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\ ABSTRACT
\
)
. The investication of the feapibility of utiiizing the endclrrzic

and enthalpic cspecity of hydrccerhons to (uel and cocl high spred afrerafe
3 continued, W AT TORYMNE- W Sirvey ,Ule. Lilersture- end present rorrr.
mese Of -tnvereei[in Ahie-eves¢ epplitceticn, Calculation of U.e cooling
requirement for & Mach § supersonic combustion raajet engine under standsrd
conditions {ndicete that this would be about 1900 Bty per pound of fusl.

The possidbility of utilizlig the dehydropenation of bridged-ring
nephtheneg for providing ad4{tional heat s'nk has Leen studied bt no guft-
able catalysts huve been found for this reaction. Studles on pethods
accelerating the thermal cracking of pareffing by means of additives has
shown some promise. In the dehydrogenation of naphthenes over supportea
platinum catalysts the stadbility of the catalyst vas found to be inversely
proportional to the pore size of tre support, and {s also affected by the
compogition of the support. Efforts to induce the delydrogenation cf methyle
cyclohexane using dispersed catalysis has met with rome guccess, Alzo quite
sarked variations in the rate and type of resction have been obzerved

. depending on the type and source of the metal used for the reactcr tube.

A large nuaber of additi{onsl granulsr catalyzts have been tegisd
for thelir activity in dehydrogenstion of MCH. Althouph sbout one third of
. these are superior in activity and/or stability ‘5 cur standsrd ladborstcey
catalysts none of outstanding sctivity has been discovered. The attractive
oancept of emplacing a cstalyst on & resctor wall has continued to t« studied
vith considerable success. Calculstions showed that diffusion limitctions
eculd de avoided If a wall costing thickness of no more than 3 nils vas
safintained. 7Testing of wall catalyst of sdbout this dinension {n the FSSTR
resulted in satisfectory operstion with hich utilization of the castalyst and
0o pressure drop. Also for the first time fn the FSSTR an isproved catalyst
from the catalyst development progrem has been tested and found indeed to be
, superior to the standard R-8 catslyst. Decslin has alzo been dehydrogenated
over the same catalyst. Heat transfer studies have been carried o.it with MCH,
Decalin, SHEULDYNE-H®and JP-T fuel in small diameter test sections under hest
fluxes up to 8 x 10° Bty per hour per square foot, Studies cn the effect
. high temperatures of the thermal stability of various fuels of interest have
deen continued vith emphasis on methods of messuring the deposit left on tubde
surfaces. Cambustion and electron beck-scattering sre the methods of present
choice and an instrument based on a latter principle has been desimed,
Construction of mathematical models to represent the varicus portions of sa
edothernic fuel system has been continued with the development of heat
transfer correlations and 8 model for the reaction kinetics of Decalin dehy.
drogenation, Physical properties for Decalin and JP-5 are included. C(Calcu-
lation of the rates of oxidation of normal octane and SHELIDYNE.Y 2w etok
. wube studies indicates similar rates of reaction and a similar low response
t0 the effect of texperature.
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VAPCRLIING AND EXOOTIRMIC P70 FIR ADTANCED DIGIWE APPLICATION

Introd. ot

8

Az atrtresthing-ongine-propelled verizle speedg increese Uwrml
protlems muliipy due w0 e effect of slammeiion temperstuw. .02 ‘ctal
cocling needs increagse, he nost critical recicns are We leading edes wt
the en-ines. Although ‘hermal effectis can de sawewnat accamxxisted Ty
inproved materials and passive cocling, sus'ained hypersanie flighs in e
atxcsphere requires a substantial a1 sink. Comparel %0 s dechanicel
refriremtion system cr a ncnecootnstitle coclant ‘he fuel (s he bLezt soyree
cf cocliing.

The objlertive of <his siudy 15 1 provide Ue =formeiion necessary
Zcr specilying fuelis which will bte capable cf providing coeling and prepiliicom
f engines powering aireraft in e speed rance above Mach 3. Juch s fuel
will provide cocling by -ivimi- up iis latent and sensiltle hea?t snd by undere
going endothermic reactions tefore it Is {ed into the inpine. Frescticzelly.
whis could be in the temperacure range up o about 1MU°F. In order frr ue
fuel ‘o0 funceion in this mzanner, (%1 must nave excellent ther=ul sztatilluy oo
0 the ‘emperature at which reacticn occurs and also {t and (i resctiom
products oust be siable 0 ay peotlereactiion heatling avwwid founliing Frotless.

