only on the side with
the heaviest deposit. The beta-ray backscatter readout was, of course, on the
entire tube, and shown in T is the range of thicknesses for both the
heaviest and lightest deposits on opposite sides of the tube. The deposited area
was about 1-1/4 inches long, but no effort was made to reduce the code ratings
into shorter lengths, since most of the deposited area was the maximum code color,
with lighter color around the fringes. This is rather typical of JFTOT deposit
appearances.

Table 34. COMPARISON OFASTM CODE AND BETA-RAY BACKSCTn RATINGS
FOIR ALCOR JFTOT STAINLESS STEEL AND SD/M-7 COKER TUBES

Tube Designation ASTM Code Tube Ratings

1 2 5 4 27 8

SD/I1-7 Coker Run 255  1 1 J 1 /2 1_12 1/2 1/200
J:FTOTI Stainless & ;eela ( 2-1/2) / 0 0 0 O -- I

Thickness Rvnjge by Beta-Ray Bac! -catter, A

J1ITOT Stainless Ste! 8 ' l( 14o-700/480- no0 ) (3 den.

SD/M-7 Coker Rur 5 2 5 b) m6o.. ll- 50- 5I ( -O (iposits)1 7 . . ....... ... . .... .i .. ... ..
-a) Per cma.

b) per inch.
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One should not take the deposit tLicknesses shown as being precis , since
calibrations on staLnless steel had not been made when this tube was measuned.
Moreover, since bare metal backscatter is a ftmction of tru.z metal composition,
true calibration must be done on the same metal composition as that on which the
deposit is measured.

The A:TM code versus the beta-ray backscatter ratiigs of a lightly depos-
ited SD/M-7 c,_ er tube deposit is also shown in Table 34. Actually, the areas
shown do not correspond exactly, the area "1" for the backocatter ratings starting
about an inch further away fr m the fuel outlet point than that of the ASThM code.
One has to keep in mind this point in studying the other tube rating comparisons;
the starting points are not necessari'_]y the same. However, the regions in which
deposits are located are in approximate agreement, the beta-backscatter results
being much more discriminating thmn the visaal code ratings.

The scanning width of the beta-ray backscatter instrument is slightly
greater than '/8 inch, since the radiation source slit is 1/8 inch wide and about
1/8 inch from th& nearest point of the tube surface. The beta-ray backsca •ter
readout is an average measurement of deposits for an area about 1/8 x 1/8 -inch.
Actual deposit bouidaries can be detected accurately, but the thickness at the
boundary cannot be determained precisely because of the slit width. Alcor JFTOT
tubes have a diameter of only 1/8 inch; hence, the backscatter measurement is
influenced by tube diameter, or surface curvature. Consequently, for careful
work calibrations would be necessary not only for every tube material, but for
different tube diameters and for flat surfaces.

CRC Erdco JFTOT Preheater Tubes

A series of ten Erdco JFTOT preheater tubes from the CRC JFTOT evaluation
program were supplied to us and rated by both the beta-ray backscatter method and
our owr laboratory ASTM Tuberator. The results of these ratings together with the
average values of th/n ASTh code ratings from Lhe panel evaluations and the results
with tie Erdco Reflectance Rater are tabulated in Table 2, and represented graphi-
cally (except for the values for the two most heavily fouled tubes ) in Figures 29

These tubes are 5/8" OD and 8-1/2" overall lengtb. All ratings are given
as the maximum values within one-inch long s3ections of the tube, numbering from
the fuel ou¶.lct end. Actually the beta-ray backscatter readout was in the foi'm
of a sine wa , because the depK)sits were situated mainlty on one side of each tube
and the tube -otates tnd translates durinj- the rating pro.2edure However, tor the
the Prcsent compariso--n we have simply given the maximum rating or deposit thickness
in A for each Inch of the tube leng-th. In the iaajority of c'seq, the geo-
graphical di'str nut, on oi the deposit s fire found to be ibout the samc by all
maethods (.' rat. nc. That lsc, t1,h deaxoaii, a .-e he vest near the exit end, although
there are a ,, e o e I .cept Lon:; to tLhis r: tie as shoywn with Tube.s l0 and 2.
ProuablY tlie two o.,t ,.n te rest Lnl ca;es '3 re tube's 7 and I j 4hich by bot}i our' own
rntinigs sat t.-io CHC aver cage fal I in the cr- tea ice*legion of code 2 to 2. Here the
results with the be ta -ray hackscatter aptpxaratus suggests that Tube 15 should fail
whereas ".e w,,ould primably pass, while thie measurements vith the Erdco Reflec-

Owle RHatfer w-1ud lead to the: o[' prxpst ioneiusion. Although the '..rdco Rater -eems

Ci:



Table -i. C ARISON OF BETA RAY BACKSGATTF PAT!NGS OF CRC 1AMCO
JFTOT TUBES WITH THOSE FROM TME ASTM TUBBRATOR

AND TE XXO RMrLTAMCE RAI -

Tube Tuberator Ratings FRXIO Beta Ray
Sections, 7RatO B eta A

Inches CRC Ave. _Snefll Rater Backsca terA

Tuoe No. 2, P. and W. No. 56
8 1I2 ,, xL8tt Tubes

0o-1 1.5 0.5 o.m4, -50
1-2 1 0 0.02 0
2-3 0.5 0 0.01 30
3-4 0.5 0 0.01 &"

0-5 0.5 0 o0.01 1105-6 1.5 0.5 0.05 36o

Tube No. 3, P. and W. No. 34
.(8 1/2" x 58)

1 2 3 0.08 820
p 3 5 o0.17 1130
3 3 h.5 0.08 )8o
I4 1 0.5 0.03 none
5 1 0.5 0.02 ;,one
6 0.5 0.5 0.02 none

Tube No. 4, P. and W. No, 138

1 2.5 3 0.15 1290
2 3 6.5 0.2i 1790
3 6.5 0.21 1210
4 2.5 0 om4 220
5 1 0 0.&3 0
6 0.5 0 0.02 0

Tube NO. 7,P. ad_ W. No._]8

1 2.5 1.5 o.m6 68o
2 2.5 1 (. 11 44o

1.5 0.3 0.08 220
4 1 0.5 o.m4 120

6 1 u0 0.026 0O oj, 0.02 0

'ubeN.i0 ,,P m-; W. No. 80

1 1 0 •06
""2 ]. 1 .7 - 0

3 1.5 0-0.<7 60

4 0.(6 14v
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TabIle 55.Contd). C21ARMON OF BETA RlAY BACYSCATMUl ATI. 3S OF
CRC _=0 JOT •TUE WIT TOSE FRM THE ASM

TUBERAT(R AND WItE ERXCO REMCTANCE RATER

Tube Tuteiator Ratings EI!)CO Beta Ray
Sections, - Rater Backeatter, A

Inc-ies CRC Ave. Shell

Tube No. 12 P,-and W. N.9

1 2 0.5 o o0.8 580
2 1.5 0.5 J o. 07 19o
3 1 0 0.03 0
4 1 0 0.03 0
5 0.5 0 0.02 0
6 0.5 0 0.02 0

Tube No. 14 P. and W. No. 118

1 2.5 5 0.13 i4oo
2 2.5 4 0.14 1140
3 2 2 o.o6 47o
4 1 0.5 0.03 30
5 1 0 o.02 0
6 0.5 0 0.01 0

Tube No. 15. P. and W. No. 137

1 5 2 0.21 1620
2 2.5 1.5 0.09 1260
5 2 1.5 0.06 910
4 1 1 o.o4 600
5 1 1 0.5 0.03 36o
6 0.9 0 0.02 220

TL~e No. I P. and W. No. 102

1 1 0 0.05 0
2 1 0 0.05 140
3 1 0 0.05 140
4 0o.5 0.05 310
5 0.-5 o.o4 240
6 1 0.5 0.02 200

Tube No. ]8 P. and W. Noý 9

0o.08 880
2 5 o.16 13A20

9- 5 5 0-1.2 1(o0
L4 t.5 O.c5 u.02 67o

A APL-T K- 7CI



to give qhuite cossetvleswti tof the disagreement with thebeta-:y
backscatteir apparatus is quite marked as sbown in firwe_,j. Although -these data
have ntbe nlzdsaitcly h ako ocrac ewe h w
methods of rating is evident. Of cor-z 0-ne of the scatter must be due to the
beta-ray backscatter instrument, bi7,, wi ý.,ýnnot assign this precisely since corn-
plet3' data on repreducibility will be )btained until developmnert work is comn-
plete. Howgver, repeat runs on aaow tube do not ahow deviations greater than
about t 10 A. The relation bet'ween kŽ7TM -uberator ratings and the beta-ray back-
scatter rating ia shown in fiur foi, both the CRC average ratings and -the
Shell ratings. Again a great scattering of results is noted. The CRC average
ratings increase with a reduced slopA fcr higher values because of the ma~ximum 4
code rating imposed on those valu3i~s.

A suirmary comparison of ra) y the other methods with the maximum
deposit found with the beta-~ray ' eatrmethod is given in Table~ 6

CRC Alcor JFTOT Preheater Tubes

We have also e~xamined a group of ten tubes from the test I- ' ogram of CRC
New Test Equipment Panel for the selection of a new thermal stability tester.
Information rece'red from the panel included ratings by an Alcor Mark 5 Tube
Rater and Erdco Reflective Rater and values obtained by different pariel members
using the standard ASMh Taber-ator. The li~tter values iere averaged. The tubeo
were also rated on our own ASTM Tuberztor equipmnent using oup expanded scale
(up to code 8), values being obtained every 1/2" along the 2-1/2"1 active length
of the tube.

Values obtained by the various methods are given in Table 3 and are
shown graphically in Figures 7 esý, -xcept for the two tubes witb the heqviest
deposits. Except for the Alcor Mark 5 Rater, whioh was obviously not sensitive
enough, values obtained by the various methods showed general geographic agree-
ment. The CRC Average ratings, of course, were always low in tubes having heavy
deposits since the AShIM scale stops at 4. In general, the best agreement with
the beta-ray backscatter method was exhibited by the Erdco rater (Figures 33A
and 4A and D). Howcver, ini a number of cases (Figures 3MB. C and D and aBnd
C) rather marked differences were observed. This is particularly true of tuibes

2,6, and 8 (Figures 33C and D and Figure 9ýC), which would have presumiably
been failed by the Erdco rater but possed 'by the beta-ray backscF~tu(r instrument.

The relation between the various rating-s and the beta-ray backscatter
measurements are shown in Table 3 and Figures 55 and ý6. Mhe considerable
scatter of U79~ points is evident. However, in view of the favorable character-
istics of the Erdco rater, it will be wlrthwhile to evaluate this iv~trument f'ur-
ther uaitng 'the beta-ray backscatter instrument as, a standard.

With bot~h thie Erdco Reflective Rater zind the betat-rs<, baoký-cutter e~ulip-
merit, the absolute level of the values- *.bsorved could very well ble -ellated to tube
geameti~ry Cert,,A!-nly in the e-ise of" 'the baekscatter-1 ngr prlllcip.ýil. Ue 'O Cliorfition
of the equipmnent with respect, to actual film thick~nesses was preltminaeýry and
subject to error In absolute accurecy.
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WITH BETA-R ýY MOKSA IMM CA IN IhOD
FOR Cli ',RDOO JFrTM- TUBE~S

Max Reing of Bets-Ray Iýax bya/

Tube No. Bea-Ra
BetE-Ra "1CO Shel- ASIM CRC Ave.

14 1790 0.2). 6.

14 1700 0.12.

0 5

7 68o o. 6 1.5 1 2.5

12 560) m~8 05 2

2S )6() c.0 0.5 1.5

iT 510 0.0502
14 io m (.07) 0.5 (1 (

"*T'alues in parentheses are maximum~ values accorcllig
., Spe( tfied me Lhod-
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t <e - " 4PARMSON OF BETA RAY BA-KSC;,TTER RATINS V CRC
kLCO1, 'F7WTUE r~~~WITH THOSE FRtMt M11 ASOTM TUJBERAlC

IND 'MiE EMOO ANT) ALCOR MARK V RATERS

be ýbcratc R& tin,.ýs AL, IX 0 B- m Re
Inchesio C CFhetMARK.v ReletneBackscat-ter, A

Tu&.ie No. I Ul

-. / 1,51/ 91 1 8
1-11 1/2 15.12 320
1. 1/'2 -2c 0. -4o

2 214 1 0 9. 5.0 0

Tube No. III

/20. 1 20,)
5 0.- 52

11/ 0. 4
12s o.c8L

L11, 'c TTA4

:12 5 1 5 4

5.5 I Ti
/2 5 - j 515

01



Table •7. _jC_ COPRLdSON OF BETA RAY TTN RATINOS OF
CRC ALCOR JPTCvr TUBE" WITIH THOSE FROM TME ASTM TUBI•IATOR

ANTD THE EFDCO kND kLCOR MARK V RAT•RS

Tube Tubermtor RatingsI ALCOR I Beta Ray
~fAiR,-flectance •ksterA
Inches CRC Ave. Shell M V Rater Rackscatter, A

1 Tube Nc. iIA14-13

O-1/2 1 1/'2 9.5 o.14 560
11.5 1/2 9.(, O0 18 42-o1 1/2 1.5 1 9.0 o.16 220

2 1.5 1/2 9.0 0.07 6o
2 1/4 1 0 9.o 0.03 0

Tube No. IIA9

.12 4+ 6.5 6.o o,46 248o
5 7 5.5 0.6k+ 24BO

i 1/2 1 1 2 9.5 0.O6 0
2 1 :/2 9.5 0.03 0

1/4 1 0 9.5 0.01 0

Tube No. IIAlO

0-1/2 3 5.5 9.0 o.22 8, ;
1 3 2.5 9.0 0, 2 900

1/2 3 3 9.0 0.20 660
2 2 11/2 910 0.09
2 1/4 0 9.5 ..03

:: ThbI No. HA20-18

0- ;. 21 68o

1 V ¾QO0.215 &)0• -,0 ' s48c',
• ::P 11) • O ' . 06 80

iiA22
.4 1 86(l)

S,, >.60 2460

A F

1. •0A



Table 58. SUMMARY COMPARISON OF OTHER RATING METHODS
WITH BETA-RAY BACKSCATTER ME•THOD

FOR CRC ALCOR JFTOT TUBES

Rating at O-Ray Maxl)
Tube No. Max 0-ray

Erdco Shell ASTh- CRC ASTIM Ave.

9 2480 O.60+ 7 1/2 3

22 2460 o.6o+ 7 4

l1AIO 900 0.25 2 1/2 (5 1/2) 3

20-18 800 0.22 3 1/2 3 1/2

4 70- 0.23 (0.24) 5 1/2 3
1 600 0.19 1 i 1/2

14-13 550 o.14 (o.18) 1/2 (I) 1 (1.6)

8 200 0.24 6 3.5

2 200 0.13 (o.i0 ) 1 1

6 '14o o.18 3 3

a) Values in parentheses are ma:.imum values according to

s-ecifled metho.x

A F A P I -i -- 70!-i;" l
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Problems in the Use of The Beta-ray Backscatter Instrument

Although it is evident frcm the above that the beta-ray backscattering
principle can be applied to the evaluation of the amount of deposit formed on a
metallic surface, there are a number of problems which could complicate the appli-
cation of the principle. One is the composition of the tube metal substrate.
Since the intensity of the scattered electrons is roughly proportional to the
atomic number of the element, it is obvious that a calibration must be established
for each type of metal used on which deposits are measured. In addition, the com-
position of the deposit will have an effect on the apparent thickness. This is
shown in the Table 39. However, it is evident that the amount of error introduced
by the presence of the usual percentages of oxygen, sulfur, and nitrogen will not
be large, and it is unlikely that any significant error will be introduced if an
average composition of the deposit is assumed. The presence of large amounts of
heavy metals or metal oxides in the deposit, however, would seriously hamper inter-
pretation of the measurements. Another problem is the need for a standardized
calibration procedure, which requires the production of standardized films with
known thicknesses. So far we have been using nitrocellulosge films, the thickness
of which can be measured by optical refraction. Another factor which can influence
nccuracy is distortion of the surface or a serious wobble in a rotating tube.
However, this has been tolerable at the level usually encountered with JFTOT tubes
and warped plane surfaces by providing occasional clean surfaces on the specimen
for measurement references. Another definite limitation is the thickness of the
deposit measured. For each source there is a limit of thickness which can be nea-
sured as a result of saturation, i.e.,capture of essentially all the electrons
enterin.g the deposit. Thus, the intensity of the source was chosen so that the
instrument could measure the 2,500 A thickness that we expected to encounter.
Measurements of thicker deposits would require a more intense source.

Table 39. ESTIMA.TED ERRORS IN BETA-RAY BACKSCATTER
MEASUREMENTS OF DEPOSIT THICKNESSES DUE TO

NONCARBON EfLEENTS

Assumed Error In

Composition W Deposit

of Deposit non CH Thickness,

CH .._a) -aa)

CH2 7, H +2.o

CHO. 2 5  23.5. 0 -1.5

CHSO. 0 ll.3, S -3.5

CHFe. 0 1  4.1, Fe -2.5

CHPb. 0 01  1.4, Pb -3.1
a) CH was taken as the reference composition.
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The present instrument is still und-r development, and it is anticipated
that the above problems will be sufficiently resolved to allow the instrument to
be used for evaluating the thickness of deposits on heat-exchange surfaces, as
well as for other uses in which it is desired to measure the thickness of coatings.

Fuel Additives for Improvement of Thermal Stnbility

One important consideration in the development of fuels for high tempera-
ture operations is the decision as to what additives, if ary, will be used with the
fuels. Although the selection of the additives is best left umtil tii,• conditions
under which a fuel will be used are known, some preliminary investigatlin has to
be done in order to ascertain the interaction between the fuel and diffelent addi-
tives. One of the additives which is suspect is the metal deactivator, since it
has a decomposition temperature of about 54o0 F in bulk.

Accordingly, a program has been initiated to screen potential additives
for improving thermal stability, particul,,rly of a varie+y which will function
at higher temperatures. As a part of this investigation, ' have taken a look at
iodine, partly because of the lubricity improving charactc-.stics of this material.
It was reasoned that if iodine decreases the coefficient of friction, as has been
reported under certain circumstances, then it might reduc.,e the deposition tendency
of fuels in a coker, where metal from pump wear might be L contributing factor.
However, the addition of 0.1 percent iodine to PWA-535 jet fuel caused very severe
deposit formation in the SD/M-7 coker at 600°F (code 5.5/56.5 compared to 2.5/16
for the iodine-free fuel). Consequently, no further testing is planned with this
additive.

Following a lead from earlier work or the influence of metal environments
on thermal stability, in which metallic zinc was thought to have a beneficial
effect, zinc 2,4-pentanedione was tested in decalin at 600°F. The metal was added
at a concentration of 200 ppm without effect (code 2.5/16.5 versus 2.5/15 for
th- nonadditive fuel) in the SD/M-7 Fuel Coker. Further observations with metallic
zinc in decalin indicate that the benefit originally found was characteristic of
the effect of metal deactivator (MDA; N,N'-disalicylidene-l,2-propanediamine) also
present. MDA was found to provide improvements in thermal stability of decalin
up to 600'F, but became ineffective at higher temperatures. This suggested the
need for a chelating agent with a higher thermal stability, since MDA is not
stable above about 540 0F.

It had been concluded in the earlier tests that Zn did not interfere with
the effect of MDA on the deposition tendency of decalin as did certain other metals
such as Ni, Fe, Pb, and Cr. The results with zinc 2,4-pentanedione were therefore
in harmony with this conclusion.

The beneficial action of MDA was assumed to be directly relted to its
action in passivating dissolved, and possibly surface metals, and not necessarily
to the action of a zinc chelate which had been formed. Conceivably, even where
concentrations of soluble metals are extremely low (ppb level), these metals may
nevertheless play a key role in oxidative thermal degradation of fuels. Since
virtually all fuel handling and storage ecuipment is metallic, metal is always
present, and even in glassware tests of thermal stability the fuel has been pre-
viously in contact with metals.
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it was concluded that perhaps a more stable che~ating agent would extend
the resistance of fuels to thermal oxidative degradation to higher temperatures
than does MIA, even at air saturation conditions. Starting from this premise,
some fifty compounds have been screened using the SD/M-7 fuel coker, of which six
definitely have been found to be effective at 675-700F. Probably several of the
others would also prove effective at lower temperatures. A highly saturated jet
fuel of a JP-7 type with high thermal stability (RAF-159-6o, designated F-68) was
used for the screening tests. This fuel has a thermal stability breakpoint by the
SD/M-7 coker method of about 6750 F. Other properties for this fuel are shown in

Table 4o.

The simplest member and first discovered of the new class of thermal
stability additives (additiveA) was found to improve the coker ratings of F-68
over the temperature range of 600 to 7000F. At the latter temperature the improve-
ment in thermal stability is equivalent to ca 125°F. That is, the coker deposit
rating at 700OF is equivalent to that obtained at 575°F without the additive.

Most o' the other compounds tested have involved structural variations
of the basic flem of additive A by substitutions of groups and atomic species on
and about the functional parts of the molecule. However, in the werk done to
date, no one simple mechanism appears to account for the activity of all the addi-
tives. Indeed, not all of the effective compounds are believed to be chelating
agents. Some of the materials tested, although having some of the structural
features of additive A, are entirely different in their chemical properties.
Moreover, we have no q.inple explanation for the maximum temperatures at which
these additives are effective. Structural modifications which increase the thermal
stability of the additive do not necessarily improve its effectiveness. Most of
these changes have resulted in less favorable activity, some decreasing the thermal
stability of the blended fuel.

In four cases with the six effective additives, group substitutions at
the functional graup of additive A apparently did not harm the ability of additive
A to enhance thermal stability, and in addition are expected to improve the resis-
tance of the additive to water leaching. The fifth effective compound (additive
A') is a different chemical type, but the structure was suggested by that of addi-
tive A. The sixth additive is a fluorinated form of additive A (AF). The effec-
tiveness of these six compounds and MDI is shown in Table 41. Although the effec-
tiveness of the additives increases with temperature, the results shown in Table 41
demonstrate how an additive may first be beneficial and then become harmful above
some critical temperature. None of the additives has been found effective at
725 0 F, when te3ted at that level, and one additive (A') that was beneficial at
6750 was very harmful at 7000 F. The cause for this sudden change in activity with
temperature rise is due either to a thermal stability limit of the additive itself,
or to a change in the thermal degradation mechanisms with which the additives
interfere. The fact that MDA was not effective above 600°F in either decalin or
F-68 jet fuel suggests limitations in the thermal stability of this additive.
The more thermally stable additive AF was found to be no better and even worse
than additive A.

AFAPL-TR-70-71



t--~~~J~ -I~< rnC)t qO\N - ~ C.) q)n (f)
C' C'C- A

:I ) C,~ ~ ~ I

V

bi) f-.i

44

0- H

U( W, VNj 01!', Q_:t

-. ,- 0 c

-~r- ýCr-C C)t-ci "

(\j H 4w," $4 'A(\ * 0) ')0

0) ft.H C. 0 0)(1 o

Q) r-0 4) 0' H~\ p RH0
0. Q)43 -3 - )4-'fl

H HOa) al P, 0 r a, cc~O a)

03 0 +3 rh Pý 0 (1) 0 c~ .o -X04 z d ýa
Ap.rOS -0ý4-H 3 0r4 O

cc 0 ) 0 - 4-:)

+0)

4-0) 4~

cd\ 0H I'D r-I o"
Q) O.-

-66-1
AFAPL' 0-- 1



. r r N,......... A0D vF'i •i; IN 11FPROVIT4N' T'HEI U.3P(ht RA t•INGS(V ; OF --& JET HUFEr,

,ed n D/M -7 C,:•k,-r rat.Ln "- 25G pstip, :Iil' t . .. . rue!

Addi t, ve Per Lt, T1ncrease _-l Teromwrnture L,) at TI Iute Code RatinL

Liquid Temp. (OF) 6o'1 L:i777 L77
i 4A o 6 o ... . --

A 0.2 25 •• 0 7T5 100 1. - -51
S• . . . 2 -- -11 5

A, 0.25

A, 0.20 ... . . .. 130

A2  0.00 _25 - -50

A3  o.20 90 - -

A 4  -,, ,20 90

At 0.20 -,100) -1-25IA.20 . I - -10

Table 42. EFFECT OF ADDITIVE A ON SD/M-7 COKER. RATINGS OF rMEMTYLCYCLO!T XANE

(Air saturated, 250 psig)

Adfitive - Percent _Temp., ° -w ASTM Code, max/tobal

451./7.5

1479 1.5/9, 1/8.5, 1/5

500 8/32.5

A 0.2 + 6 5ppm Ionol 475 5/59.5

A 0.2 (Ionol-free) 475 6/26

A 0.2 (Silica gel treated', 1 475 O/O

A 475 (Silica gel treated, then 4T5 3/10.5
H2 0 ecuilibre ted)

Copperb) 3130 ppm 4205 .O/9.5

Copperb) 2920 ppm

a) Silica rel t,,eatment to remove dissolved water.

b) Copper added ns copper undecylenate.
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Of course, .,e are most interested in thermal stability additives for
endothermic fuels, and have therefore extended our investigations with additive A
to MCH. The breakpoint of air-saturated MCH is about 480oF on the SD/M-7 fuel
coker and rather sharp. Some of the experimental runs with MCH are sbown in
Table 42. The first run with MCH containing 65 ppm Ionol oxidation inhibitor was
disappointing, in that it increased deposit formation. To test whether this was
due to the large concentration of lonol, we next ran a te-t with lonol-free MCH,
but with essentially identical results (Table 42). We then passai MCH through a
silica gel column and repeated the test. As shown, additive A, gave a deposit-free
test at '+75°F, compared to a code 1 rating without the additive. Presumably, this
improvenent was due to dissolved water having been removed. To test thi. + y.- th'-is
e pt cz ....... of .... CII and water toether in a bottle on a laboratory shaker

for 10 minutes, then carefully decanted off the MCH and added 0.2 percent of addi-
tivr. A to it. This sample gave a 3/10.5 SD coker rating. Although this was not as
bad as the untreated MCH, it certainly demonstrated the deleterious effect of water
on the additive. However, other reasons may exist for the improved response of
MCH treated with silica gel to additive A such as the removal of other polar dis-
solved substances, or resinous or metallic particles with the gel acting merely as
a depth filter.

To test the hypothesis that additive A acts by effectively removing sus-
pended metal from the fuel, copper in the form of copper undecylenate was added to
MCH. However, even the rather large amount of about 3000 ppm had no harmful effect
on the rating of MCH (Table 42). Similar additions of 300 and 3000 ppm copper
undecylenate to decalin had no effect whatever on coker ratings at 600 and 650 0 F,
and the effect of additive A was not significant at 600 and 650°F (Table 43).

Table 43. EFFECTS OF ADDITIVE A AND COPPER UNDECYLENATE

ON THE THERMAL STABILITY OF DECALIN

Additive Concentration Te=p., OF SD Coker Tube Rating, Max/Total

-..... j 650 1.5/6.5
A . 600 1.5/6.5
A b5 650 1.0/ o0.5

I A 0.• 700 5/11.5
Copper a 300 ppm 650 1.5/8-5
Copper3 300 PPM 650 15/9
Copper 3000 ppm 650 1.5/6.5

a) Copper Undecylenate.
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This strongly suggests that the action of additive A has nothing to do
with the presence of dissolved copper, since copper appears to have no harmful
effect on the thermal stability of decalin or MCH. It also suggests that the
action of additive A may not be related to the catalytic activity of dissolved
metnls at all, but rather to the activity cf metel surfaces or to some other
dissolved specieýs. There is yet the possibility that iron or nickel, perhaps
present from tt.e MCH synthesis catalyst, may be involved. Further work is needed
in this area, since the A-type additives seem to provide a tool for studying
thermal stability mechanisms in addition to their possible practical applications.

Since copper addition had no effect on the thernal stability of either
decalin or MCH, actual tests of additive A • added copper were not tried. In-
stead, it is planned to try this approach in a fuel su(,Yc as F-68 in i.'hich there is
a marked benefit of additive A for the thermal stability.

Since these tests had been made on the SD/M-7 Coker, which operated on
the recycle mode, a question arose as to whether the result we obtained with
additive A was merely an artifact of the test method or perhaps of the fuels, since
both fuels tested in the SD Coker were virtually 100 percent saturated. We there-
fore used a commercial production turbine fuel (F-187) in the Alcor J7707 FO -l
Test. Here we found the same kind and magnitude of benefits, however, w..tiout any
treatment of the fuel in advance. Results of these preliminary tests " * .hown
in Table 44.

Both the maximum tube temperature and the fluid effluent tempera..ure are
shown. In fact, as would be expected, the maximum code ratings for the nonadditive
runs cDrrelate with the tube temperatures rather than with the liiuid temperatures.
With reference to liquid temperatures, 0.1 percent of additive A increases the
thermal stability of F-187 by about 1170F, but the mctal temperature, which is
more significant, is extended by 160°F. As before, additive AF failed to give any
improvement. We do not intend to screen any more compounds of the A-type at this
time. Instead, the effectiveness and concentration effects of the six superior
additives are being tested on the heat sink fuels from the current program and on
a few pure hydrocarbon types. The improvement in the thermal stability of MCH by
additive A after silica gel treatment suggests that we should look further at the
effects of pre-purification treatments, and also together with antioxidants, anti-
icants, corrosion inhibitors, and lubricity additives in selected cases. This will
be combined with storage stability studies of the most promising combinations of
additives and fuels. As soon as supplies of SHELLDYNE-H® fuel are available, work
will be started to select the most desirable additives for this material.

Most of the future work will be done using the Alcor JFTOT Fuel Tester,
so that realistic concentration recuirements can be determined. The fuel makes
over a hundred passes per test in the SD/M-7 coker but only a single pass through
the hot test zone in the JFTOT. Hence, testing in the JFTOT may indicate a
greater effectiveness for the additive and a higher temperature or lower concen-
tration requirement for its use, especially if the additive is limited by its own
th .r..al stability.
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AFAPL-TR-70-7 1



Table 4A. EFFECT OF1 ADDITV•E A ON ALC,(, J L......'-Tr.

TEST RATINGS 07Fl-87 TURBINE RFTL

Additive - PercenTm teASTM Ratings,

Max. Tube Liquiid Effluent maximum code

A - o.16 579 41i 0

A - 0.1 605 437 0

A - 0.1 680 185 1

A - 0.1 728 505 1.5

A - 0.1 724 528 2

A F 0.1 724 528 8

S-.- 568 411 2

580 408

575 1409 5
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, ' • d m~t, ives foiefrnp~'oxThing the thermal stability of fuels is
,.: <.!H; rI, 2Q;tS d;ll{' ','•.C t - L, oIis:

.. The rs'1 o Lnshlp of' aoditive concentration to temperature level will
Vs, i IlVOs tO i ed.

9. Suitabi it.y of' additives of this type to various other endothermic
fuels will be explored, together with some study of the effect of

i hydrocarbon tpe composition.

P. Possible interaction problems with other jet fuel additives and common
impurities will be examined.

4. Interaction effects with catalst systems now under study will be
investigated.

5. Possible dpleterious side effects may be uncovered, particularly
with respect to other fuel properties and storage stability.

6. Studies of the theory and mechanism of denosit formation as related
to the action of A-tyýpe additives will be pursued.

"Hydrocracksae Jet F'uels

Modern refinery processing has progressed to the point that certain pro-
cessed hydrocarbon mixtures may be sufficiently high in naphthene content to be
good endothermic fuel candidates. Accordingly, we have measured the thermal
stability of hydrocrackate jet fuels.

.drocrackinr is generally a tiqo-stage process which is designed to
reduce the molecu.ar weight of gas oil components under hydrogenating conditions
to produce fractions which can be incorporated into gasoline and jet fuels. This
process is comin, into increasing use, and will be relied upon more and more to
supply the increasing demand for jet fuels in the future. Since hydrogen require-
ments and operatini:: condi tions are directly related to the amount of aromatics
left in the hydrocrnckate, economics demands the highcst permissible aromatic con-
tent Li thfe jet fuel boiling range. This could have an adverse effect on thermnl
stability. On the aiher hand, deep hydr)cracking might produce a very stable fuel.
Since there are no published data available on this subject, we have obtained two
saimples from the Shell Fmery,,ille pilot plant operation, one from each stage,
having W0 and 10 percent vrovia, ics contents (designated F-155 and F-156, respec-
t.vely~ The former could be used for blending purposes with a predominantly
paraffinic -traightrui material, and the second might be used as fuel directly.

"A series of SD/M-7 Coker runs on these two samples are ',hown in Table 45,
'from which code 2.5 tube rating brea oints of 405 and 3550 F were estimated; the

high aronwitics sample from the first stage (F-155) was the more stable fuel, which

wa.s a surpripsing result. Both ratings are better than specifications for jet fuels;
the 42•5`F breakpoint is characteristic of a good jet fuel. Filter plugging tenden-
cies were actually more limiting than tube deposits, reaching values of 13 inches
of mercury for pressure drops at 550•F for both samples. No fuel additives were
inclided, and since these are samples frcon a rather small pilot plant they are
1n.rely sufjestive of what would be produced from commercial scale pla ts. No
further work in this area is planned at this time.

AFAPL-TR-70-71 -7-
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Table 45. SD/M-7 COKER RATINGS OF HYDRCCRACKATE 'ET FIUELS

Fuel Temperature, 'F Pressure Drop,') AST•h Code Ratings')
psi max./total

F-155 500 4o 8/35

F-155 425 12.4 5.5/18.5

F-155 425 74.4 5/20

F-155 425 100 4/18

F-155 4oo -- (2.5/8)

F-155 375 24.1 0.5/9.5

F-155 350 7.7 0/10

F-155 325 0.5 1/6

F-155 405 -- (2.5/10.-)

F-156 425 35.4 8/35

F-156 4oo 53.7 4/14

F-156 350 5.5 11/4

F-156 325 1.6 2/8

F-<356 355 (6.4) (2.5/10)

i) Bracketed values are interpolations to obtsin breakpoint temperatures.
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Modifications and Assemb].y of Thermal Stability r aItus

The ancillary equipment for the special high severity Tbarebones" JFTOT
received from the Alcor Corporation has now been installed, including a constant
speed pump, watt meter, and pressure transducer. The constant speed pump consists
of a Zenith No. 1/2 pump driven by a 1/50 h.p. Bodine motor. However, this motor
is slightly underpowered and we have now installed a Minarik Electric speed and
torque controller, which has overcome this problem. The pump normally turns at
10 rpm, but is capable of flows four times that rate.

Temperature is controlled at the maximum tube temperature point, which is
0.85 inch from the discharge end for aluminum tubes and 0.6 inch for stainless and
ordinary steel. A Guardsman West Controller is be ng used satisfactorily in this
application. WF havy also installed a liquid effluent thermocouple in the dis-
charge hole of the preheater with readout on a Honeywell strip recorder.

Nitrogen pressure on the system is read on a Heise Gage (0-I,O00 psig),
while the filter pressure drop is measured by a 0-5 psi Stratham Pressure Trans-
ducer and read out or. another Honeywell strip recorder. Nitrogen pressure is
cmtrolled by a simple two-stage Victor regulator.

Voltage Go the pump motor and preheater Variac is supplied by a Stabiline
Automatic Voltage Regulator capable of controlling to t 1/20 volt. All oth1r equip-
ment is the same as supplied by Alcor Inc.

Besides the standard aluminum tubes, tubes made of stainless steel and
No. 1015 steel already have been obtained and tested. The steel tubes all appear
to give more severe ratings than does aluminum, but several factors complicate
this comparison, such as temperature profile and metal color change, so that true
comparison awaits the proper application of the beta-ray backscatter deposit
analyzer. Other metals such as Inconel, nickel, and Incoloy are also being ob-
tained for comparison studies in JFTOT tubes. A complete list of tube metals now
on hand as JFTOT tubes is shown in Table 46. Except for Haynes 25, these and
aluminum have been run on a Jet-A type fuel for evaluation of catalytic effects
of metals on fuel deposition tendency. The tubes are currently being rated by
the beta-ray backscatter technique, and will be rated afterwards by combustion for
conf4ination. Calibrations on the various metals are still being made using
1000 A nitrocellulose filr. Following satisfactory completion of this wo-k, the
effect of these different tube metals will be determined on MCH.

Assistance was obtained from Alcor Inc. and from Pratt and Whitney, Fast
Hartford, Connecticut, on obtaining some of these special materials. In general,
tubing with a 3/16" OD and approximately 0.68" ID for fabricating Lhese ýUbes is
difficult to locate. Alcor Inc. has manufactured coker tubes by attaching 3/16"
end pieces of gold-plated brass to the desired 1/8" test section, and we have
obtained two of these tubes for testing. We are not sure whether the brass,
although gold-plated, is entirely irnocuous in the deposition mechanism.