F.el must react cleanly and rapidly under ‘he ‘emxruture and
preezure conditions prevallin: in tle neatl excrangorerescicr, must provide
sufficient heat s3ink o absowb <hie amount of heat required <c rreserwe ‘e
irtegriiy cf <he en,ine or cther paris being ~occled azxd fimally < amd i
reaction produsts must bte sultable fuels for providing propelsicn for e
aircral.

This report details resulis obiained cver the past 15 mnils in e

tinuing effcrt of research !n ihis area. Rezulls cf previcus wors are
viven under <he armual quarterly reports under tbe appropriate contract.®)
In crder w0 allow precise defini<ico of fiel required for such service, {2
behavior in vericus paris of fucl cambustion sysiem hag %0 be deterzined. 1In -
order to achieve thisg ve have, in general, exazined varicus prodlecs that
aight arise under applicatlion conditions. we have sudied thermal stabllilcy
problexns that sould oririnate in fuel ‘anks and varicus oetering devices amxt
fuel lines, deposiiicnm cr coxing problems hal could affect the efficiency of
‘Le heat exchanger-reactor devices and catalysis or plug fuel nozzl-g, and
have determined cazbustion parmm-ters vhich will be useful in the speciflicese
tion, design or cperwtion cf the cambustion chambers. In order <o provide
spe=ific interpolsiiun of exirapolaiicn of experizenial data or to devellp
Jenerslized correlations amongst various fuels, we Lave been endeavoring o )
asgemble all pertinent physfcal and Jermochemical data for the fuels studied
&nd utilize available proprietary cr litsrature nethods cf correiatimn. 3

F.eis have been selecied on the basgis of treir repexxl sultability
as fuels and partisularly, on the basis of the aoxunt of huat sink “at they
provide. Both catalysts and fuels in specific combimmticng have been lezted
in laboratory equipment o determine reactiom rates and activities and

a) See References. 1
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stadilities of catalysta. Molluwing the ctreining of this bazic 2a%, Lo
order to sudlect the heat sink gystem to cunditions more nearly sppraching
those that prevail under spplication conditions, the final z'p in the
evaluation of the reacting sysilema invoives the uge cf the el Kystea
simulation ‘e3t reactor (FSSIR) which i3 a heat cumpense‘ed flow caloriseter,
instrimented to allov the determ.nation of heat flux, heat transfer coelfi.
cients and pressure drcps, as weil 83 degree of reection. Infcormsticm
genereted in this vay (3 utilited {n the construction of 8 sathezatical model
of the gystem which can be utilized by engine designers and a‘rfreme manuface
turers for gystems dezigna.

Studies done %0 date ind cate that the dest chanze of success for
application of the heat sink endothermiz reacticm principle will ve sia e
ca‘alytic dehydrogenation of naphth~ne hydrocarbdons. Tre mcst extensively
dtcdled system, and the only one that has been carried through the FSSTR stage
of experimen.stion compleiely, is the methylcoycloheiane - PL/Al;0y comtinee
tim, Good representation of this system by the mathematical model Pas been
schieved. The necessity for more active and more stabdble catalysts has teen
indicated by experimentatiun in this unit. The impcrtance of resiriciing
the cxygen caatent of the fuel under severe canditiocns has alsc deen deacne
strated. Comdustion studies have indicated that no unique limitaticms on
either sudscnic or supersonic cambustion burning should exist in & prectical
ysten,

In eerly vork s limited number of readily svailadle catalysts were
tested vith a variety of possible fuel materfals, Reactions of interest vhich
have been studied Snclude dehydrogenation, dehydrocyclozation and Aepolymeri-
sation. We found that ressonsdbly promising catalysts existed for the first
resction tut no existing catalysts vere sufficiently active or steble to
allow utilization of the other wo. based on the amount of heet sink avail-
able and existing kinetic consideraticns we have emphasized mainly the devel-
opoent of detter catalysts for the dehydrogemation reaction, since high beat
fluxes demand high fuel flows and ghort cohlact tises. Accoardingly we have
been conducting an extensive catalyst development program aimed at producing
more sctive, more stable and cheaper catalysts. 7This involves s small scale
preparation of a wide variety of catalysts in which catalytic elements (e.g.,
trensition metals) are deposited on a variety of substirates, such as aluains,
vhich can ™o a0diffed by the introduction of ancillary elements. Such
cttalystzs are alvays tested under standardized conditicns in a small scale
labcrutory unit (the micro catalyst test redctor, MICIR) for preliminery
screening. The Dest ones are then subjected €0 more extensive tests in

- larger laboratory (bench scale) equipment. In order to minimise pressure
drop and the possitility of coking we have been studying the concept of
applying the catalyst either as a thin film on the weil of tubes or as soludle
or dispersed integral catalysts wvith the fuel vhich vill te consumed vith the
fuel in the engine.

On the dagis of work already dane cn comdusticn prodblems vith
Rydrocardon svstems and becsuse of the possidility of the application of
higher molecular veight fuels, more work must be done on the superscmic
cambustion aspects of endothermic fuels and reection products. On this besis
ve have recently modified our shock tube equipment to allow us to operste at
higher tespematures and pressures.
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In order ¢0 evsl.ate, {n 8 hort length of time, We bebsvior of as
endathermic fuel urder conditions simulating those cf prcteble scuial use, o
device waz Duilt for meseiring the therwm] s'abllity and plugzing txndeancies
of fuels in such Nuei-ceslys's systens under slardardized conditions, THh¢
devize, called the catalyst and fucl system teat resctor (CAPSTR), has
perfcrmed, opersticnally, very sstisfsctorily tut s major problem 18 Uw
evaluntion of the degree of fouling of the lesting tubes. This i3 eisilar to
the problem encountered vith tha Irdco coker tut {s sore gsevere in this cese
becauge of the Nigh tesperswures involved and Ue fact that the Righ tempers-
ture slloys used change color on hesting. ¥e originelly intended W msesure
the change in heat trangfer but this proved i: be unrelisadle at lcw depoeit
levels, #Hore recent g'‘udies have de«n directsd towvards dovising & seinod of
eviiuating the amount of depogft on the tule. Pregently e favce either
removing the deposft quantitstively ty combugtion or meem:ring he thickness
bty beta ray dack scattering, which scem %0 give comparadle results,

Studies iave 8130 been undertaken to support contrectcrs working
cn the development of zisziles which wili utiiize enthalpic fuel cocling.
These 4involve developing physical and thermochemical properiles for fueis of
interes: as vell as studying the dehavicr of guch fuels {n the FSSTR at hest
fluxes up tc 8 x 10® Btu/hir/sq £t in & varlety of tube .lizes renglzg dowm to
an i{nternal diameter of O.026 ir. This involves studies with conventiocosl
advanced Jet fuels us vell as the high density luel, SHELLDYINZ-M.

Aore recently reneved interest has deveicved in the greatsr
utilization of fuel cooling fcr improving the ihermal efficiency of turbine
engines by increasing cycle tecperatures through £:el cooling (either, direc:
or indirect) of ecmbustors and turbine dlades. This system can be useful even
for engines for sudsonic aircraft, We have been cooperuting with sueca effcrts

bty supplying information and opinions regarding <he latersction cof the fuel
vith the gystem,

Some idea of the extent of ocur interaction with other coutracicrs
in the generul ares of advanced fuels and propulsion systems is indicated

in Figure 1.
Surpary

A nurber of papers have deen noted which are of inteirest in eomaace
tion with the general prodlem. They involve ghock relaxation in s particle
ges aixture vith mass trsnsfer between phases, a study of liquid Jet
penetration in a hypersonic strean, ignitiom deis, in d{ffusive supersasie
cambustion, optimum body gecmetries of minimum heat transfer at hyperscais
speeds, an equation for stagnatiocn point rediative heat transfer, design of
9 leading edge for s hypersonic inlet, and considersticn of turdine ocoling
systemg. These are revieved and ccsmented upan briefly. In addition, we
have done 8 straight forvard calculation on the ancunt of heet sink required
bty Mach 8 supersonic cambustion ramjet engine. for the rather sizplified
assuzptions that vere zade, the heat sink cames ocut almoet equal to that
wvhich cculd de provided bty the complete dehydrogenation and heating of MCM
to sdout 1200°F, pamely 1900 Btu/1b fuel.