The high tempera j version of the JFTOT which we obtained was designed
for opomition up to IOOO F and 1000 psig. So far we have only operated the rig
at 300 psig, and the highest tube temperabure we hnve tested has been r24 0F (528°F
liquid effluent tempereture). At this temperature and even lower, the tube becomes

AFAPL-TR-.70-71 -3-
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bent during the run so that it is no longer concent-ic wi;h the ouber shell. Of
course, this is due to the thermal expansion of tYe tube, which is restricted by
the clamping restraints of the end seals. This eient seems to cause an actual
change in the temperature difference between the tube control point and the liquid
effluent during the course of the run.

We have attempted to overcome this problem by substituting the rubber
0-ring seals with TEFLONO seals, which are more slippery, and applying a high
electrically conductive lubricant to the electrical end clamps, in the hopes that
the inner tube might slip during expansion. However, to provide good electrical
cornection with the aluminum tubes the clamr Lng must still be too tight to allow
for slippage during thenial expansion, and the tubes still bend. Perhaps with
steel tubes this approach may work, but some redesign might be required. The
bending can be particularly bothersome with the beta-ray backscatter device since
it alters the distance from the source to the tube. This causes a sinusoidal
fluctuation in the recorder output even on bare metal and if extreme would preclude
the use of this method.

Several comparisons have been made between the JFTOT and ASTM methods on
the same commercial turbine fuels, as shown in Table 4 . These are all production
fuels of recent date. The two methods are within 1 2 code number of each other
generally, and at least as close as the probable repeatability of either method.

Two runs on the same F-187 fuel using stainless steel JFTOT tubes are
also included for comparison. However, until these tubes can be rated by the
beta-ray backscatter method, the true relative effects of aluminum and stainless
steel will not be known, since the steels themselves change color on elevated
heating. We do knc4 from preliminary tests that a code 2 1/2 rating on a stain-
less steel tube was found by beta-ray backs2atter measurement to have a thickness
of less than 50 A, while a code 1/2 deposit on aluminum with a whitish appearance
(normally thought to be thinner) could be readily observed.

Recent experience with the Alcor JFTOT Fuel Tester shoved that we were
experiencing errors in control temperatures due to worn insulation on the control
thermocouple. This emphasizes the need to inspect carefully Imd regularly the
condition of the insulation after each run and to replace the 'hermocouple as
needed.

To improve the accuracy of our tube metal temperatures, we have installed
a double thermocouple, one which actuates the West temperature controller and one
which reads out on a millivolt sti-I chart recorder. The latter is much more
accurate and readable than the West controller dial and is not sensitive to thermo-
couple resistance. Liquid temperatures are also read out on a strip chart recorder
as before. We believe the millivolt strip chart recorder is a more accurate
instrument for the measurement of temperatureý, than the digital Honeywell recorder
used as standard equipment with the Alcor Fuel Tester.

SDLM-7 Fuel Coker

A Beckman Oxygen Analyzer (Model 778) has been installed on the SD/M-7
Fuel Coker. However, this instrument is limited to operation at or below 50 psi
maximum pressure, and hence cannot be used continuously throughout the test period.

-75-
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Table 47. COMPARISON OF RATINGS BY THE JFTOT AND ASTM METHOIS

Fuel Fluid Temperiture, °F Test Method Max. Visual Code Ratings

F-185 418 JFTOT 4

F-185 417 ASThI 4

F-185 420 ASTM 4

F-187 420 JFTOT 3
F-187 411 JFTOT 2

F-187 411 JFTOT 3
F-187 409 JFTOT 2.5

F-187 4o8 JFTOT 3

F-187 42o ASTM 3.5
F-187 415 ASTM 3- 5
F-187 415 ASTM 1.5

F-187 41o ASTM 1.5

F-187 41o ASTM 0

F-187 410 JFTOT (stainless) 6

F-187 I11l JFTOT (stainless) 4
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Since the test method depends upon diffusion of oxygen through a semipermea.be

membrane, the flow velocity of the test fuel past the detector head must be' -Jn-

tained at a minimum of 1.8 ft/sec. To accomplish this a special fitting 0§•ti. C

restricted passage was designed and built. The analyzer actually meaq-, r

oxygen partial pressure, and therefore the pressure at the pickep miu

known to permit calculation of 02 in ppmw. Static pressure at the pi eig

measured with a Statham pressure transducer readout system. Pressure Ct _o U.Q9s

the restricted passage has been determined to be about 0.4 psi, and so the pressure

a. the pickup is simply taken to be 0.2 psi less than the upstream pressure read-

ing. This is a trivial correction.

Currently the oxygen can only be measured at the beginning and end of the

test, that is, before and after operating at high pressure. After measirement of

02 concentration, the detector, which is located on a by-pass leg at the discharge

end of the pump, is isolated from the rest of the system for the remainder of the

coker run. This is an undesirable ccidition, but it will suffice until a detector

is designed and built which will withstand greater pressures.

STCOAGE STABILITY OF MCH AND SHELLDYNE-H@ FUELS

Storage stability tests which were started over four years ago have been
completed and the results evaluated. At that time samples of pure MCH were stored
in the 130*F hot roan. Samples were packaged in one gallon epoxy lined pails with
a 2:1 ullage ratio with oxygen concentrations from pure 02 to pure N2 . Several
phenolic and diamine type oxidation inhibitors were included, as well as MDA, in

some of the samples, while control samples contained no additives at all.

Examination of the samples for soluble and insoluble gun gave no indica-
tion of detericration in any of the samples during this period of storage. No
insolubles were observed in any case and steam Jet gums were less than 1 milligram
per deciliter. No indication of discoloration was observed. Finally, coker tests
showed no loss whatever of thermal stability. In fact, the actual ratings were
better than those obtained on the fresh material prior to this severe exposure.

The storage stability of SHELLDYNE-h6 fuel over a shorter period has also
been investigated i. accelerated tests. Three different batches of SHELLDYNE-HO
fuel with minor differences in bromine number have been exposed to 200OF constant

temperature for 18 and 30 hours. Three different oxidation inhibitors were tested
in comparison with the nonadditive material, and all samples were blanketed with
pure oxygen. Exposed namples were examined for both soluble and insoluble gums.

Unfortunately, results of these tests showed no consistency, either with
respect to exposure time or to the presence of inhibitors (Table 48). Apparently
an unknown factor was influencing the results; the 450"F temperature of the standard
steam jet was probably too low to drive off all the SHELIDYNM-n fuel. Accordingly,
the steam jet temperature was raised to 500"F and the results were more consistent.
However, even on this basis the results are quite erratic and it is possible that

some other factor is affecting the results.

On the basis of our present results, it appears that the phenolic frhibi-
tor 2"*6B (duPont 22) is the moat efficacious antioxidant for this fuel. )

Table 48 follows
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Elastomer Interactions With SHELILYNEq- Fuel

Three SHELLDYNE-H® fuel samples, which were exposed to different elastomers
by Atlantic Research Corporation (contract F33615-69-C-1849), have now been tested
further to determine any possible solution of elastomer or leaching of plasticizer
during this exposure. In Figue _ it is shown that the U.S. 941 Viton/Nomex nylon
had the maximum effect on the light transmission properties of SHELLDYNE-IP fuel
in the 335-375 millimicran wavelength range, although curiously the U.S. 3094 Viton
gave the only significant change in refractive index as compared to the original
stock (see Table 49). Results of microgum analyses, which indicate the amount of
high boiling materials present, are shown in Table 49. These were run at 2600C
under vacuum, at which conditions about 0.8 mg. carbon/lOO g sample was obtained
with the unexposed fuel. Fuel exposed to either U.S. 941 Viton/Nomex nylon or
U.S. 3094 Viton gave about double this amount, but only the sample in contact with
U.S. 566 Nitrile Nylon gave markedly higher results (20 times as much).

Table 49. MICROGUM AND REFRACTIVE INDEX ANALYSES OF SHELLDYNE-H® FUEL
SAMPLES SOAKED WITH ELASTCtMES FOR A PERIOD OF SIX MONTV

Microgum (expressed as carbon) n°
Elastomer mg/ OOg HELYNE-H8 Fuel

none O.8, 0.9 1.5396
U.S. 941 Vi-ton/Nomex Nylon 1.6, 1.8 1.5594
U.S. 3094 Viton 1.6, 1.9 1.5385
U.S. 566 Nitrile Nylon 15.6, 16.6 1.5394

Thus, three different methods have each selec.ted a different elastomer as
the one having the most interaction with SHELLDYNE-H' fuel. Nitrile nylon appar-
ently contributes the most heavy material to SHELLDYNE-HP fuel, although this
material apparently has a smaller effect upon light transmission and refractive
index than do the impurities from the other two elastomers. This suggests the
possibility of micelle or suspended solids formation in the Nitrile nylon sample,
which visual inspection in room light confirmed. Both a yellow tint and a slight
turbidity were observed. The other three samples were all water white and free of
apparent solids content. Since neither micelles nor solids affect transmission of
light of short wavelength appreciably, the more minor effect of the Nitrile nylon
cn refractive index and light absorption is at least partially explained.

In a final series of tests, the four samples of SHELLDYNE-1Pe fuel of
Table 49 were run by GLC analysis. The three samples which had been soaked with
elastomers all showed a snall unidentified peak representing about a 0.1 percent
impurity, which was not present in the original stock. Other than that, the elas-
tomer soaked LHELLDYNE-Hg fuel samples all gav, similar GLC analyses. The impurity
could either have been introduced to the orl'H-l material in handling prior to
soaking, or might have come from the polyme: ,Im (wvich appeared to be polyethylene
or polypropylene) which had been placed over G., ing bottles prior to capping.

Figure 37 follows
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Whatever effect this film might have had, it probably wLuld have been the same for
all three elastomer soaked samples. The fresh SHELLDYNE-IP# fuel came from our own
retainer stock and was not exposed to the film. For the GLC procedure used, in
which the sample size was 1 microliter, the detection limit is about 0.01 percent,
imless the small impurity peaks are close to one of the larger peaks, in which case
sensitivity would be much less.

In summary, we feel thae. the microgum test gives the more significant
results with regard to compatibility of these elastomers with SHELLDYNE-TH fuel.
From previous experience with SHELLDYNE-1#I fuel it has been shown that light trans-
mission properties do not necessarily correlate with coker test results. The reduc-
tion in light transmission indizates the presence of trace contamination, but
thermal stability tests would be required to demonstrate any adverse effect on the
fuel.

THERMAL STABILITY OF NEW BATCH OF METHYLCYCLOHEXANE

A new batch of 1200 gallons of MCH has been made by hydrogenation of tol-
uene, and on checking this material for thermal stability it was found to be defec-
tive when compared to the MCH remaining from the last production run. It appeared
that the cause of the poor thermal stability ratings was due to presence of sus-
pended nickel catalyst particles, although this is surprising since the MCH had
been distilled. Refractive index determinations of the twelve drums of product
showed no variations whatever. SD/M-7 coker tests at 475 0 F demonstrated that silici
gel treatment brought the fuel up to staeudard and that filtration through a 0.45-
micron membrane filter gave even greater improvement. Thus, two methods for up-
grading were available. We are now, therefore, filtering the MCH through a 0.2-
micron membrane filter, and will blend the new material with the MCH now in the
storage tank as soon as coker tests confirm a high thermal stability. This method
of upgrading is comparatively simpler and cheaper than that of silica gel treatment.

ESTIMATION OF PHYSICAL PROPERTIES OF FUEIS

JP-7 Jet Fuel

Revised physical properties for JP-7 jet fuel (F-71) have been obtained
using improved predictive methods and are given in the Appendix. These techniques
were used in estimating physical properties for decalin and JP-5 jet fuel.3T The
PM!T b(havior of the gas was represented by the Redlich-Kwong-Ackerman reduced
equation of state:19 )

Z =ZRK + Zl + WZ2 (13)

where 7 compressibility factor
Z compressibIlity factor calculated by the Redlich-Kwong e•,uatlon

RK of state2 °)

u, acentric factor
Z1 , Z2  generalized functions of reduced pressure and temperature
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TIhe ideal gas heat capacity was represented by the group contributtio-n method i,

Rihani-Doraiswany: 2 I'

cp 0 a + bT + cT2  T +d (d)

where c p . ideal gas heat capacity
a,b,c,d Parameters detemnmined by g.rout.cnj bx.r

Most of the other gas properties were obtained from these two properties using
thermodynamic relationships.

Chemical analyses indicated that JP-7 is composes primarily of pa, al''fins
in the C 1 . to C1 6 range. Hence, the critical properties of the normal paraffins
in this molecular weight range were used to obtain pseudocritical properties for
the jet fuel. Pseudocritical temperature and pressure were de'ined as

Tc = y, (13)

i

Pc yiP(16)

where yi = mole fraction of component i

T cIpci = individual compo,,ent critical properties

In addition, the acentric factor was obtained from experimental vapor pressure
data, and the Rihani-Doraiswamy coefficients for the fuel were taken as molar
averages of the cocfficients for the individual normal paraffin components.

Liquid properties were revised in the following marner. Previous esti-
mates of density were corrected to agree with an available experimental density;
at 60OF and the critical density as predicted by the ecuation of state. Liquid
enthalpy and heat capacity, being based on the revised gas properties, were also
revised:

H, lig - Iv(17)

cp d (-'¥) (18)
pl pg - dT

where HiHg = liquid and gas enthalpy, respecL~vey
Cplcpg = liquid and gas heat capacity, respectively

6 = enthalpy of vaporization
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Also, revised values of liquid thermal conductivity were obtained by the Robbins-
Vingrea correlation. 2 2 ) Previous estimates of vapor pressure, enthalpy of vapor-
ization, and liquid viscosity were left unchanged.

The reviseA properties are considered to be better than previous values,2)
becaus-e the most recenitly proven correlaticns have been used and experimental data
have been applied where possible. They agree well with published or predicted
ralues 'or similar petroleum fractions. The greatest iaprovement has been made

with liquid heat capacity and thermal ccmnuctivity. Comparison with heat transfer
experiments made previouely in the FSS1S3 showed that the new heat capacity values
are far superior to the old values.

Binary Mixtures of Methylcyclohexane and a Low Molecular eit _yrocarbon

Physical properties were estimated for binary mixtures of methylcyclo-
hexane (MCH) and a low molecular weight kydrocarbon. These properties are tabu-
lated in the Appendix for mixtures containing ethane, propane, and n-butane.
--Mixture p~oert ies were estimated fr-m known properties of the individual consti-
tuents. 3wan

The following properties were calculated as molar averages of the pure
component properties:

Pseudocritical Temperature
Pseudocritical Volume
Pseudocritica! Compressibility Factor
Acentric Factor
Heat of Formation
Net Heat of Combustion
Liquid Specific Gravity
Vapor Pressure

The above pseudocritical properties were used to calculate the pseudocritical
pressure by the equation of state

PC = R-TZc (19)

where Pc = pseudocritical pressure
Tc = pveudocritical temperature
Zc = pseudocritical compressibility factor
Vc = pseudocritical volume
R = universal gas constant

The liquid viScosity was calculated by a molar average of the logarithimic function
?of viscosity:

in X i I 41 (20)
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where ýi = viscosity of mixture
gi = viscosity of pure component i
xi = mole fraction of component i

The mixture enthalpy was estimated as the molar average of the pure component
enthalpies at those conditions where both components are gases or liquids in their
pure state. Nonideal mixing effects are not appreciable in these systems and
were neglected in the calculations. At those conditions where the mixture is a
gas dissolved in MCH, the calculated enthalpy was reduced to account for the heat
of absorption of the gas.

The melting points for the mixtures are based on experimental data for
mixtures of MC11 and propane. Melting and freezing points were measured for MCIl-
propane mixtures of three different compositions (Figure 38). An equation of the
Clausius-Clapeyran type can be used to relate composition and melting point:

1 1 R In (21)
Tf Tfo 6H f MCH

where Tf = melting point of mixture
T = melting point of MCH (-126.60c = 146.6"K)

= heat of fusion of MCH
'MC, = mole fraction of MCH

Kf = RT._ = melting point depression constant (22)
1f

Equation (21) can be approximated by
RT2  - (23)Tf - T o f= (1_ _xMC") (3

Linearregresion Hfthdaawsuetodtrieeprclofiinsfr
Linear regression of the data was used to determine empirical coefficients for

Equations (21) and (23) with the following results. For Equation (21)

1 1 Kf
- Tn MCH (24,)STf TfoT ý O

[ where Kf 35-14 0K

For Equation (22)

if -Tfo = -K. (1 - NCH) (25)

where Kt 4o.860 K

If the known heat of fusion (16.4 3 cal/gm)24) is used in Equation (22), the theo-
retical melting point depression constant is found to be 26.470 K, quite different
from the above values. Melting points predicted with this theoretical constant
differ significantly from the data (Figures 38 and 39). Both Equations (24) and

Figures 38 and 59 follow
-82-
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(25) with the empirical coefficients lie within the accuracy of the data; they fit
the data better than the theoretical predictions. Since Equation (5) is simpler,
it was chosen to represent the melting points of low molecular weight hydrocarbons
mixed with MCH. Calculated melting points are listed with the other physical
properties of these mixtures in the Appendix.

SHELLDYNE-H* Hydrocarbon Fuel

The surface tension of SHELLDYNE-HO fuel has been measured at three tem-
peraturos by the du Nouy ring method. These data correlated quite well to fit

Y=a (Tc -T)n' (26)

where Y = surface tension (dyne/cm)
T = tempprature (OC)

Tc = critical temperature (5300C)
a = 0.010
n = 1.33

Measured and extrapolated values of the surface tension are given in Table 50 and
Figure 40.

Table 50. SIRACE TENSION OF
SSHEWDYNE-IF FUEL

Surface Tension (dyne/am)

, °C Measured Predicted
0 42.o

25 39.4 39.4
50 36.7 36.8
75 34.3 3h.3

100 31.8
200 22.4
300 13.8
4oo 6.5
500 0.9
530 0

SUPERSONIC COMBUSTION OF HYDROCARBOR$

The methods used in obtaining and analyzing our supersonic combustion
data have been re-evaluated. Some improvements in the equipment have been made.
A new equation has been used to correlate the ignition delay times. Some new
experimental data have been obtained. The rate of combustion of tetralin has
been investigated.

Figure 40 follows
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SExperimental Equipment and Conditions

Several problems have been encountered in operating the shock tube with

heavier hydrocarbon fuels. The tube had to be heated to 40-80°C. The resulting
thermal stresses were hard on the resistance gauges which were used to measure
the velocity of the shock wave. As constructed, the gauges were somewhat fragile.
They consisted of a thin layer of platinum which had been sputtered onto a quartz
disc encased in Bakelite. The differences in thermal expansion and the structural
weaknesses led to frequent cracking and shorting. A sturdier device was designed
and built. A similar design was used but the Bakelite body was replaced with
aluminum. The quartz disc was replaced with Grade A Lava ceramic glued into the
body with an epoxy resin. The platinum film was painted on as Liquid Bright Plat-
inum, Hanovia No. 05-X. The improved resistance gauges have proved to be more
reliable and have about the same dynamic response as the more fragile gauges used
previously.

The mechanism for puncturing the shock tube diaphragms had to be modified
by replacing the gasket with one able to withstand higher temperatures. A nylon
tip is now used on the plunger which has improved the life and reliability of the
plunger.

In order to prepare gas mixtures conta ining naphthalene, the mixture

preparation system was modified. The hydrocarbons investigated to date have been
gaseous or liquid at ambient conditions. Naphthalene, being a solid, presented a
problem. The solution was to mount a tube, which could be isolated and removed,
above the mixture cylinder. A schematic diagram of the system is shown in Fi&ue
41. With the cylinder heated and evacuated, and the tube cold and detached at
valve No. 1, a weighed amount of naphthalene crystals is added to the tube. The
tube is then fastened to valve No. 1 and is evacuated by opening valve No. 1 to
vacuum. When the air has been withdrawn, valve No. 1 is closed, valve No. 2 is
opened, and the tube is heated to vaporize the naphthalene and drive the vapors
into the cylinder. The other gases are added to the cylinder through valves No. !
and No. 2 in the normal way.

The experimental data obtained have been on those hydrocarbons involved
in the dehydrogenation of decalin, naraely decalin, tetra!inand naphthalene. A
summary of the conditions of the experiments is presented in Table 51. The com-
plete data on ignition delay times may be found in the Appendix. The data have
been obtained primarily at 9 psia and 15 psia and temperatures from 11400 to 1760 0 K,
resulting in ignition delay times from 4O to 4OOO psec.

Shock Tube Attenuation

An attempt was made to improve the shock tube results by accounting for
velocity attenuation by measurement. The results have shown that assuming an
attenuation coefficient of 1 x 10-3, constant for all conditions, is the most

reasonable procedure.

There. are many xA iealities in shock tube flow. One of these is the
decrease in the velocity of the shock wave as it movea down the tube, caused by
the build-up of a boundary layer at th wall of the tu-)e. A review of wall effects
has been made by Enrich and Wheeler, wher? they prsent the attenuation equation:
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Table 51. SUMMARY OF CONDITION OF SHOCK TUBE RUNS

Fuel Equivalence Ratio* Percent Argon

decalin 0.2 90

decalin 0.5 99

tetralin 0.1 99

tetralin 0.1 80

tetralin 0.11 90

tetralin 0.5 99
tetralin 0.57 90

tetralin 1.0 95

tetralin 1.0 99

tetralin 1.21 90

naphthalene 0.1. 90

*Equivalence ratio is defined as the actual fuel to oxygen
ratio divided by the stoichiometric fuel to oxygen ratlo.
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(P2 1 - 1) (P21 1)idea exp(-A . ) (27)

where P2 1 = ratio of pressures before and after shock wave
x = distance from diaphragm
r = hydraulic radius
A = attenuation coefficient

This equation is said to be accurate enough .or most work. We have presented the
same equation in a slightly different form:

(M 2_ 1)2 (Ms2 - 1), exp(-A 2) (28)

where Ms = Mach number
x = distance from point I to point 2.

Several experiments were performed to de Jermine experimental values of
attenuation coefficients. To date, values of 0.5 x I0"• and 1 x 10-3 have been
used for A. These values were obtained from measurements in the literature on

similar shock tubes. The attenuation coefficients determined experimentally on
our shock tube were correlated with initial channel pressure and thea-atio of
driver pressure to channel pressure. The resulting correlation wF: of

A - J(o.oo436 - 0.0000457 P, + 0.0000698 E4 ). (29)
P1

where P4 = initial pressure of driver gas
P, = initial pressure of reaction mixture

A set of experiments has been performed measuring ignition delay times
and velocity attenuation simultaneously. We are now in a position to compare
three different ways of estimating attenuation and its effect on ignition delay
time measurements: (I) using a constant value of the attenuation coefficient as
in the past (A 1 1 x 10- ), (2) using the correlation for attenuation coefficient,
and (3) using the measured velocity attenuation. The ignition delay times as
determined by the three methods for the combustion of a decalin-oxygen-argon mix-
ture are shown in Figures 42 to 4. Figure 44 shows that using the correlation is
clearly unsatisfactory. A comparison of Figures 42 and 43 reveal t1at the other
two methods are approximately equivalent. The general scatter in Figiure 3 is
slightly less, but three points are badly misplaced. Overall, using the constant
value of attenuation coefficient gives the best results. The reason for this is
not immediately clear. One would think that measuring the variations in attenua-
tion and allowing the coefficient to change should improve the results and decrease
the data scatter, not increase it.

a) We previously used the hydraulic diameter rather than radius. This introduces
a factor of 4 into the correlation, i.e., A' 4A.

Figures 41 through 44 follow
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The explanation for this behavior appears to lie with the measurement of
the shock wave velocity. Ligure_4. shows a plot of average shock wave velocities
at two points in the tulue, in terms of the times of wave passage between point A
and point B (18 inches) and between point B and point C (24 inches). The results
do not fall precisely on a smooth curve, indicating either that the shock wave
velocity fluctuates as it moves down the tube, or that there is appreciable error
in the time measiurements. A fluctuating shock wave velocity is fairly unlikely,
although some variations can be caused by imperfect diaphragm breakage. The resolu-
tion of the time measurements is I ýisec, but the errors in measurement could be
higher. Typical scatter of the data is 2-3 1sec. The large effect of this
apparently small scatter is shown by a plot of the attenuation coefficients cal-
culated from the same data (see Figure 46). The values of A scatter between
-0.09 x l0" and 1.7 x 10-3, and do not correlate with anything, including shock
velocity. This is the reason for the failure of the correlation for attenuation.
It is interesting that the mean value of all of the coefficients is 0.99 x l0-3,
which is remarkably close to the value of I x l0- that was estimated from litera-
ture data. If the measurement of shock velocity was accurate, one would expect
that using the measured values of A would reduce the scatter of ignition delay
times. Since this improvement was not found, the problem must lie in the measure-
ment of shock velocity. Efforts to improve velocity measurements would involve
the purchase of more accurate electronic instrumentation and more instruments to
measure the velocity at several points in the shock tube. This is probably not
worth the expenditure of time and money required. Therefor% the best that can be
done is to take the average value of A, determined experimentally to equal 1 x 10-3

and use it as a constant in all calculations.

Correlation of Ignition Delay Times

A new correlating equation has been used to represent the experimental
data an ignition delay times:

ln T = bo + b, In (co2) + - + b2 in (ce) (30)
RT Fuel

where T = ignition delay time, psec
bo, bl, b2 , E = correlating parameters
c oxygen concentration, gmole/liter

° = gas constant, 1.987 x I0-3 kcal/gmole-°K
T ý absolute temperature, 'K

c Fuel = fuel concentration, gmole/liter

The methods of' estimating the parameters have been investigated, as have the
statistical teclmiques which are used to interpret the resulta.

e e euattion uc'.d to correlate the data up to now has been the same as
&iuation (,50) without the last term, which describes the effect of the fuiel com-
posltion. There wv.s some question about the correlation for decaii, since it
appeared thAt fuel cancentratice had some effect on the ignitloy delay times. So
tde decalin data were fit using Equation (50) plus an additiona term describing

-87-
A FA P ,-.T R- 70'-7 1



the effect of pressure. The standard errors of the equation obtained by fitting
with the addition of one term at a time are shown in Table52. As can be seen,
the improvement by including the effect of fuel concentratian is substantial,
while only slight improvement is found by including the pressure effect. Therefore,
it was decided to drop the pressure effect from the correlatiom but retain the fuel
effect, resulting in Equation (30) as the final correlating equation.

Table 52. ERRORS OF DIFFERENT EQUATIOE OF DECALIN
IGNITION DELAY TIMJK.

Equation Standard Error of

Inl T~

ln = b 0  - c.87

RT 0.81

In -r = bo + - + b1 In(co2 ) 0.68

In = bo +-R-T + b In(co2 ) + b2 ln(cFuel) 0.50E
In R = bo + -g- + b,1n(co') + b21n(CFuel) + b, in (P) 0.48

In addition 5,o the ecuation to be used, there is some uestion as to the
best way to fit the data and the best way to weight the data. Equation (30) could
also be written as

x = exp(bo)(co 2 )b1(cFuel )b2exp(J) (31)

the obvious difference being that in this form the parameters cannot be determined
by linear regression. However, there is another difference. The fitting tech-
niques used here seek the least sum of s,:uared deviations betweern the observed
values and the calculated values. Using Equation (31) and e"ual weighting to fit
the data would minimize the sum of (1 - - )2 for all the data. Using Equa-
tion (30) (logarithmic form) would minimize •e qm of n(Tb - n(tac)] 2

for all the data. The resultLng eouations will be different. Th&' logarithmic
t•m r will tend to emphasize short ignition delay times, whereas Equation (31)
trt ts all of the data as being erually importa t and equally accurute. It is
not obvious which method ic the prcper one. The I gnitimnn delay data for decalin
were fit using the logarithmic eouation, Eluation F30), using standard linear
regression techniques. The results are shown in EuxLie___ as the observed igitlon

Fi ures 4' through 47 foilou,
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delay times plotted against the calculated ignition delay times. The regression
programs were set up to make these kinds of plots automqtically. The correlation
using e uation (31) determined by nonlinear regressiona) is showii in Figure 48.
The grýJhs show the expected result; the linear regression gives a better fit at
short times and a poorer fit at long times. Also apparent from both plots is that
the errors increase as the delay times increase. The problem was rerun using
Equation (31) assuming that the variance of the data `increased as the times in-
creased. The results are shown in Figare 49. The plot shows that the short times
are fit better and the long times mruch poorer than the other two methods. Since
we are primarily interested in short delay times for supersonic engine applica-
tions, one of the good fits at short times should be -used. On the other hand, the
correlation should not almost totally disregard the long delay time data as the
increasing variance method does. Therefore, the logarithmic form, Equation
(30), using linear regression was chosen as a compromise method for correlating
the data. The values of the parameters found by the three methods are given in

Tbe53.

Tbl_ . METHODS OF IGNITION DELAY DATA CORREIATION

E

Re .- ession Method bo b, b2  kcal
gmole

Linear, Logarithmic Form -i6.9 -1.27 0.79 55.7

Nonlinear, Constant Variance -10.7 -1.')5 0.74 44.2

Nonlinear, Changing Variance -20.6 -1.18 o.49 55.0

Correlating eouations and experimental data can be analyzed statiitically

with certain restrictions on the behavior of the errors. Tne most ccnmon approach
is to assume that the errors are normally distributed aind have a constant variance.
Based on these assumptions, standardized techniques are available to detemine the
significance of the parameters, the significance of the correlation, the confidence
limits of the parameters, and the confidence limits of the calculated values. As
eas already been wentiomed, however, the errors in the correlation of the decalin

data did not have constent variance. The other- assumption was checked by perform-
Ing P simple test to see if the errors were normally distributed. A probability
plot was mode of the residuals (errors) of' the correlation of the data for tetra]ixi.
'The residuals were plotted as r1 - Swhre ri is th(? residunl of the i-th

n
cita point, F 13 the mean resldunl, and n Is tO. tot•i numlber off Lnt: . The

TT a) A pTroprietary coxnputer program ,sing a mod iifed form of the damped 1•etst
sCluares me thuho of non]in r est man t io. w-as uju.d.
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values of this quantity were arranged in decreasing order and plotted at equal
percentage intervals on a normal distribution scale. If the result is a straight
line, then the errors are normally distributed. The rosult for the tetralin data
using Equation (30) is shown In E. Clearly, the errors are not distributed
normally, The results are sirtilar for other fuels. This means that the standard
statiatical tests do not strictly apply. To see if the form of Equation (30), 4

1hich invo?.ves a logarithmic transformation, caused tne cm-normality, the data were
refit by nonlinear regression to Equation (31). The probability plot of the resid-
uals is shown in Fi1mure 51. The errors still are not normally distributed, so that
the problem is not with +the fitting method or form of the equation. Since the
normality assumption does not hold and the variance is not constant, the standard
statistical tests cannot be used. The shape of the probability plots also co not
resemble any other cicmm distribution, sucth as logarithmic, exponential, or chi-
square type. As a result, no estimate of confidence limits or significance will be
meaningPal. Strictly as an approximatim one can calculate the standard deviation
(standa'ld error) of the calculated values assuming that the errors are normally
distributed. This quantity is defined as the square root of the ratio found by
dividing the sum of squared residuals by the number of degrees of freedom (number
of data minus the number of parameters).

The c.rrelating equation was fit to the ignition delay data for many of
the systems studi& previously. Table 54 summarizes the results. The parameters
for the improved corrolatiom are presented, along with the range of deley times
studied experimentally and the standard error of each correlation. 'Me new data
on decalin and tetralin have been included in the correlations. The new decalin
data were not available when the various fitting procedures were investigated;
therefore, the parameters for decalln presented in Tle_5. are not the same as
those in Table 53. Sufficient data have not been obtained with naphthalene to
emable correlation. The numerical values of the parameters probably have little
significance. The parameters bo and E are highly correlated with each other so
that larger values of bo are associated with smaller values of E and viee versa.
It does appear that since all of the values of b, are negative, oxygen has a bane-
tici.l effect by reducing ignition delay time, while for the most part, fuel seems
to have a detrimental effect. Oxygen concentration, seems to have a larger effect
than fuel concentratian, too. The values of E tend to fall into two ranges. Most
of the fuels have values of about 40-50 kcalgmle, while methylcyclohexane and
its dehydrogenation products have values of about 20-30 kcal/gmole. The signifl-
cance of this, if any, is not known. f shows a plot of the correlations
for a typical oxygen concentration and a stoichiomeitric fue' concentratico. The

uncertainty is typified by the standard error for th, lecalin correlation, which
is shown graphically as the arrows in the margin of the figure. Fires a through
62 show plots of the fits to the data. The observed ignition delay times are aihown
against the calculated times.

Rate of Combustion of Tetralin

IThe data an the combustion of' tetralin have been analyzed to obtain rates
of ccaubustion. Some trends seem evident bui. more, exper', ,erits are lndla Led.
Tetralin is an InternedLate in the. dehydrogenation of 6. a'i.in to naphthalene. it
wcold generally be found in the presence of hydrogen, but its combustion be,"vvieor
Is of interest• both vith and without hydrogen.- The data or, the combustioii tetra-

A G," P.i-.T R- /0- 7'



NONLINEIIR REBRESSION OF 94XP r.RE IGNITION DELRY ORTH

C)/

C2/

= 0p

T~ cm

co e,

~~41)
0 0!

4 4_

'a Go acO .041 lc~ no0 "No : .00 32zo.af) 400 .00 4I90 '00
TTD OBLS 0X1O0**1)

F . jqre_.48., i)E(AUIN DMATAFITT E D TO EXPONENTIAL EQUA11ON
WITH EQUA"L' NEGPNG (CONSTAN \/ ANCE)

A"'A L- IR-,-0-4
66711 -K~-7



"-. ggWLIMM REfSKGSEON OF GMC U XrIENMTION OI•LIY ORTS

C2 /

a0

'V 4

00

N-)

10 m

^00

S• TT

'boo 0. 160.00 1'40.00 320.00 ,0000 490-0 3.

TID fBS (XlO**t )

Fgure 49. DECALiN DATA FITTED TO EXPONENTIAL EQUATION

WITH CHANGING VARIANCE A

AFA PL- R-70- - 1



Table 4. CORRF1ATIOM OF IGNITION M~AY TIME

1Range Standard
Fuel bb, b2  E oft- Error

(4 isee) ofiT

n-octane -134-75 -0.76- 0.15 41.1 70-4700 o.64

methy).cyclohexane - 2.b9 -o.61 0.29 20.1 50-4100 o.61

toluene - 5.84 -0.69 0.32 28.7 1O00-3400 0.39

toluene + H2  7.03 -o.68 o.16 26.2 100-4000 0.38

MO!! + tolu~ere + H2 -5.36 -0.614 o.114 21. 4 70-44,,o 0.58

dimethanodecalin -19.56 -o.68 -0.33 45.8 80-4100 0.6,,

8flELLDYNE-H® -13.80 -o.4-4 -0,28 35.6 60-3600 o.66

SqHELLDYNB<R - 8.64 -0.94 o.6) 41-0 80-3500 0.43

deca,-in -10.94 -1.27 0.93 48.1 6o-430oo 0.0

tetralin {-15.99 -1.-31 'A. o41 47.2 {4Oý3800j o.68
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lin for Ignition delay time ieasur•tments were analy zed to obtAin combustion rates.
The rate of coinbustion can be apprrxirvte, d by

k c (32)
dt

where r = the rate of appearai• ne of CQs
C* the ti]ltimate concenttration of C,)e

c =-the cur.-ent concentration of CQ•
k the first rdser rate constant for comb-ati•c,

Equation (32) con be integrated to g.`XFe .he rtduced corcentrntlimi of C02 as a

--kt (3

It is cnvi.ien-t to estimate k by finding t.he "ime required for c to reach half of

tlte finel value, n*/2o Theni 1, !s found 3imply by

l l In (34

Since the ia5ixttxea ihich were bir n.d at 3lcer temperatires encountered
the raelected rnrefactim shock ',iwve before ccabus'tion was comnlete, much of the
dat,.ý* t• '.ralin combustion colid not be used, and values of c could not' be dever-
,••ed H~.Aiever, the acceptabl*.v data were analyzed using Equation (3kg. The re-
stlts showed. much scatter mnd d-d not seer to correlate withi anything. including
temperature. 1n fact, it seemed that tl±e rate of combustioyi tended to decrease
with increased temTperuture, which is not, logical. In an effort to check this
result, an experimenit. was cca'ductk• wito +,he specific aim of' finding the temperature
uxpemdence of the rate of corbinaztion.

A mixture of 99% argon with tetr' .- in and oxjgen representivg an equivalence
ratio of 0.5 was prepared. Frt.'•.rimexits were run. repeating tne same conditions
xwtil the rate A)f combu42 .iorn at a partioalatr temperature could be estimated with
confidence. L .L3 shows the resul tae for' 9 psia. The tem-peratures were spread
ae far as was cons.lstent with obLa.ining rood combustion measurements. li' the
temperature was to,, high, there was no messureable ignition delay and often the
mixture de .onated. Tf the temperature waes too low, the reflected rarefaction
shock wave interfered w:ith the combustion. Nevertheless, there appears to be a
deftnit1e trend of _ncreasing rv e •Kth ihnreasing temperature, in spite of consid-
erable scatter in tbe dnta. Figure 64 shows the results for 15 pqia. The rates
of conbustian are somsewhat higher but show about the same tempe-atux~e dep"rnidence.