Iaboratory studies of candidate fuels and some catalyst systeme
vere contimied. In order to extand the soope of the laboretory dsta oo
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thermal reaction for MCH and Dvcelin the preseare rating of e dwoch gonle )

gyeten vag increesed o 1000 pei and theroal resetion studies wete ocaductsd
under these conditions at temperntires t7 _MRF. (xgared ¢ (eforemciisn

‘ obtained at lower presspures, (% s, 5earc that Whe {irst order rede ccoelasis ~
were (ndifferent %0 preeg.ce Unlicaling s true {irst order kieilic gcheewe,
Cas and 1iquid praduct cumposition vere nct effectied 89 mich vih Decalin ss
(CH, Clde formation vas hi ler {n Doth cazes with Righer presgire W® *% 7, \
axy Yo i effect of incressed contact tine, (wnerell,, Ww increased Fressure I
Cave acTe hytwne=n, Cidy and gatureled Iydrocastans, )

]
The effeet of various edditives, capable of producing free redimle, i
on the rate of thermal craching cf n-dodecany has deen investigsted %0 Jdeter- !
mine {f the rete and specificity of Ais reectiom could be shhenced encuph

o ke {t useful for endothermic cocling. me guccess has leen achleved :

in that the rate has bdeen increased sixfold at ca (000°'F, slthough e xffect )
decreazes st higher temperatures. FProduct distriduticn (s 370Ut tix Sane o2
vithout catal st. This spprosch locks promising end the stud; will be
cantinued.

Ve have recently comstructed a puls¢ rescicr for {nvestissting the
. reactivity of various fuel/catalyst cambinations uoder tris mode of resctica.
The pulse resctor has the advantage of requiring only about 1 2izroliter of .
fuel per experiment with the products of the reaction being led direcily to o
8 gus chrmetogrephic analyzer. This allows repid campletion of the =xperi.

* ment. My of the reaction studies reported wvere carried out In the pulse
resctor. Six catalysis develcped under cur catalytic development provres snd

indicated to be supericr to the reference catalys: wvere exaxined in ‘e pulse
resctor using MCH as the test fuel., 1vo charecterfstics vere octed wi{th is
gseries of experimentz. First, all the catalyats shoved 3 mich enhanced
resctivity in the pulze reactor ccopared to their behavior in the standard } » o
bench scale equipment by & factor of sbout 200 fold. This is probtedly due .
10 the ebsence of diffusion iirftations decsuse of the small volume retic of
the charge tC catalyst pore volume and to the very small tempersture drop
. resulting from reaction. Second, the catslysts did not dicplay as grest
differences in behavior under pulse reactor conditions and, third, sore
hydroerecking leading to benzene was evident. Alao, deactivation wves sore
prominent vhen heliuas carrier gac wvas used. Similar resulis were obtserved ]
* when Jecalin was tested in ihe pulse resctor, slthough sore differences {n
detail exist for the thermal reaction detveen the pulse end bench scale
reactors, prodadly due toc differences in ihe ¢ffect of contact time {n the
o types of equipment. Dimethanoldecalin, a possidle high density fuel
oompument, which is capable of undergoing cstelytic endothermio deiyydrogens
tion, war aleo tesied at doth the thermal and catalytic dehydrogenstion
ecanditions {n the pulse resctor. Thermally, it rescted more slowly then DHN »
but catalstically 1t did not eppear to give a cles: lehydrogenstiion reection.
Cansideradble crucking occurred accompanied by catalyat desctivation and the 3
. total oonversion vas less than 1/3 that displayed bty DHN. This suggests tbat
this strained type of molecule, which contains cyclopentane rings in its
structure, beheves on dehydrogenation ermevhat like cy~lcpentane which is very
prone 10 dehydrogenate to ccke ac well ag other side reactions. 1In experisments
. vith dicyclobptune in the pulse reactor, 1t sppeared that the resctian tude 1)
wvas catalysing the resction. This vas investigaied more extensively using 1

Decalin as the feed material. Comparison of &ifferent tubes from different
samufucturers of 30k siainless steel and ane tude of 316 stainiess steel from
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8 o2{l1 &{fferent mamfactlurer {ndicated WAt Way all apparently ca'alyted
the reaction to different degrees and in di{fferent weys. The 314 gtalnless
steel arpeared W act a8 & rether poor denydrogenstion catalryot.

Ixperisents vith 8CH (ndicstad that [t ves slso less rvective Bt
ermally and catalyticolly than Decalin. I e22 Qui‘e similer in i
resctions to disethancldecalin. Catslytic rwactica even (n the precence of
catalyst seem 0 be mainly in the dirwction of thermsl decampr-iticn. The
rate of cetalyst desctivelfon ves quite high. 1t sppears ‘hat for these
hridged ring compounds the present platins on alumine ca‘alysts ve sre
using ere not effective, UExperiments on the use of integral catalysis witd
CH have alec Deen continued in the pilse reactor, Pueltive indications of ~
catalysis have been observed although none of the catelysis has teen s sctive
CTr 83 selective as the PL/AL,05 catalyst (n el{ther e bed or wvell form. At
1022°F the moet sctive material ;ave 32¢ conversico and ‘he most gelective
geve 50% selectivity for arcmstics. GCeperully, coaversions vere less that 104
and selectivities were 15 to 20%. Indications are that the structure of e
udditive nolecule had a considerable affect on the sctivity of the ssterial
as & catalyst.

The effort to produce isproved granular catalysts has cuntimued.
Up to date 827 different cstalysts have been obtained or prepared and sost
Sf these have been tested for MCH dehydrogenatiom. Ve have {inally succeeded
in preparing s aon-platinum containing catalyst with properties praciicelly
equivalent w0 the relerence catalyst, by improving the performance of &
previcusly prepared promising catalyst, vhich however had poor tespersture
and conversion stadility, ty pretreating the support defore inpregnaticsn.
Seversl platinum containing cstalysts have bteen improved in performance bty
he addition of non-reducidble oxides in lov concentration to the support.
Five platinua catclysts on s specific support have been {zproved in perfor-
mance over that of the reference catalyst by fon exchange of selected
elements. Adout 359 of sll catalysts prepared have had greater activity
than the —~eference catalyst. However, {n 0o case wvas the isprovesent in
activity spectacular. We found {t pussidle to pramote an inactive metal o
Qluwsina cotalyst by the sddition of other metalg, in all cases to & grestsr
extent that couid have deen achieved vith the sdded metal separetely. The
effect of emplacing he metal in the form of a chelate did not offer any
sdvantages over using the older setalizing salt solution and in fact hed @
tendency to pramote cracking of loluene to bLensens.

The effect of the catalyst pore size on catalyst stadility for the
dehydrogenation of MCH vas determined. Ve hed previcusly shown that ia the
dehydrogenstion of Decalin over the same group of Pt/Al0y catalysts, the
stadbility vas an inverse relation of the aversge pre diameter. Similar
relationship vas found for MCH except that this system vas more tolersnt to
reduced pressure. Similar rates of poisoning occurred at 1 sta compared to
10 st for Decalin. This phencmenon hes previously been explained an the
basis of the variation of hydrogen partial pressure vithin the pores with
the small pores {avoring higher partial pressures and thus lower rates of
poisoning. The same explamation seems to hold in this case. The cane excep-
tion to the correlation seems t0 be expliceble either on the bagie of partial
Pplatinisation or on e higher than first order correlaticu vwith pore disseter.
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¢ Efforts %0 develop s satisfestory well cetalyst in order w0 ) a
sininize prvspure drop have contimued with mocursging inticeticts ¢f sutores.
Calaulatione indicate that such & system sbould not be heet sranmler 1ixited X,