With the knowledge that the Proper tempenature dependence is found (in
creasing rates with increasing tenpEratuce) and that pressure has a benef..lal
effect on the combustion rate, the tetralin data were re-examined. There are t'.o
few polnts at each set Af; crnditlons to analyze the results statit ticalil\, out it

FJ[gr~"s fk3 anro 64 foilcw
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appears that the results correlate fairly well. Figure 65 shows all of the tetra-
lin combustion data, including the neu data, with approximate correlating lines.
The results show that fuel concentration has a beneficial effect on the rate,
since the data for 99c) argon with ER = 0.5 are higher than those for 99% argon
with ER = 0.1. Also, as the amount of inert gas is decreased (at ER = 0.I) the
rate of combustion increases.

This work contrasts somewhat with the previous work done of the combustion
of n-octane and SHELIDYNE-Hf-_` fuel3). At that time no effect of fuel-oxygen ratio
or pressure was noted. Further work will be done to clarify z-id mathematically
describe the results, and other systems will be investigated.

FUTURE PROGRAM

The study of the stability of platinum catalysts for the dehydrogenation
of naphthenes is continuing. Future work will include investigations of the
effects of metal dispersion and certain metal additives on catalyst stability.
The most promising catalysts will be tested in 50 to 100 hour rims at constant
reaction conditions. Screening of granular catalyots for dehydrogenation activity
will continue on a limited scale as new knowledge indicates any promising composi-
tions.

The search will continue for possible second generation endothermic fuels.
Dehydrogenation of bridged-ring naphthenes such as bicyclooctane will yield 1500
to 18OO Btu/Ib heat sink when dehydrogenated to bicyclooctatriene. Subsequent
double bond isomerization to cyclopropane rings would increase the heat sink to
about 2300 Btu/lb. Dehydrocyclization of alkyl naphthenes to the corresponding
aromatics, such as 1,2-diethylcyclohexane to naphthalene, would give about 1500
Btu/lb. These studies will be done initially in a pulse reactor. In th, near
future we expect to examine the possibility of dehydrogenating a highly naphthenic
jet fuel and to prepare and test a high molecular weight naphthenic type fuel in
the light gas oil range.

We shall continue to search for additives that will enhance the rate of
thermal cracking of hydrocarbons. The aim of this study is to reduce both the
reaction temperature and the coke made during the cracking reaction.

As a possible method for reducing the pressure drop in the reactor tube,
we have been searching for a dispersed-type catalyst. Such a catalyst could be
either dissolved in the liquid feed, added as a vapor to the feed vapor, or added
as a finely divided solid to the feed vapor. In our previous contract we examined
additives that were dissolved in the liquid feed. Some encouraging results were
obtnined and this study is continuing.

Development will continue on the catalytic wall reactor. The mo.t immed-
iate problem is the measurement of the stability and life of a wall catalyst for
dehydrogenation of naphthenes. Catalyst formulations which were found to be most
promising in activity screening studies will be used in preparing catalytic coat-
ings for longer stability tests in the bench-scale reactor. If results are favor-
able, tests will be made in the Fuel System Simulation Test Rig to assess fully
the capability of wall catalysts for dehydrogenating naphthenes. These tests will

Figure 65 follows
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I
be made in the Fuel System Simulation Test Rig to assess fully the capability of
wall catalysts for dehydrogenating naphthenes. These tests will be of sufficient
duration to determine catalyst activity and stability under various conditions.
Concurrently, the search will continue for wall catalysts with even more improved
mechanical properties, activity, and stability.

The mathematical model of the Catalytic Wall Reactor will be improved. The
current model, which includes a kinetic model for methylcyclohexane dehydrogenation,
will be used to design the experiments for the Fuel System Simulation Test Rig so
as to obtain data at an optimum set of conditions. These data will help to improve
the mathematical model. T.e reaction model can be used to study the effects of
geometry:. flow rate, heat flux, and fuel conditions on the performance of a wall
catalyst. After further development of the reactor model, it will be possible to
calculate the upper limits of heat flux, conversion, and temperature of each reac-
tion system as determined by the stability and activity of the catalyst and fuel
of that system.

A Catalytic Continuous Stirred Tank Reactor has been designed for use in
measuring reaction kinetics and catalyst stability. Equipment modification will
begin soon and the reactor will be available for experiments in a short time. The
reactor will be used to measure the intrinsic kinetics of dehydrogenation reactions
on the best catalyst candidates. Data will be used to formulate kinetic models
for the reaction systems. Dehydrogenation of MCH will be studied first to check
the reaction kinetics that are currently used. Later experiments will be run to
determine an acceptable model for the decalin dehydrogenation system.

Further calibration and evaluation of the beta-ray backscatter instrument
on tubes of different dimensions and on tubes made of other alloys will be made.
Now that the beta-ray backscatter instrument is available for rating tubes, the
Catalyst and Fuel System Test Rig will be used in evaluating the deposits formed by
fuels in various physical and chemical states: liquid, gas, vaporizing mixture,
reacting mixture, and product mixture. Studies will continue on the use of addi-
tives to enhance the thermal and storage stability of fuels. Tests on thermal
stability will be conducted in the recently modified JFTOT in order to determine
if results from a one-cycle test such as this are better than measurements from
a recycle test in the SD/M-7 coker.

Combustion studies on the shock tube will continue with the decalin dehydro-
genation system. Ignition delay times will be measured for mixtures of components
from the system: decalin, tetralin, naphthalene, and hydrogen, in proportions
representative of products from the dehydrogenation reaction. Further experiments
will be made on the combustion of tetralin and other fuels to define more accurately
the relation between the combustion rate, pressure, oxygen concentration, and fuel
concentration.

RELATED DEVELOPMENTS AND APPLICATIONS

An interesting pape- was presented by D. C. Thomas and P. H. Hayes2(G)
entitled 'High Performance Heat Transfer Surfaces." They showed that heat trans-
fer coefficients through tube walls could be increased by combining rectangular
fins on the outside with twisted tape or coiled wire on the inside. Although the
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system studied involved condensing or evaporating water, the results showed benefits
in heat transfer coefficients from two- to ten-fold and should be applicable to
reacting systems with suitable modifications.

An article by Watkins and Jacobs27) details the use of hydrocracking to
upgrade vacuum bottoms, low quality straight run, and catalytically cracked kero-
sene to commercial jet fuel specifications. Although the article applies only to
the manufacture of cotnercial jet fuel, this method could be applied to selected
petroleum feed stocks to produce naphthene concentrates which might serve as cheap
endothermic fuels.

An article of interest by Whisman and Ward28) on the storage stability of
high temperature fuels showed by means of fuel components labelled by C3.4 that the
contribution t: coker deposits in different thermally stable jet fuels was highest
from aromatic compounds containing a C5-ring, but the effect of any component was
strongly dependent on the gross hydrocarbon environment. It also showed that an
amine type antioxidant formed more filterable deposits in a high temperature envir-
onment than did a phenolic type.

An important paper delineating the problems inherent in extending flight
speeds up to •¶ach 6 appeared in Aeronautics and Astronautics by M. P. Dunnam and
H. I. Bush. 2 5 ) The authors outlined the 'broad range of technical advances which
will enable turbomachinery to power demanding new missions and will pave the way
for exotic new engines that may suppl~nt rockets almost up to orbital speeds." An
accompanying article by W. E. Lanar3° is also valuable.

Efforts to develop high temperature materials for qdvanced gas-turbine
engines was reported by John C. Freche and Robert W. Hall 3 1 ) of Lewis Research
Center, NASA. "NASA Programs for Development of High Temperature Alloys for Ad-
vanced F'ngines" dealt chiefly with work on the development of nickel- and cobalt-
base alloys, chromium-base alloys, materials strengthened by dispersion, composite
materials, and protective coatings. The development of an advanced cast nickel-
base alloy, NASA-TRW VI-A, was particularly significant. This was reported to have
a high temperature life of 1000 hr at 18900 F.

Another interesting paper was "The Active Coiling of a Hydrogen Fueled
Scram-Jet Engine" by L. L. Pagel and W. R. Warmbold 3 2 1, McDonnell-Douglas Company,
St. Louis. The results of this study indicate that Mach 12 flight at equivalence
ratios of less than 1 can be achieved with a regenerative system using the hydro-
gen fuel as coolant in heat exch-ngers constructed from super alloys. Heat exchan-
ger designs were based on TD Nickel-chromium construction. The authors suggest
that this is a satisfactory material for use as a refractory metal in heat exchang-
ers and that the use of ceramic coatings appears less urgent.
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iDescription of the Pulse Reactor

The pulse reactor was a I/4-in. OD tube of stainless steel type 304 with
9-1/4 in. length and 0.035 in. wall thickness. Swagelok Tees were fastened at
each end and one arm of the Tee served as an injection port. A rubber septum
(GLC type) was held in place by the fitting nut and the feed was injected through
this septum from a syringe. A 5-in. length of the reactor tube was surrounded by
a secondary furnace liner and the whole was heated by an electric furnace. The
secondary liner had seven radial drilled holes for thermocouples, and the holes
were located as shown in Figure 66. A schematic diagram of the pulse reactor
is shown in Figure 67.

All lines were 1/4-in. OD tubing of stainless steel type 304. About 2,8
in. of line just prior to the reactor was wrapped with heating tape and constituted
a gas preheater. About 8 in. of the preheater section was filled with quartz
chips (10-20 mesh size).

In the pulse reactor system the carrier gas was metered through a rota-
meter (Fi ure 67) and passed through the preheater section into the reactor. The
exit gas passed into a manifold and then into the GLC. The purpose of the manifold
was to maintain the exit gas pressure slightly greater than the gas pressure in
the GLC. This was done by adjusting the pressure control vwlve and the vent valve.
The manifold was wrapped with heating tape and was maintained at 3020 to 356°F.
The injection port temperature was about 450 0 F. The pressure control and the vent
valves were needle valves (Hoke No. 1315) and the GLC valve was a lever operated
valve (Hoke No. 490).

To carry out an experiment the reactor was brought to temperature, and
the carrier gas flow rate, reactor pressure and manifold pressure were adjusted
by means of the appropriate flow control valves. Then with inert gas flowing to
the GLC a pulse was 5mjected through the lower injection port and subsequently
analyzed. This gave an analysis of the starting material. A pulse was then
injected in the tip injection port, passed over the catalyst, and analyzed.

In this system the space velocity was obtained from the inert gas flow
rate. Figure 68 shows the pulse reactor system with the secondary furnace liner
in place.

Figures 66, 67 and 68 follow
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" ta yo ;t N t 11rtI

c) fouatr cm'aet )er1,atrt i
d llapardt he more t ,en on rap..t..;elecop'e

e r) eig Tht rie,,p-;nnta,,-, •'lOO' " -O' aft.. h 00-o uli-,ic i@$

8 ~ ~ _I 01 12 1 4

tnDHN 4 ' '.

Itbors )0 . ! -5.1- •

NN C'maerL 6,6. 8511-4. 51<o.7 "7-P Y, , 8 7 71." - . .- 8 " -a 9 .9 1118-19

Selectivity fred 790 807 9O7 1O- 70) 881" 07.74 10.6 1<5.- ,,. o.n l,. 155',7 10HN154 .

"riti.0"n 668 7..-... 766-7....4 D-aNb) two components m) -ai.-"tys alm-st e mipletely leactivatede atrcm*nns•• momc•trIrm •

P)rfourt AnaPýlyis, n) ftte' I

d C appeared to be more than one .07p00ent .)07 . .. vU, a) 7.2,eý eight component, -- F,;.•e> eere after t-,a ris •N (7.1
f) two e MPen-s that emerged after r : D~fNi qnd •eC']mpoýý,' tnat enry,•,d eft-,r -rlms ITN r) '••m.

utan e No. 1162.- 8 17-1 147-2 . 2 5- . 1) 21 -2 26.4 
- 26-2 27

C a 5 t.0 N2. 1 .5..4•7 4I7B l7 1- 8' - 25.9Tenqpers tuiv,, 'Fb

BloTk 9 . 2 1022 ].4 2. 84p !.7 2.8 1212 .120 b4 ý. 192 2 Ii. 1702
Wal 1763-65 83q-12 914-20 5-1-04705-21 768-77 40.-6 )18-39 11.7 -7.7 -Wb 8o1-.1-,7- 9 6-,,)g 11148-59.Catalyst Bed 795-97 887 9T2-'7 1060-46 78,•-q5 %)-84 1)77-74 IoY•n-67 1155-55 7465 ý17-75 )'•• bI153-67 ll154 .-
Profile 650-&ý 0-28- 750-19Z 'ý0-87 62a- 4,67,-q4 7ý7-i:•`700-8897 ]IV-ý, 6,,'.- b f604-71t5 " 8' 2 •6-64 !•9Li•9•

ý622-26 660-6ý 7ro4-09 792-94 603-28t3'-4 67_2-7[oP- 15 171•Ob-7b 71-,I- 770-97 9 1 &10081
628-30 668 70,9-11 766-qcý 6lh 5kb u< 7,•o "U2 ••" !•h • 2ii-ý -- •',.7 9--9)2, 9]

Produ ct Analysis, %w

Cracked, Liq. 1.7 0 0 O 00 I. . . . . . 0.12 1. a)ý

Seetvt o h ,• 69 10 1) 17 25 100 m 7. •6100 1 9.59 6.

trans DIN 32.8' 282 4 1. 5.' i3 25.1 18 20.ý 21).2a :64 2 149 1-

cis 15 2 57.2 42.O P7.1 P7.0 25 P.0 1 15.1 L7.0 4%. Y " .9 25.7 32.6 11

N 1. c) 31•.1 43.ý o9- 2].8 51-9 46.') 61 .7" 7.7 Pi.1 I 1. - .t 54.8 40. 7
Others 0.0c 0.• 04' i3 0.11 0 4. je . . .0

DHN Conversianfo 91w 29.7 39.6 43. 5 56.0b) 37.2 45.5 55.2 65.9 _.% f 'f •. . 95 9.h
Selee tiv ity To nN +N, 86.9 1O0 i(0 102 ]OO1 1O" ! iv IIX 67.0 10 _C 0 1 995 6.

i -to tens isomerization during the -un h) reaction time 10 mintes
b) reeetl m time 15 minutes a) five caponents
c) ore eoapl•nent emer-ged after trens DIM (1.9%) and one component after cis L*9N (0.,1) n) emero after trass DHN
d) eight coap<,nents P) o tar caap enT.,
e) one cam en',t emerged after t-res DIN (4,81%) and one after cis LE1N (Q.5 ) emerfed after cas DHNf) reaction time ].5 mL utes r) six c-npalents
g) f-ur coaptanents , a,) component emerged after trans DI{N (0.7%) and

RTI No.11623- T 46 47 1 8-i .8- ' 498- 51 426--- "-7 94 6 •6-o 57 58

Catalyst No. 0811)-146 - . .. . 1 l)t. -]1 , ' - 10860-147 --- )

Temperature, 'F
Blockc 842 950 1022 1112 1202c) 1842 932 ý1CQ2 11' 20 112 9- 122 li
Wall 748-52 819 87 8 945-39 10- 1776-79 1856-S 1)920 9-82-79 1i58-80 727-52 794-99 862-74 945-
Catalyst Bed 689-98 748-63 '02-30 864-920 III2 F2 5 .850-28 000-11 077-82 1001-62' '1-7a 8-5- 945-56 10-9-6 ---_
Proile 605-12 65-44 665-76 707-22 ,iq92-93o 1•99-604 )5

1
5 tu058-71 7N6-1-1 165 -- O5 n o46-68 p9-716 744-88 873-1

601-o4 633-55 66a--,7 7y'-,)5 793-_09 :97-99 ýo"-57 .1-'r 7 50-coo 765--1 ! i (-- P-'5 754-45 802f3I,'0 -01 o55-o( 665-69 - 7.5 78-15 6 7-601 a26 nor 7?)- 767-211 .70-10 111 765-66 8s1- _

Product Analysis ,0
Cracked, liq0. 0 o.1 7) *.,C) 71 0tra N•6e 11q 96e) -•6 ]> I'). 1hi1r lo.) .8. :I. ,"7 20.5 18.1

cis DiN 10.9 ]t(.6 12.7 i.1 '.8 19.4 16.1 13 ,. ! '. .5 v6,1 7.5
Thj 18.9 11.9 10.6 5.0 2.4 17.? 1 14.. .I.7 2., . ,.8 5.5 5.9
N 25.0 56.5 57.7 65.9 75.6 26.7 1:4. ,.. t-..4 78.4 :'. ".2 57.8 ' 47.8 --

Others 13ý0 0.0 0.0 01 .0 . .o.0 .0 .0 0.01)

DHN Comversian, % 4w.7 52.2 62.1 71.8 I,. 1') 45. ., 1.1 71.2 io,.1 . . 1a.7 4I.2 '.2

:1eleetle~ty for THN N, 1., 100 100 1100 Y. q4." 101 1 1 . 1 " 1q.7 45.11 1 1 99.R 5).0

A-, 'F at, .. ]" 10 00 I

"aT"cis to trans Na~erleattav dorltng them.;

AFAPT-TR-70-7I b) sever. a ,pnep ts t
c) •eaction time lo mites

e) four campunnts
F) &erged after ThN
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5
- N8 "•[ qO j,; Q t-i- i i6

• . " A,.5 �'4.5-07" 41. 155. "9 5 t '1 - it) 1t46
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`'7 ' ' 'W 6 ' '.+ ' 4 1
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4t 4.r 11.162 6 l : '•.' •9' .•.#) r,; 5 ,1 : .1`') 27'.2 0k. 33hm 33- .1. [ 5 66.6 6 . ) l I 0 7 5 . 7:1.2 77.6

-,.2 9 227 5 4 7 56 56

t ccuplesely leactivatei at Sh em d 1' this thiStrane 1*0)

temergc.d .:'atr ti-rs DHN (7.6%) and .Cre cop;annt "f.er cis DHN (7.9t)

50- 31 '2- ______-p-r b:-I t,-1 31 ' 3'-1 5-. t4-1 . 14-2 55 - 7 18-1 '8-2 59 40 1.2 1 42-2 143 '44-1 44-2
10lO880 11' ' - . -, ...... -.. -. 10862'-174, . ..... ."" oI 860-'s439 •- ' --.. . .. 10860-,13:- .. . .. ... I -.. .. . 1058554i46) . . . .-
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- - --e, b5-• 1'' -51+ 95-jIb ý93-'M b7b-ý')3 9r9-497 r bl-21 658 702-698 743 I8L22-19 597--] 63015 6r,-69 T14-II 792-817
I r9-30 SO C-97 5•o-9A2 622-26 6£2-W: 171>-698 245-45 813-i'5 653-4o 689-727 869-8O8 653-5> 680-78 754-25 784-81 875-62 612-14 651-49 694-91 747-43 5S3-73

.0 ..0 0' . 1.2 5.0 2 ,lp) 0.0 0.1 0.0 0.4) 2 .62.) 0.0 0.0 0.0 1.2 4I.P)

I 125.2 84.1. 15.0 3 18.o C.i. 5.8a) 4.4 28.28) 24.4 19.7 16.8 12.8 36:48) 31:18) 24.8 59.0 9.5

3:.9 25.4 ,6 51.2 26.3 21.4 lo.5 14.9 40.7 40.2 54.9 36.0 31.5 26.6 21.3 18.3 20.2 16.7 12.8 9.8 6.5
1 4.6 7.8 15.7 32g 86.2 4.2 .6 7.9 6.5 5 11.8 8.7 6.o .7 2.6 18.5 15:4 12.2 64.8 27

40.6 )1*.ý3 b-.7 21.4 32- 9 4b. 2 60.6 67.1 i8.7r, 27.- 4.2 • 24.0 74.2 47.7 57.8 62.5 24.9 56.8
0. . 9.0 OAS 0.5 0.0 , 5. .0. . 0.) 0..0 0.0 0.0 0.0 0.] 0.0 0.0 0.0 0.7 1.0

44.7 r9.5 52.240 34.8 42.6 52.2 64.9 72.. 28.9 355-6 2" 2h1 '5-5 3 45.7 53.5 61.7 68.8 43.2 52.0 62.2 71.1 83.9

100 9.' 96.5 0.0 0 0 E.' 9A.7 97.9 90.7 100I 4,.1 100 100 :OO 99.3 595.5 101 100 100 96.9 93.3

56 17, .. i) 16 327 1 131 47 16o _--) 14 21 0 25 40 47 13 14 20 54 -h)"
__________.. . . ____ _- I........L - ..... K ... ...

a

a-fer trans DHN (0.7%) and me after cis DHN (0.34)

-8-7 -1 57 584 6165- 16572 7 T 67 - - 70-1 70- -1 1- 2 .