* rrovided fluld fluw through the systom {e in 8 highly wrtuient ocoifsiom, ‘l
Dirf.2lon 1imitation can be avolded by kerplng the \hickreas W os‘aiyst [
layer beiow abaut 3 wils. Effort {n the ladoielory tag Seen direcied sainly
) o Lrproving adheaion 0 stainless ateel eurfaces. Cartcnizing an epoxy
ccesing or decompoe ing 8 metal salt 412 pot provide o gocd bage for s wmil ) Qo
cetalyst dut cne undercosting msterisl vea found vhich promcted good sllerease 3
of the catalyst to stainless steel. Fretrva*swnt vith bot nisrie or hytro-
chloric ecid did nct lmprove adherence sithough ssnd blastlig 414, i

Tvo 1/8* dis x 2' lang tubes comted vith wall cetalyste ecntaining
a P:/Al:0, catalyst have been exazined in the FSGR with generslly encoureging
¢ resulta. In the first series of experimenis, in vhich no power was a;:pxm ) f
10 the catalyst section dut the feed vag prehesied ic a8 hich as 1000°,
cracking as vell ss delydrogenation cccurred. in the seccnd series vith o
differcnt catalyst, no crecking occurred either vhen DO puwer wag s3piied o
the catalyst gsection or vhen it vas. At the highest power level up o ¥4
ccnversion W tcluene occurred at an LGV of 8,600 with no significent
. prezsae drop. lHuowever, on increasing the power to the secticn, some Jeectii~
¢ vation of the catalyst oceurred vhich reduced the efficiency cf the cetalyst ) ]
on returning to lower nower inputs. However, during tw pericd cf seiis-
factory operstion, the efficiency of the catalyst iz terme of velght of
: toluene produced per unit welght of platinue per hour vas sdaut 4 timee tUnt
eaperienced in 8 2°' long packed bed type rescior.

Investigetion of the cocling capacity of verinus possidle miszsile ,
( fuels under non-resctive conditions was continued using the ainiat,re tudes ) o f :
in the FSSTR unit. The fuels Deing studied for this appiicaticn are MCH,
Drcslin, SHELLDYNE-H, and F-71 (JP-T). These are being studied in the first
{nstarce under cenditions where tute durn cu® or coke formation is unlikely, ,
thet {s, relatively low fin{d temperaiures. Heat transfer tc Decalin snd
. F-T1 have been studied at hest fluxes up to 8 z 10® Btu/ht/aq £t and with
SHELLDYNE-H st & heat flux up to b x 10% Btu/hr/sq f2. Correlative studies )
P have also been carried out on the informaticn obtained from this unit at N
values of heat fluxes up to 6 x 10°® Biu/hr/sq ft. GCood correlaticn was '
. obtained using MCH a8 fuel vith the equation W = 0.000595 Rel+O%2 x pro-To€, i
Much better correlation vas cbtained with this equation than with Dittus-
Boalter or the Sieder-Tate equaticns. The applicadility of this particular
correlation for other fuels in the study and under mure severe lampersture
oonditions vill be determinsd In the future.

One of the best catalysts for MCH for the development progras

(Shell 113) has been run in the FSSTR with both XCH and Decalin ss feeds.
With MCH in a 2' reector at LHSY = 1550 in comparison with R-8 catalyst,
exce.lent results vere obtained with 3.8 greater conversion at Y°F lower
exit teaperaturc. Same deactive’ion occurred st the highest heet flux But
the catalyst oculd be regenersted by Hp treatment. The Decelin runs ln the
o 10' resctor at 118 LSV wvere the first sttespted vith this feed in the FSSTR

o and 1o prodlems ere encountered. Resctivity vith Decelin vas casmarsdls 0

: that vith MCH although deact{vation ocourred acce repidly at the highest heat
flux, es would bde predicted from bench scale results.
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Investifstione {nto the thermml sadility of fuels of Lotervet were
cntinued. 3Statisilical treetment of 3D Coker data for Decalin, T-XIISTSE azad
SHXLLLTXE-H has Deen applied and correlstive eations Meve Deen derived
erpreszing he suximm code and tW0tal code reting in .eree of taspersyre.

In gepereal e equations represent e experimental velues O winin ore
uaader for mazimua code retings. Pressure over e rwye 150-000 p0i ted a0
signifisent effect cn coker retings. 1% was found sleo hat tltanim ss o
ooker Wbe miterial seemed (0 pramote & hesvier deposit Wan 4id al.minm.
Tovever, hAls evaluation suffers from the sudjective mature of the retisg
aethod.