- --- i0850-1i47 - - - 108660-1358----B - ' - - IO4-xe- --- .. .... -

932, .102 1112 84 32 1022 112 i 1.202 82 932 1022 1112 1202-32 I T9.-99 3-74 945-100• 761-65 835-3 905-07 975-T( ( 58-62 1 766-64 842-38 'o912 _ -, 1207i 97 lcý 7-64 42 BL.r• 1 148-79-7 5o-8c45S 04-7 6.A 64- 8-9i72-417!88T5-52 821-3 450i30 4 1143-5o
--51 6787-9317ý-4 ý882-69 .14-]? 657-53 :698-94 74ý-32 820-12 6go-: 651-58 689-o 2 7?5 869-1139

-66 I 71 -75- 
8

51-71 b )-5'r 478-74 1729-25 784-79 878-62 626-24 6,51-49 696-04 7•4-25 842-1132

2 5.7 1 0. 1  :f7' 0.3 20.0 0.2 5.od) 0.3 6.8

371' 25.7 20.5 16.1 3n , 20, .9 13.2 11.9 6 23 1 .3 214. 17.4 19.0
:2 .6.815.4 ' 1.9 6.., 21.- . 18.,3 35.3

6.8 5.4 5.9 16.4 11.9 7.5 4.2 3.1 14.1 12.1 9.0 7.4 7.5
,1 50.3 97.8 ,7. 2o.2 58-1 55.4 65.5 7,).4 25.4 32.8 45.-4 ;5.1 27.1

.0 0.0 0,0 . 0.0 0.0 0.0 0.0 0..0 o. I 0.1 0.0 4.3f)

.b 36.7 43.22 5).Ž 4.4 I 7 62.6 7o.. 77.9 39.3 44-7 54.3 63.7 45.5loo W`. ' .8 10 100 100 00 9., 9lc O .5 75.2
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Rwi~ys No. 46 ! )84r 10 9 [ , ) 18] ,A 1 1 74187 "c, 87 ':•A I< -]

N B -
T~mperurok H• 2 LO, I,, I I P 1 )4, o3" _o_2 84-- 932 I'llIN 84

• x-4 87-1o

wl 4848-097 727, 14.-: 1 0Y(6 13') 07 41 1 1161'828
Matal t 79 6 4 j1117 - r 6- 4 7.8"-909 840 7

dali ((4--1, )bo., 1,, 65o-61 ) 707 806 gn(-o 669-i'-7 ?58o~ l 7'~0'1-'. r,. 844-' 57 710-817C,,.at~yat B•d 617-3p 1 657-78b 698-7•' ý I•8' "}2i5 [ 5-1i778 •69569 723-824 685-1ý97 ] 67'--•2 •-]OBh•7 T-1
Catl 5, 6 6671 0I 1 14 . (2-a54 (675 -'q 17- 6 7 752-097 60,4-51 6 72. 750-935 691-,815"I09 9 ,o o 44 6714'- 1ý1 A54 o P, - 0 12C 6154-8-'

Pro 6n-9 144 6& -89 731, 08 6 I ()I- ' 17 65ý7-4', 68, r-90) 1,4 8-5 5  0 7li 40-907 649-55 boa '(0 743Q92 658-799
77 7-T 45-797 657-60 70? -05 7097 6L 6 77,Q 7998 66'6

6-60 664-66 ]ri i' 4 7• (' 10150 1170 6, 0-5r 1696-700 7

Produet Analysis, * I j.a
Crecked, liq 1). 10 0 1 6 4.2 0. 0 0.ý 0.%)

trans DIN 0.0 2 7") 23.5 18.8 15.2 29. 6.5) 0 .6 2 246 22.5 218.

ci§ DHN 20o4 . I4 18.5 7. 1 40o 5- 40.4 45.2 42.0 55 459 41 .6 50.0 52.1

T201 179 14:2 95 051 5.2 99 7.7 6.5 5.2 6.1 1 78 6
1.8 55. 1 46,8 56!) I46.9) 23.29 28.dbl , 20.0 26, e L4 . 27. 15.

21.8i3ier6a 56* 46 0.4 2.11 1 6. 8 7, 0.0 11.07.
0.'ers 0.0 0.0 0.0 1.5) 0.1' I ..2 . o.0 2.4 . o0 0. 5.9 5.0o

04N Conversion, %w 59.5 47.1 P5" .6 597 _6_ 17.0 27.8 52.0 26.6 27.5 5•.1, 25.2 19.2

Selectivity for 1MN N, .ý 100 100 99.0 98.4 90.1 99.5 9-.-)4 957.0 1 00 '10 00.6 10 (0 81.9 88

14, 22 45 135 159 21 74 ý261 20 101 257 16 ii2 1248 140

a) cis to trans isa.erization durLng run
b emerged after cis rlLN
ca one component emerged after trarn DHN (0.7%) aond one after cle DHN (0.7*)
d) me compoment emerged ,fter trans DFUA (O.9%), and ome after ,is DHN (0.g%)

eo e ccomponnt emerged after tranis 0412 (1.0%), and onec after cis DINN (1.4.%)
m~oe c mponent asorged alter trena .51 i oni , can mse. filer -o a. i- ..

g) emerged after cis mid trans DHN"

Run158 119 1 -- - '- 141 118 I 119 120 126 127 1,O.-1 128-2 129 150 131

Catalyst No. - --- -0280-15A .-. > 6 102BO-50A-- 1028 -7A -- ---- --

Temperature, 'F
Block 842, 951 1022 1112 21202 842 951 1022 642 952 1022 1112 1202 642 952

W~ldl. 756-41 7�9-8061 874-78 9• o"-46 1104-49 812-26 885-(20o 972-Io8 711-14 766-70 824-26 691-94 977-1055 640-42 68o
CataL~st Bed 666-82 711-34 759-84 66-44 i905-i010 ] 797-612 875-900 950-88 617-28 650-64 687-- ,9 770-84-0 o2-!121 630-4o 662-

Profile 635-42 869-78 711-16 742-52 822-44 770-618 856-902 918-88 614-17 6'5-40 66c 7' 716-22 (70-73 - 655
635 669-TI 711-08 750 45 182-17 686812 0 894-988 61-26 642-57 682-86 T32-29 7 628-32 651

44 6&4 730-25 748-46 i1O44-49 802-26 788 -903 889-986 65- 671-74 714-16 (70-65 55-55 640-4 6

Product Analysis,
Cracked, liq 0 0.0 0 0.0 1.9 1.50) 1.5.) 2 a) 0.5 0.3

i ) . .5 ) 165 . 15.P .
trans N 29.917 26, 4 a) 21.8 16.4 11.2 27.0 " 26.6 6 

4 
. .8o 250, 18.5 1 35".5) 351.

cis 59.1 35.0 29.6 24.3 21.5 650 67.7 656.o 2'6 21 5 17 - 17.0 1-1 27.4

T11 411.0 9.2 8.1 7.2 5.6 2.1 1.7 1.8 7 1. 10.5 6.7 4,].6 11,
TNN I20.0 29.5 4,.5 , 59.4,) 1.7 0.9 1 0 215 3-5 . 57

2
b) 64

4
.]7e 23.4 '5.5

0.0 0.0 0.0 526 94o e O d) 0.001 1 .20) ~
Others .o4 4O.d) 1 1.0) 4.94] 0.0 6. 1.2e .0 O.

£414 Conversion, %w 06 482 59.5 66.9 1.6 5. 0. 58. 615. 4. 27.0Selectivity for r114 +eN, w 10o 100 !100 98.1 96.6 55ý,;4 40.4 25.5 100 1 , 1 00 :100 i 98.6 4. 97 99.7
6 F25 25 s6 0 126 - -- 14 I L2 170 22) 13 il,

cisal to trans ism-lmtondM run
b) emerged after naphthalene
c) two componenta - one emerged after trans DhN and one after cis DIN
d) emerged after cis DHN
e) three conipmeat,, one of wdich merged after trans D01, cis M1N and naph•talene respe-tively
1) two co•roents that emerged after cls DHN £ ead naphthalene respectively

AFAPL-TR-70- 71
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4,m
""1-1-5 -6 21 899 1-8l 6, 9it- .4 - 8 7--9 -, 4 1NA 7,V- -597 5 8 1- [6 • 4- ( 18;7"-N i c)-1- )' 6 76-1lol,4

_ 28-40 - )' ' "7 r'n 6- -76 , 77 7715 ' '-1c.-r69 10 74, "(1 4ý40 76 74 8 ( i
-. ,4-x '(4,op9 .45 '"pI4734 13840( ( ,'4. 4-.8914,1 -84 62H-17 66-83 7-' ,8 N)'1877o 3 " .. . ! 1 .,,) - t ' 5o- 2 o 8 7 o .7 o . ox , , -6 o i( 1' -, )6 T 9, i o ., 7o) Ho I P 0 7691-70 7 -4 05- 8*dc "-3 )2 4-h4,4 ol ' 15 54-96,, rI 44 .7 M) ( 851 8'('s ' 1 2 18 ( 38 -01o45, 6' , 4l41) 84< ,6' )88 ,o55 6(81'"''l~ 84 1'1

707-09) 7.34• 62-76 ,0 3 45 .
,()1 4 -ý ' ' -0 47.85 1 '4-8 ,ýý 3,0-' 7 84 9 405- I) ' , 8 6448 147 61 -9660 44- 68"T -9r 1 7'. 4 8.6 - 7 f;,

24:.6 2..., i .5 ) ".• ••• <~:• .• (4 3 •0T5 .04re •^ . 5•, .0 54. o 5.4 +4,.' 3, ho...•. . ..0 0.. G.6) O. 47 o"".6 ".6 07.•01- H " . 2.a L4 2 .0, 7.4 0 P) . 22-? 25.,- 22,P 21.5
41.6 5, 0. ',5.6 41.5 '.7.7 46.5 1 .3 57.2 7-0 1 .6 ". . . .6, 4. 4 * ri < 6 l SO ci . 4 "1 5.8 9.5 I "3 5 -5 9 .7 7.9 7.2 6.4 5 6.1 6 lo7.2 79 55 5.

27.6 6.,) 14. 7.9 5. 12 752 ( 03'0- . 3 ' . ) ' 7 .0 24. 6l i , l0' f5 - 5 
6 

- ! O 3 ! I 6 526, 3 . , 3I 1 3 .9 8 l 1: .4 5 : o 9 3 4 3 6 .2 7 .6
3.0 00 4. n4' b , 0,0 0 9. 3

55.4 .. 2 2. 3201 27 l , Ioh ,98 17.9 40.5 0.5 56. 29 45,.' '. 45,-, 25.6 10- '7-. 1 ,.01) . 8 7b ., 6)85 -1 . 85.5 39 7 99. ' 95.6 00 1 86.1 90.2 84 1 .o lao 0:oo 4" IC.''1 '819 188 1 378 .6 , L V. . 170b, 10.5 'OS 98 --l 68.. ., V0 99 i:
,-48 I.14 194 6 43 56 54 2i' i- -s 14~ 78 ;812581892I I I i 28 I

12Q i 1 0119 132-2 13 5 -2 1 13.1 12?4 125 124 -1 242 154 fl, 13 v 55-
.I 10280-119C -. . > 1050-12C .. .10260-5 . . 37-7

97712055 64o-4 7~2 92 i ill . 1 '1202 84, ' 932 floss 1 1112 31202 b42 952 1 30120 9 11 0020977-1035 640-1o' e'680 729-27 786-79 %O0-38 732-5 797-5r '67-69 , 948-5o 1058-1179 925-27 i786-90 • 8• - 112089 6-1121 t50-4o 662 ! 700-16 i 758-61 3842-o17 IA 662-82 704-3. 174.8-776 799-838 966-1157 657-5• 76-9-8 1 716-43 1 763-14 83-91
770-73 621-261 65)-55 1684-87 1725) 788-3,1' 651-62 '69l-oi2 17364-4 P,,, 896-1150 635-1,7 1675-80 709-18 1759-61 817J-24797-804 628-52 6621 7007-16)8 714 43 812-01 1 664-71 '709-14 763-4 950-71 -1925 1i46 644-51 I684-89 725-29 779-77 lb42-)885-33 6l - 666 "2--7 7 - '860-38 66L-87 797-802 799 88o-16 981-1146 7-5-27 707-12 1756-58 J 817-1ý. 885-78SI I

3.2 0.1 o.3 0.5 1 1 5.6 0 2.6 5.2 7.6 o. 0 ; 0.0 0. 2 o.3 1.9
12.7 26.-b 20.8 1..3 27.58)1 25,9 2595 .9.1 16.9 3 0z9a) 27-98 24.3 19 9
1 4. 1 2• 7 . 4 L n .6 1 16 .6 n1 .6 9 . 4 4 (. o 35 9 : 7 3 3 .5 1: 3 6 .6 5 9 .5 5 3. 8 • . • 7 : 8.4,. 1 i I .6 21 .6 7 .9 5 .2 3.9 5 .6 4 .7 4 ,6 5 5 7 - 9 27 .3 6 . -1 4l l 1 .5 .2 2 .56 2.4 55.5 J .o 60.7 69.0 197 28:3 4.6 •. • .9 3 .. 2 41 5. 2.' ,6 .5 J0. 3 8. 1 0.3 - 3 7 0.0 0.6 42..) 32 1 0 . d) 1 :0.2" 63:5)7.) . " "4 .1 0 : 0 .0 0.2. ') 5'

72.8 .o 4 56.3 67.0 77.1 25.5 534
1  

4s.2 53.4 46.5 29.8 37.9 47.2 56.3 1 1ý7.9
94.0 X9., 99.4 ' 98.6 97.8 -4.o . 97.6 95.9 9,8.6 89.0 70.8 I20 l0e 9-. 98.1 96.lo

222913 1 
16  

25 171 20 29 27 4o 234 ,.6 22- 1 58

N - Table 55 (Uomntd).

JI



CD

coK
rfi1

r I-Cd Ki
C-) -P 'MQ ý4 E- d C Jf

PNI:

*H CH 1

AFAP-T -70-7 1
66758-~W



I Wy• I , I ,i i

* , a• I
i-,

/ " jHole for Reactor Tube

74 0 ?.57" Diameter

2 I Holes for Thermoccuples

.. .- -1 / D iarneter

Slot for Thermocouple Leads
//4" Deep, /8" Wide

//

End View

Fre 66. SECONDARY FURNACE LINER FOR PULSE REACTOR

AFAPL-TR-70-71

63294



!I - "

PF'i e eate rb H e
I,4 0
I I

Rotarre tcr _ :- -•---,

Carrier Gas 
R eac or

Lower lnjrctie.ne

"•".Reactor PrecswueI Co to V lý
G .... Com Va e,,-

- ___ _~~[__~zunc*

Heated Leads-..

Figure 67. SCHEMATIC DIAGRAM OF PULSE REACTOR

AFAPL-TR-70-71

64458



Fiqure 68, PULSE REACTOR SYSTEM

AlApt 1 /- - 1



Calculation of Rate Constants (Bench-Scale Reactor)

First order rate constants were calculated based on the rate of disappear-

ance of the starting material according to the following equation:

LHSV px22 412 T I . og(5k = 3- x MWxP X 2 x 2.3 log I- f

where: k = first-order rate constant in sec-

LBiV = liquid hourly space velocity (i.e., volumes of feed/volume of

catalyst bed per hour)

MW = molecular weight

P = reactor pressure in atmospheres

T = reaction temperature in °K (reactor wall tempe-ature)

P = liquid density

f = fraction component reacted

Calculation of Reaction Products for the Thermal Reaction of Bic clo (2 2,Loctane

Both BCO and TMB react thermally to form reaction products 1, 2, 3 and 4
(Tables 4 and 5). With BCO in TMB feed the amounit of component A formed fror ThB
only is given by

C. XI)C _.. XA
xA = C (36)

AT

where X - amount component A formed with BCO-TMB feed
A

C = fraction TMB reacted with BCO-Th1 feed
T

Xo = amount component A formed with pure TMT3 feed
A

Co = fraction TMB reacted with pure 'IM feed
T

C and Go are obtained at the same temperature and space velocity. X0 and CT are

o tained from Table 4.

As an example, cojnsider component 4 in Runs 102-5 (Table 4) and 105-2
(Table 5).:

C = 1817

•T
CAT R- ]7 1

AFAP L-1"R-70-7 i



X4 = 2 .55

Since the total amount of component 4 found by C.,I was only 8.0*, all of it was
formed from I1B. Hence, none of componeat 4 was formed from BCO.