A trie) oty tas Deen canducted {n the 3D Recycle Coker vith o
thermally stsble fuel L detervine the trsde off sspects of time wd “empers-
twr> on thermal otadility in this coker, Time wvas varied from l-e urs,
temperstures fram 600-675° and the pressure was held constant. The deta
odtained was treeted by regression amiysis and equations relating the
mximm tude and total tbe reting to time and teupersture vere jeveloped.
Coker retings incresged vith doth time and tespersiure Syt an intereziice
effect vas evident. Resulis indicate thet §t would de possidle (viwn tals
fuel) % reduce the test time from S to 2 hours by increasing the tsmpersire
bty sdout 20°. A short study wvas 6190 mede on the effect of different
polishing egents oo the results obdtained in this coker. Using Decslin ss s
test fluid, severel different polizhing agents were used in the preparstlicm
of the tudes vith & mmall But seasursdle effect cn saxim:s code rst Wt
8 rather greater effect on ttal reting. Vith the specification (A-1) polish,
the effect of achieving a 0.5 rather than O fregh tudbe reting had mo sigmifi-
cant effect in the ceage of Decalin, tut had & considersdle effect in he case
of SHELLDYNE-H. Thermal stadility values have als0o deen detervined i{n tbe SO
Coker for dimethancdecalin and RJ-M fuel. Estiasted break points for theee
fuels are respectively S75 and 62%°F.

In the determination of thermal stabdility in the SD Coker, a musber
of different solvents have teen used in order % engure clean liners before
hegimning the next run. Since the possidility existed that same of the
solvent could de left in the system sccidentally, the effect of 19 of & mmbder
of ordinary solvents bas Deen checked using Decalin se a sudstrete. Of the
dosen or #0 checked, Aisethylsulfcxide, methylene dichloride and perchloro-
etlyleme vere found t0 have & markedly adverse effect an the avesured thersal
stadility. A previous result vhich indicated that a high surface sres of iroa
in oontact with Decalin oould have & negative effect an the thermal stabiliy
of the Decalin, has been disproved by subaequent sxperimentation. Rechecking
the results vith eujoer, however, oconfirmed the susceptidility of Decalis to
this ocontaminating surlece.

Investigation of detter sethods of determining the thickness of
momt of deposit found on & surface by a heated fuel has Deen continued and
o ocmparison of different methnds {s given. On the basis of sich & comparisom
& *dread-board® model of ¢ 8 ray deckscattering deiice wvas sssendbled and the
deposits o & tumber of Aloor JYIUT tudes vere oampared vith visual retings and
sambustion dsterxined valuse. OCenerully, good agreement was odtained detween
the sombustion and § ray backscattering results Bt in some ingtances the
visual ratings deviated ssrkedly. As ¢ remult, a grototype sudel of & 8 ray
hcbe.“ N..:.mm device bas bDeen designed and suthorization for cametructiom
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Vo reported previoisly Wat ¢ ahipment of Imcalin from toe furi
Task (RAT-ti-o0) nad very poor thervm) staiility which oonid be leprored Ly
8 sillce ¢r]l treetzent. D= Yrwn-btlack siscria'c wag rexcved fros le
gilicm ¢cel by srelone el.ti00 And was setereled (20 W hases o ¢ Liu
and 8 crystaillne jrase. The separe'~3 stases ned liitle offect O3 Yerwml
shadlility wien aldied teck %0 le purified mcalin sepermiiealy nt wwn eldwd
{3 combizmtion ey 30 Tave & rarsedly Zeielerious e{foct., B0 reaxs fcr '2is
belavice hag been adduced a3 yet. Ad2{tiwe and sodif{saticng W0 %P eqilije
pent {op determining thermal stalilitwy are descrided (o this repri. 2w
resuits of electron xicroeccre exaxination of & filter from ¢ thersml stedility
ra vih SEXLIITXE at 53°F where extensive plgzing of *he {illter cecurved
ow it the mierial on the filter in the mir resentles chu™s of resia
wiich are protatly scoewbat plaztic st hizh terpermture.