Micro Catalyst Test Reactor

The Micro Catalyst Test Reactor (MICTR) and the operational techniques ,
used for screening candidate catalysts have been described in previous reports.1,2)
No further changes nave been made. Figures 87 through 89 of reference J show
the apparatus in detail, except for changes noted Iii reference 2. Catalysts have
been tested with MCH at IISV 100, at 662, 752, and 8420F, and at 10 atm pressure
without added hydrogen. It has been found that more consistent results are obtained
if a fresh loading of the reference catalyst 9874-139, or its replacement catalyst
10860-70, is tested each week as a base point for calibration, rather than using
the same reference tube over and over again, since the activity gradually declines.
Also, prepared catalysts have been rescreened to 10-20 mesh to remove fines after
impregnation and drying of the supports, and this gives more reproducible results.
Tables 57 and,28 give the MICTR test data in chronological order.

Tables 57 and 58 follow

-102- AFA PL-T R-70-7 1
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Table 58, DUEYDROGENATION OF METHYLCYCLOHEXANE WITH VARIOUS CATALYSTS IN MICTR

Conditions: 100 LFSV, 10 atm pressure, no added H2, tem-
perature variable. 0.9 ml catalysts diluted with 1.1 ml
quortz chips (10-20 mesh) reduced in 112 at 796 0F. GLC
samples normally taken at 3-, and 8-, and 13 minutes oper-
ation at each temperature.

R •• Catalyst Conversion of MCH to Toluene.. 4w

No. No.
i0860- Description v't., g. 662 752 842°F

1192 70 1% Pt/UOP P-8 type AI2 3O (ref) 0.411 23, 27, 25 51, 48, 48 73, 72, 72
1193 163A 3.2i ;t/80% type 1 support 0.34 26, 25 50, 50, 50 82, 61, 80

20% type 6 binder

1194 163B 3.2% pt/4o% type 1 support ( 0)a( 0.371 26, 23, 23 54, 50, 49 81, 77, 77
%type 1 support (2)a)

20% type 6 binder

1195 1630 1.6% pt/4o% type 1 support, (1)") 0.403 23, 213, 23 55, 53, 49 77, 76, 75
40% type 1 support (2)20% type 6 binder

1196 16oA 1% Pt/80% type 16 support 0.346 23, 21, 19 50, 47, 47 ,'4, 74, 73
20% type 6 binder

1197 16OB 2% Pt/ .. 0.399 25, 24, 23 50, 47, 47 74, 72, 72

1198 160C 4% Pt/ " I 0.371 25, 25, 25 57, 54, 55 8:5, 82, 82

1199 161A 3.2% Pt/80% type I supporta 0.594 23, 20, 21 52, 45, 45 75, 73, 73
20% type 6 binder

1200 161B 1.6% pt/4o% type 1 support (1) O. 21, 23, 22 50, 46, 46 77, 75, 74

40% type 1 support (2)aJ
20% type 6 binder

12pO 70 i% Pt/UOP R-8 type Alf0s (ref) 0.410 26, 21, 22 48, 46, 46 72, 71, 70
"1202 157A 1% Pt/type 1 support. 0.562 24, 22, 22 55, 50, 50 79, 78, 78
1203 15TE 4% Pt, 0.596 26, 25, 25 60, 58, 58 85, 82,83
1204 1578 1% Pt/type 1 support 0.545 25, 21, 23 53, 52, 52 81, 8], r9
12O5 157F 4% Pt, . i) 0.562 28, 26, 27 60, 59, 56 87, 87, 87

12o6 158A 1% Pt/type 1 support 0.535 27, 25, 24 56, 53, 53 84, 83, 33
1207 158B 2% Pt/ . O.542 29, 2),, 24 54, 53, 51 81, 80, 82
1208 158C 4% Pt/ " 0.567 32, 24, 24 57, 53, 53 83, 83, 83

12.W' 160B 2% i't/80% type 16 support 0.338 23, 23, 19 45, 43, 43 67, 65, 66
20% type 6 binder

1210 157C 1% Pt/type I support 0.843 19, 18, 17 36, 35, 37 46, 48, 50
1211 157U 4% Pt/ 0.828 17, 18, 18 36, 55, 35 46, 46, 47
1212 157 1% Pt/type I support') 0.527 25, 22, 22 48, 46, 46 74, 74, 74
1213 157H 4% Pt/ o.548 23, 23, 22 53, 50, 49 78, 77, 77

1214 70 1% Pt/UOP P-8 type Al 2% ref) o.412 24, 20, 23 ý0, 45, 46 70, 69, 70

1215 164P. 1* Pt/80W% type 1 support 0.430 22, 21, 22 50, 49, 148 76, 75, 76
20% type 6 binder

1216164B 2% Pt/ o"0.431 30, 28, 26 53, 54, 56 84, 83, 84
1217 3% Pt/ " o0.458 30, 27, 27 59, 56. 57 85, 85, 85

1 51 ,1 , Isport 0.549 25, 29, 29 48, 51, 51 80, 79, 80165A 83, 81, 811219 0.534 24, 27, 25 59, 59, 54 8, 81, 81

i220 166A i yp7 o 6a.port 0.321 28, 22, 22 47, 4R, 42 65, 72, 65
1221 166 ] 4% P eftype 6 support 0.525 20, 2?, 20 45, 43, 45 67, 67, 65

Ia Platinlsd with 44 metal before formulation.S•bj Repeat of r~m 1197.

cS Repeat properatlcns in quantity of 10860-158C Fnd 158A, or bench dealt tests.
d Acetate neutralized Pt(Nii 3 ) O•(,i ,

tnpregnate type 31.
41 .pet of runz 1219.
1Repeat oT MWi 1218.

Repeat of run 1198.
SIn-noua* support. (C• tInuf'd



Table 58. _Contd-l) DEHYDROGENATION OF METHYLCYCLOHEXANE
WITH VARIOUS CATALYSTS IN MICTR

R un Catalyst % Conversion of MCH to Toluene, I •

No. No.

i0860- Description t., g. 662 752 842°F

1222 t67A 4% Pt/8at type 16 support 0.461 24, 25, 23 50, 41, 41 61, 59, 60
201 type 6 binder

1223 165Aý 1% Pt/type 1 Support 0.528 23, 28, 22 57, 51, 53 82, 81, 81
1224 167B i4 pt/type .16 support o.384 24, 25, 23 50, 41, 0¶ 6-, 59, 60
1225 167c 3.2k pt/80% type 16 support 0.412 25, 20, 21 47, 43, 43 71, 69, 70

1226 4% Pt/Type I support 0.555 25, 25, 22 56, 55, 54 65, 84, 62

1227 70 1% pt/UoP R-8 tYpe A12 03 (ref) 0.413 21, 19, 23 48, 45, 45 71, 69, 69

1228 i160C hj 4% Pt/80% type 16 support 0.363 25. 22, 23 51. 418, 46 74, 72, 71
20% type 6 binder

1229 i168 1.69 Pt/40% type I support 0.484 23, 22, 22 52, 49, 47 77, 74, 71
40% type 1 supports)
20% type 1 binder

1230 172 1.6% pt/40% type 16 support o.444 24, 20, 20 49, 47, 46 72, 71, 71
40% type 1 support")
20% typo, 6 binder

1231 1701 4% Pt/type 1 support i) 0.597 25, 2P, 22 54, 51, 51 82, 81, 79

1232 70 1% Pt/UOP R-8 type A12 C3 (ref) 0.416 20, 22, 22 48, 45, 46 71, 69, 68

1233 M lA 4% Pt/type 1 support 0.603 27, 2•, 24 51, 49, 51 77, 77, 76
1234 171B .. .. .. 0.606 25, 25, 25 58, 56, 57 86, 85, 83
1235 173 1.6% Pt/41% type 16 support, 0.498 27, 25, 24 55, 52, 50 79, 77, 77

41% type 1 supports 0

18% type 6 binder
1236 170A 4% Pt/type 1 support0 0.559 2, 24, 23 59, 57, 57 88, 87, 86

1237 1710 4% Pt/type 1 support 0.541 30, 27, 27 55, 55, 54 82, 82, 82
1258 171D 1% Pt/type 1 support O.711 21, 21, 21 50, 47, 49 72, 69, 72
1239 171E 4% Pt/type 1 support 0.47 21, 22, 22 52, 51, 52 82, 82, 82
1240 71PF 2% Pt/type 1 support 0.762 22, 20, 20 52, 48, 48 77, 76, 76

1241 175 3.2% Pt/"0% type 16 supports) o.492 27, 22, 22 49, 45, 44 74, 74, 72
40% type I su-,porto)
20% type 6 binder

1242 " "" " " 0.505 31, 22, 21 55, 50, 50 80, 77, 77

1243 70 i.%Pt/U.)P R-8 type A!2 )(ref) o.420 25, 20, 20 48, 45, 46 71, 71, 7012% Pt177A0% ty• e 1 support (i) 0

1244 177A 4  type 1 support (2) 0.405 23, 23, 24 53, 53, 55 82, 82, 82

20% type 6 binder
1245 177B 4% Pt/ 0.401 24, 24, 26 54, 53, 55 84, 82, 82

3C Ptc% type 16 support O.478 29, 25, 27 54, 51, 50 79, 77, 77
~ t 4 0 4 type I support

20% type 6 binder
1247 177D 4% Pt/ o 0.476 26, 24, 2t. 54, 51, 51 •4, 80, bo

1248 184A 4% pt/40% type 1 support (I) O.4O4 30, 26, 25 58, 54, 55 85, 86, 83
4al type I support (2)
20,% typo 6 binder

1250 184c U Pt/8&% type 1 support 0.478 0, 25, 25 63, 60, 58 88, 89, 91
204 type 6 binder

(Continued)
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Table 58. Contd-2ý DEHYDROGENATION OF METHYLCYCLOHEXANE
WITH VARIOUS CATALYSTS IN MICTR

Run Cat"Iyst % Convershnr of MCH to Toluer- 14w

No. No.
i0860-. Description w.,gi 662 752 842'1,

,• ,• a• +.... ••,-;-•- t'126.,8 25, 297, 54, 53, 86, 84, 831251 i84D 4% pt/8o% type 1 support 2 95
20% type 6 binder

0)"B J.4 Pt+•tp upr 0.4B2 P5, 27, 2056 53,4, 52 796, 85, 84
40t type 1 support (2)
20%ý type 6 binder

1253 184B 4% Pt/40% type 16 support 0.422 22, 22, 25 51, 49, 50 79, 79, 78
40% type 1 support
20% type 6 binder

1254 70 1% Pt/UsOP R-8 type A12 03 (ref) 0.419 24, 20, 20 48, 44, 46 71, 69, 68
1255 70 " I 0.422 21, 20, 20 47, 44, 44 69, 68, 68

1256 188A 1% Pt/type 1 support (purified)") 0.805 31, 27, 26 58, 52, 51 84, 81, 80
1257 i88B 1% Pt, 1% metal AB/type 1 support 0.738 21, 23, 24 60, 55, 55 66, 84, 84
"1258 1880, 2.3% 0.715 28, 23, 22 56, 51, 51 80, 79, 79
"1259 188D 4% 0.752 16, 16, 16 48, 44, 45 71, 68, 68

1260 189A 1% Pt, 1% metal AC/type 1 support 0.759 31, 28. 30 57, 51, 51 82, 81, 81
"1261 189 B 2.5•%" 0 .751 17, 18, 20 51, h8, 49 73, 68, 67
"1262 1189C 40 .747 16, )5, 15 37, 37, 32 52, 48, 45

1264 70 1% Pt/UOP R-8 type A1203 (ref) o.417 24, 22, 20 49, 46, 46 72, 70, 69

1263 190A 1% Pt, 1% metal AA/type 1 support 0.711 25, 22, 25 59, 54, 55 84, 81, 81
1265 !90B I 2.35% 0.767 20, 21, 24 55, 51, 50 81, 81, 80
"1266 19 " " " o 0.764 22, 21, 19 53, 47, 47 78, 77, 75

1267 191A 1% Pt, 1% metal AD/type I support 0.767 34, 29, 26 59, 54, 54 83, 82, 81
"168 191B 2.3% " " 0.746 24, 20, 21 59, 52, 54 85, 85, 83
1269 191 4 " " 0.742 22, 21, 23 51, 54, 51 73, 75, 72

1270 192A 1% Pt, 1% metal AE/type 1 support 0.736 26, 23, 25 62, 58, 56 87, 87, 86
"1271 192 " 2.5% " " " 0.757 26, 25, 24 59, 53, 52 85, 83, 83
1272 102C . 4% " 0.76q 26, 23, 22 55, 50, 50 81, 79, 79

1273 1950 Formulation for 10860-184c, stored 0.440 22, 23, 23 56, 55, 56 84, 82, 80
wet 53 days, before drying, cal-
cining, and 4% Pt Impreg.

3274 195A Formulation for 10860-184A, stared O.409 24, 23, 25 54, 52, 51 84, 82, 70
wet 55 days, before drying, cal-
cining, and 4% Pt impreg.

1275 195E Formulation for 10860-184E, stored 0.5C3 24, 23, 23 58, 54, 53 84, 84, 83
wet 48 days, before drying, cal-
cining and 4% Pt impreg.

1 95D Formulation for 10860-184D,stored 0.975 22, 22, 23 58, 54, 54 86, 84, 83
wet 54 days, before drying, cl-
crning, and 4IN Pt impreg.

J) Control for series 1,.160-188, 189, i1O, 191o and 192.

AFAPL-TR-70-71
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Derivations of Fuatlons for the Catalytic Wall Reactor Model

Fluid Flow Eguations

The fluid flow in the reactor is described by a mass balance, a momentum
balance, and an energy balance. The differential. equations are formed by writing
the balances over a differential cylindrical rli-ment:

. diasi.eter, d

fluid fluid
in out

length, A z

Mass Balance:

Since the flow is assumed to be at steady state,

rate of mass flow in = rate of mass flow out
pvc v (37)VAc I = Vac!

where
p=fluid density

v = fluid velocity Td2

Ac = cross-sectional area

d = diameter of flowing fluid

Since Ac is a constant, then pv is also a constant, which is the mass flux:

[G v j (38)

-103-
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Momentumi Balance:

rate of momentum in - rate of momentum out + sam of forces an system = 0

rate in (PvA c )v1 z

rate out (PvAc)vlz

pressure force = PAC1 - PAc0  +

drag force = -(½ v2 )As f

where

P = fluid pressure
P = average value of P
v = average value of v
As= surface area of dLffo:ýr-tial element
f = Fanning fric'6ion factor (drag force equaticr defines f)

GAo(v 1  -v1) + A (PI " +½•Asf = 0 (39)
z +AzZ z +"Nz Z

Dividing by the volume of the differential element and taking the limit as nz
approaches zero gives the desired differential equation:

d7d2
-- + AZ zVj) -z+Az iz + po-d)zfG -- 0 (p10)

7rd
2

VIZ+Az[ PIZ +Az- PIZ P 0

lim+ + =0
A•z Az d

K d + 21 ( 
1  e (42)Gdz dz + d

Note that the average values of P and v become the same as the point values as
A z approaches zero. The only forces ccusidered here are pressure and drag or
frictional force. Other forces such as gravitational, nuclear, radiative, and
electromagnetic forces have been neglectM. Tho gravitational force might be
important in a vertical reactor at very low flow rates.

AFAPL-TR-70-71



Energy Balance:

rate of ki~netic energy in 4- into- of intr07 (:nJon t

enerpy out - rate or internal energy out + n11t rjjte'f h t.ý :•d' - 1et4

rate of work done by system 0

rate of kjnkrý1, eoergy in (CIA

rate of internal e•.ergy in GAc

rate of internal energy out = GAcUi
! + Az

rate of heat added = -qJAs

rate of iork done by system PA v PA vIz

C IAz cz

"where U = specific internal energy
q,'= heat flux from fluid to wall

Substituting H for U + P/P, and dividing by the volume element rd:- z-/A 4 gives

*G (v2  v2 G( H I 4q,.
I___ z + Az z z + Az z

Az Az d

TTaking the limit as Az approaches zero and dividing by G gives

dv + - + o0

We can obtain H in terms of P, T, and p. For an ideal gas, H is a function
of T only:

dH (]i\ dT dT
dz k\JP d- -P dz

The pressure effect can be udded to give:

dd+H =(1d dPT (p'
-z p dz + d?

-105-
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The value of (•) is klown as ttiv heat capacity at constant pressure, a and may

be calculated. From he well known equation

dH TdS + VdP (47)

we can obt3a2

T + V (4.8)

Substituting in one of Maxv-ell's Relations, gives

(4)Tý+ V~9T P

or written in terms of P i'nstead of V,

13H = +-T + 1 (50)

+T ( P\ + (51)
p2 T)p P

So, tbi final equatiom is

vl (T + [I + T 3 po+ 0 (52)

We can rewrite the momentum balance by dividing by P to give

dv 1 dP 2 v2 f 0
dI+-+ j (53)

SubtractLng this from Equation (52) gives

dT T (6~p)dP.4 2v 2 f 0  (4

-lo6-
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Substituting G/p for v gives the final two equations for the fluid flow:

d 6p dP d i) dT dP P()

pFc d z p 2

--. YL. dT Td 6 dP. ... ~!~~~2f= 0 (56)
G2 dz G2 dT 3dz + 1

Chemical Comnersion

The mods.!l is presently based on a single chemical reaction. Again, the
shell balance 7n-'thod is used to obtain a differential equation.

rate reactant in = rate reactant out + rate reacted

GAcnI = (c57I + rvc tz)

whereI xn = number of moles of reactant per unit weight feed
Sr = rate of reaction per unit volume of catalyst

vc = volume of catalyst per unit length reactor

giving

"(58)

The volume of catalyst per unit length for a cylindrical layer on the inside of
a tube is

Vc = ( CD
2 - d 2 ) (59)

where
D = inside diameter of tube
d = inside diameter of catalyst

Rewriting Equation (58) in terms of x, number of moles converted per imit weightfeed, gives

dx r d- (6)

-1O7-
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Wall Temperature Profiles

The temperature profiles in the catalyst layer and in the tube wall may
be calculated knowing the heat fluxes and assuming that the heat generation is
uniform across the section. This is probably a good assumption for the tube wall,
since the heat generated depends on the electrical resistance, which depends on
the temperature. The changes in temperature across the tube wall are generally
small enough to neglect for this purpose. The assumption of uniform heat absorp-
tion in the catalyst layer is less acceptable, since the amount of heat is re.ated
directly to the rate of reaction, which is an exponential functicm of temperature.
The temperature drops across the catalyst layer are also larger than those across
the tube wall.

The temperature in a cylindrical layer may be found by making a shell
balance over an cylindrical element of inside radius y, thickness 47, and length
L:

yy

The heat balance consists of

rate of heat in + rate of heat generated rate of het- out

rate of heat in = 2TryLq1

rate of heat out = 27Tylq 1ly + A Y

rate of heat generated S(2yIL•)

where
y = radius of element

6y = thickness of element
L = length of element
q - heat flux In + y direction
S = rate of heat generated per unit vol~ue

[~L (y + A y )qj -y'1].VIrws()S[(y + ~ + ,i

A L78-
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Divide by 2WTqy and take the limit as 4y approaches zero,

lint( +Vqly
A -40 16 VS(62)

j ._- (63)
dy

Integration gives

yq 2 C1  (64)

or q _L + (65)
2 y

where ce is a constant of integration. This equation applies to both layers.
The boundary conditions are slightly different. In both cases, let Yo tnd Yi
be the outer and imner radi.I, of the layers, catalynt and tube. Then at the outer
surface, the boundary condition is a heat flux at that surface:

q = qo at y= YO

Then from Equation (65)

qO + C-(66)qo=2 YO

and el =qoyo"2

So q + i(qoycS i) (68)=2 Y qoo 2

Introducing the Fourier equation for heat conduction

vdT (69)q = -k d- (69

dy

gives d T (q yO (70)
dy ?k - y - 2

-109-
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Integration gives

T= - 1 lny qoYo -+ c (71)

where
T = temperature in layer
k = thermal conductivity
0 2 constant of integration

The boundary condition for each layer is that at the inner surface, Yj; the temper-
ature is Ti-

So T= -... 2 (72)

c2= Ti + + 1. Yi oyO 2 (73)

qv2 (qoyo " § ) Syj 2

giving T= - k k 2 In y + Ti + --k '4

+ i In Yi (qoyo ( 4)

for each layer.

Equation (74) may now be applied to each layer. The subscripts refer
to the surfaces shown:

fluid

catalyst layer

Tube wal:

-110-
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The heat generated in the tube wall is written as •, the heat flux of generated
heat, based on inner tube surface area:

'3tu ft2 (inner area)S = q hr fV(inner area) x -73Til)

7n y3 21

s= 2p q, (76)

The heat flux at the outer surface (3) is q3 and is corrected to be based on the
inner surface:'

q3 -Y q3 (77)

Then Equation (71) after some rearrangement becomes

T - T2  ( 2y). - q-Y2 In ( (78)
Y3

To get the temperature drop, y3 and T3 are substituted for y and T, and rearranged
to give

q II2(.)2+2l
T 3 T•-T2  G Xk I + S Y2 + 2 ( (79)

2k ~(YZ)2 kY

for the tube wall. By a similar procedure, the temperature in the catalyst
layer is shown to be

T - T, + Yk Y1 -;Z ln2+ i OL)]- (80)

and the temperature difference across the catalyst layer is

q~y2  1 ( )2 + 2 ln ( )2]
T2 - T, R-........ in (Ya) (81)
2k L-()2k Y1.

-ill
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Description of the Beta-Ray Backscatter Apparatus for Ratiin Deposits

The instrnment consists of the follow 5ng functional blocks: The vacuum
system, the scanning mechanism, the beta-ray source, and the detection system.

The vacuum system consists of a chamber made from a three-foot length
of 6-inch sch - 0O steel pipe with end plates sealed by 0-rings. One end provides
access for loading the coker tubes and the other holds the driving mechanism.
A Welch 140MB fore pump is connected by rubber tubing to a pipe nipple welded to
the vacuum chamber.

The rest of the vacuum system consists of a thermocouple gauge and a
bleed valve.

The scanning mechanism serves to translate and rotate the coker tube past
the source and detector. It consists of a track fastened to the inside of the
vacuum chamber on which a carriage rides. The carriage holds the coker rod and is
driven by a shaft svnd lead screw arrangement attached to the end plate of the vac-
uum system. The drive ahaft in the test chamber connects through a vacuum seal to
a variable speed reversible motor.

The beta-ray source is contained in a block which is mounted to the face
of the detector. The source material was obtained from the target of a Texas
Nuclear neutron generator. The block consists of layers of brass with two milled
slots to direct the beta-ray beam to the coker tube, which is located at the
intersection of the beams. Between the two slots for the beta-rays is a third
slot which is aligned with the opening in the detector. This allows the backscat-
tered radiation to enter the detector and be counted.

The detection system counts the radiation that is backscattered from the
coker tube and presents the count rate on a strip chart recorder. The detector
is a flow proportional counter with an ultra thin window operating on P-10 gas
(90% Argon, I0% methane). The window is made of a thin film of cellulose nitrate.
It is supported by a Buckbee Meers Co. nickel screen of 70% transmission. The
detector is attached to a flange that provides a vacuum seal and can be moved
while under vacuum to positio the detector with the spout to the coker tube to
focus the radiation.

The rest of the detection system is outside the vacuum chamber and
consists of a high voltage power supply for the proportional counter, a low noise
preamplifier, a linear amplifier, a count rate meter, and a strip chart recorder
with an offset zero provision.

-112-
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Table 59. IGNITION !UAT TIM FR DI CLIN-CU•I•-AGON MEM-M

Press, Temp, Delay, Press, Temp, Delay, Press, Temp, Delay,
(atm) (K) (t sec) (atm) (OK) (G see) (atm) (°K) s eec)

90%m Argon, ER = 0.2

o.6o 114o 110 1.o8 1170 3380
0.61 1390 200 1.20 134o 18o
0.67 1310 430 1.o6 1190 3240
O.61 1230 2680 1.28 1380 150
o.63 127o 1230 i.44 1500 60
o. 1290 210 1.07 1190 2980" 0.6o 322o 3790

99%m Argon, ER = 0.5

0.55 11480 3014o o.91 1380 31450 1.56 14.30 2010
0.53 1520 1570 0.94 1170 1740 1.61 1430 2360
0.54 11490 2220 o.91 148o 183o 1.50 1450 40oo
0.53 1530 1010 0.92 1520 74o 1.47 11460 1330
0.51 164o 300 0.91 1510 ]1160
0.19 16oo 49o 0.90 156o 66o

0.89 1550 560
o.88 1530 770
0.90 156o 530
0.92 160o 54o
o.91 16oo 270
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Table 60. IGNITION DElAY TIMSFC
TETRALIN-C(YGEN-ARGON MIXTURES

Press, Temp, Delay,, Press, Temp Delay,

(atm) (OK) sec) (atm) (OK ) se

99%m Argon, ER = 0.1

o.6i 1510 650 1.00 o 140O 1310
0.59 1540 540 1.o2 142o 1i48o
o.61 1650 210 1.05 1420 2570
0.60 170o 350 0.97 i148o 530
o.57 1760 170 0.98 1530 120

0.95 3.470 107O

80%m Argoi, ER = 0.1

o.62 1210 3180 i.o6 1140 357o
o.78 147o 40 1.08 113.8 7TO
o.61 1210 880 1.O4 1160 1970
o.62 1210 3110 i.o2 1160 2730
0.62 1210 3130 1.06 118o 460
o.62 1210 2140 1.o8 119o 37o
o.61 12oo 3390 1

90%m Argon, ER - 0.11

0.62 1320 3470 i.o4 128 o 1050
o.62 1300 3520 1.03 1300 650
0.59 1320 1060 I.o7 1370 290
o.63 1370 630 1.07 1280 1040
o.61 1320 1530 1.11 1280 1810
o.61 1390 250 1.114 1270 2960
o.68 143o 810 1.11 1210 389o
0.60 1300 2540

99%m Argon, ER - 0. 5

o.66 1520 3350 1.0o4 1490 261o
o.63 1540 1120 1.06 1530 930
o.65 1540 3070 1.05 1530 850
o.6. 152o 1620 1.05 1520 790
0.65 1570 950 1.02 156o 410
0.64 1560 900 1.04 168o 260
Oo63 154o 1150 1.05 1690 260
o.61 1570 80o 1.o4 168o 140
0.59 1630 460 1.04 161o 80
O.60 1720 240 1.10 1750 150
0.59 1700 220 1.05 1690 240
0.60 1720 120 1.13 1700 130
o. 61 17T4 210 1.05 16oo 310
o.60 171o 180
0.6, 1530 3020 1

AFAPL-TR-70-71



Press,, Tm, Delb,. r Tr T po Delay,
(atm) () (pose ~) (M) (tt sec)

o.64 156o 890
0.63 1550 1W80
o.62 1520 1170
o.63 1530 1520

90fn Argon, ER - 0.57

0.66 1390 60 1.14 1250 3580
o.62 1270 3310 1.14 1260 27oo
o.61 1280o 34T70 1.13 126o 3650

o.60 127o 2o66 1.09 1230 2590
0.59 127o 2070 1.08 1250 2620

i.o6 1240 218o

95%m Argon, ER = 1.0

0.58 11420 2880 1.08 1343o 2280

0.6' 1650 110 ..09 1450 1g00.62 1A7o 263o 1.o. 14o4 236o
o. 63 114T0 2900 j,..o1 1390 3130
o.63 1480 248o

99ým Argon, ER = 1.0

0.59 1530 165o 1.01 1580 620
0.59 156o 760 0.97 16oo 530
O.61 16140 1450 1.01 1474o 90
o.62 1730 250 1.03 163G 570
o.61 1750 230 0.99 1520 0-o
0.59 1630 370 1.02 151o 1520
0.62 1650 560 0.95 1510 1110

1.03 1530 2890

90%m Argon, ER = 1.21

o.64 1280 2970 J 1.114 1230 5050
I. !14 1230 3290
1.12 1230 2730
1.12 1250 31450
11.10 1250 3000

-115-
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Table 61. IGNITION DEPAY TIME KR
NAP-CK7UM4-AR MIXTUE

Press, Temp, Delay, Press, T Delay,
(at.) (OK) (1lAsec) (atu) (OK) see)

90g% Argon, LP 0.1

0.63 143o 10 i.ooo .140 40
o.6o i47c 100 1.05 1430 210
o.6o 137o 730 1.04 137o 530
o.63 136o 890 1.08 1350 690
o.(62 1330 3020 1.o6 127o 2650
o.6o 1300 3550 1.09 1280 2910
o.61 131,0 3790

-I16-
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Table 62. PHIfSICAL PROPaTIFs OF METHYLCYcLOHE (NE/k'mr NE MIXTURMB

MCH Ethane

Weight % 90 10
Mole % 73.4 26.6

Average Molecular Weight 80.1
Melting Point -215OF
Heat of Formationr (Liquid at 250C) -885 Btu/Ib
Net Heat of Combustion (25°C) 18,820 Btu/lb

Pseudocritical Proerties
Pressure 538 psia
Temperature 442 F
Compressibility Factor 0.260
Acentric Factor 0.207

Vapor Liquid Liquid
Temp., Pressure, Specific Viscosity, •htalpy, Btu/Ib

F psia, Gravity C 0 psia 1000 psia

-200 0.24 o.856 12.9 123 -62

-100 8.4 0.803 2.02 139 -36

0 59. 0.746 0.723 164 0
100 197 45
200 237 97

300 283 156

400 334 222

500 391 296
600 453 384
700 520 467
800 591 555
9g0 667 64o

1000 746 725

-117-
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Weight *1 So 20
Amol, 5. 1•.

Averaegc Molecular Weigflt
'ielting Point F

Muit of' lormatior, (TYiquid Fit ŽYt)u/i
N4et ?eat of (;anbuaV~or 1'2 --C) 0 Y' 3u

Pressure ''
Temipemture
Coinpreesa-'ility Factor 26
Acentric Flactor

'rP por Liqui d Liquid 3n~ p, U11.
Temp. Presciure, Specific -VIscosity,

jj~~1g -. Grsvjc la CQQpsi

-2X) o- 441 o.Mi 5.04 .24

IL,- 0.759 1.-017 15,9 >

9 91) o.696 (..701v

100 200

27,7

IX) ý27

14(y)6

'V 7

7 4 it

Ph

"ARt



Table 6. PHYSICAL PROPERTIES OF jMnTSCYCLOHFXANEpRoPAAE MIXTMIýZ

1weight g9 10
- ole % 80.2 19 q

Aw'!rag•.g Mlec u], Weight 87.5
Melting Poin t• -210°F
deat of For~mi Uon (iiq•ild at 25u0) -867 Btu/Ib
4e, Heat of' Cunbvqtion (25°") 18,770 Btu/!b

Pressure 520 psia
Ternperattwo 498° F
Compressibility Factor 0.256
A.entri: Fac tot 0.226

Vapor Liquid Lic uid Enthalpy,, Btu/ilb
Temp., Pressure, Spec fic Visc Osity,

OF ;sia Gýrav-i C' pia 1000 Psia

-200 0.8,,81 22.0 -.,24 -60

-C-)400 Q5Y 0. 8e1 2.91 159, -355
0 7.5 0.769 M.898 164 0

100 38.1 o. 71'1 o.430 197 44

200 124. 0.620257 96

300 8G: 155

4oc 220

500 405

7c)()i7 •. 46 5

IIt
4W I

iiX

A , ......

S... ,



Table 6•_3Contd-1). PM. CAL PROPMTIE SOF j1 CYCLXANEPROANE MST1/1r

Weight % 80 20
Mole % 64.2 55.8

Average Molecular Weight 78.8
Melting Foint. -2O2 F
Heat of Fonwatio (Liquid at 25°;C) %-9x: Btu/lb
Net Heat of Cvsbustiw (25aC) 18,&90Et j.

PseudocriticaProrties
Pressure 556 psai
Temperature 4/, PF
Compressibility Factor 0.260
Acentric Factor 0.211

Vapor Liquid Liqudd Ethal
Temp., Pressure, Specific Viscosity, -

OF s -. ralk -. '- 100_ 0 pa a

.200 0. 83 11.31 125 -64
-100 i.04 O."(92 1.85 140. -37

1 35.5 0.737 O.646 •i6 o
100 67.6 a. 675 0.340 199 46
200 2A1S. 0. 552 0.217 ,40 -100

4zx, x,,8 12

3O~

14' 2 7 589

700, 214 '-1ý

6706

! ¢ILA) 7>1.! 7;•,,.i

4. tO Xi12 7 00
9(x;~~ o7l 644

kX4

T 4' ~ > ~ , 7
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...,ITCAL PdPERTI OF MTYCCQHUjPR0PAff MIXTM&-E

Weight % 70 30
Mole • 51.2 48.8

Average Molecular Weight 71.8
Melting Point -252°F
Heat of Forntimn (Liquid at 250C) -936 Btu/lb
Net Heat of Combustim (25*C) 18,990 Rtu/Ib

Pseudoeritical Properties
Presjure 550 psia
Temperature 392 F
Compressibility Factor 0.264
Acentric Factor 0, 199

Vapo)r Liquid Liquid hl
Temp ', Pe•esiue, Specific Viscosity, I a B
&F i Gravaity • 0 sia 1000 psi.a

-20O o.818 6.55 123 -69
1ioo 1.42 0.765 1.28 141 -39
0 18.4 0.707 o.494. 167 0

io0 91.6 o.64i 0.281 202 49

200 289. 0,.498 o.189 242
500 289 166
4 ("o 342 235
500 399 510

S7oo 3.974:]

7030 48.1'Y'D 678 6r,4

lOOO 58 739

12(%)o•:: :Y..i

= 2

V&!A i' r , ,,'-
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Table 64. PHSICAL PROPERTIES OF ME YI C, EAEXEn-UTA.NE MIXTURE

M n-Butane

Weigbt 9 90 10
Mole % 84.2 15.8

Average Molecular Weight 91.9
Melting Point -207TF
Heat of Formation (Liquid at 25*0C -859 Btu/lb
Net Heat of Cwbustion (25°C) 18,740 Btu/1b

Pseudocritical Properties
Pressure 512 asa
Temperature 528
Com~pressibility Factor 0.255
Acentric Factor 0.237

Vapor Liquid Liquid
Temp., Pressure, Specific Viscosity,

"O__Z_.F _ a -Grai _0_.g2_ __ia 1 o sia

-200 0.879 29.2 123 -59

-100 0.830 3.52 139 -35

0 1.21 O.781 1.034 164 0

100 9.5 0.730 o.4,73 196 44

200 0O.6 0.675 0.277 236 95

300 123. u.583 0.192 281 153

400 333 219

500 389 293

600 c5c 380

7OO 518 43

8oo 589 552

900 664 636

1000 7435 Wr,

II1X) W6 8D7
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Table 64 (Contd-l). PHICAL PROPITE OF METHY YCL0HE0AN•j7UTANE MIXTURE

MCII n-Butane

Weight % 80 20
Mole % 70.3 29.7

Average Molecular Weight 86.3
Melting Point -218"F
Heat of Formation (Liquid at 2500) -886 Btu/Ib
Net Heat of Combustion (25-0) 18,820 Btu/Ib

Pseudocritical Proertiesb

Pressure 517 psia
Temperature 4992 F
Compressibility Factor 0.258
Acentric Factor 0.231

Vapor Liquid Liquid Enthalpy Btu/Ib
Temp., Pressure, Specific Viscosity,
-_*F - Gravity -cp . p 1000 0 iia

-200 O.860 18.1 122 -63
-100 o.810 2.54 139 -37

0 2.22 0.758 o.817 164 0
100 16,5 O.706 0.399 298 45
2-00 65.9 O.6,6 0.245 237 98
300 188. 0.528 0.175 2-84 158
4o0 336 224
500 393 299
600 455 586
700 522 Ir0O
80o ¶594 558
900 670 645

l(00 749 728
J!¢o 8 ,,m•-- ,0.

AR~-



Table 64 Contd-2 P CAL PROPERTIES OF M=THYICYCIAFXAUIn-BUTANE MIXTURE

MCH n-Butane

Weight % 70 30
Mole 41 58.0 4?.O

Average Molecular Weight 81.-4
Melting Point -227 F
Heat of Formation (Liquid at 25 0C) -912 Btu/Ib
Net Heat of Combustion (2500) 18,910 Btu/lb

Pseudocritical Proverties
Pressure 523 psia
Temper'at'" -e 459°F
Compressibility Factor 0.261
Acentric Factor 0.226

Vapor Liquid Liquid
Temp., Pressure, Specific Viscosity, E Btu/lb

Dsia it c 0 sia 1000 psia

-2oo o.814i 11.8 121 -67
-100 0.790 1.90 138 -39

0 3.11 0.737 o.664 165 0

100 22.8 o.683 o.3143 19 477

200 88.3 O.620 0.221 239 100

300 246. o.482 O.161 286 162

0 3539 230

500 397 3o6

600 1459 392
700 526 476

8oo r,98 565

900 67 649
1000 7 ,34
1100 93720
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