Tre prysical pruperties cslonlation ves expanded %0 permit simils-~
tice of the properties of ‘he alxlures of e ‘wo Decallin laomers. The
calellstion is consizient vith and i(nccrporeles previcus sethcds fir deters
aining ‘e properiiea of e jure (2cmers., The rep.l's are gliven (2 Use
Apjeniiz., Tre fas jase properiies were Jenerally estimatad by pos do-
critical nevhods and 11g.41 jhase properties pfener ly deerrined by a0l
fraztion sveraging: cf e pure component properiies. Actuusl zethods used
sre Jescrided in e body of the repcrt.

Althougch the two Gimensicenl = 'tmcdel develcped for representing
the detydrocenation of MCH cver Pe/Al0, catalyst in 8 cylindrical jecked
bted reac’cr has performed excellently well, we rave had 4ifficiities
exterding the same (ype of ireatment W Ue Decalln denydrosenation syzitem,
This {3 *hauisht to be previously due %0 the far larger rcumver f resziicae
{nvolved. OQur atlespts to do this and s dfscizsion of ine Sevelopment of
2 sispler Yut prodably sdequate first order model are inclixied in W repcrt.

Congiderationg Affectine Applicationsg

Litera:ure

Grenlegk! azd nmx;;) have recently reported cn the encineering
prodlens sssocisted with the dezi n of a wate~ cooled il:bular nickel lesding
edge for a hypersonic inlet. Althaugch waler wvas used as the coolant in this
case, it appesrs lixely that their resulis could bte duplicated bty use of the
fuel as coclant. Degign snalysis ves {ntended %0 apply 0 conditicrns of
Mch 6.5, tctal tempersture SA00°P, t7tal pressure M50 pel. 1% appears thst
the fadrication techniques for formir: the leading edge and the method of
{ntroducing cooling oculd de used in & fuel cooling spplication., The maxzimum
heat flux studied wvas 2 x 10® Bw/hr/sq ft. 1t is pariicularly emcoursging
that conventionel correlative mehods yielded satisfactory design pnmrrl.
Heat transfer values vere celculataed by means of the Dectirs and didalge?
carrelation snd pressure dro; vith ‘he Darcy equation.?

Az interesting study eppeared recently on the "Cons! tians of
Turtine Cocling Systems fcr Mach 3 Flight® ty Francis S. Stepxa.*’) The stuly
presents & method for determining the spprox‘-wte sversge aidzpan setal
temperstures and cooling flovw requirements of wrdine air fcils cocled dy

17 See Eeferences.
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comproascs exit blred alr. The Indicetion {s WAt refction of the ‘empere.
wre of he culing elr by means of heat sxchange +{Wy the fuel s e teog?
sethd for reducing eir foll setal temgersiures or cooling fliv requirementa.
The suthor corgiders he use of jet A Nuel and Lliquid setrane, Iven o.re sy
aamination of Whe curveg presented (n the jeper tndicetes ‘2wt subsaniially
« entanced denrlite could de olialned by using resciive couling such s»
delydrogenation of MCH in & heet exchanger-reasztor, e {atend %0 use We
sutdce's pethad 1O make some approaiasie camparisons foe this syslem.

A mmber of papers have appeared recently vhich ere of interest ia
sormection vith the oversll prodlee of teimment of hest {n aircreft at
hyperscnic speeds. e is Uy Y. Athare,®/ on the *Optimm Bdy Geomesiries
of Minlmm Heat Transfeor st Hypersonic Sreeds®. This {3 8 theoretical
analrsis of ¢ minimim heat transfer body et Nypersonic speeda, l.e., 8 boaty
for vhiich the total laminar convective heat trensfer rate {5 minizised. Dw
suthor derives equstiaons bty which the sinimum heat trangfer can bte calculeted
a8 a function of flight condttions. Adother paper ty 1. De-Rive and 4. L
Urrutis®) (s entitled the *lgnition Deilay (n Diffusive Supersonic Combustian®.
This peper deals vith the study of *he tahe loceled near e injector exit
of en idealised supersonic ecumbugstion durner uging Nydroger ss fuel. A
¢ simplified kinetic scheme is sssused ard the presence of redicals is considered

10 be due 10 the dissocistion st the injector auter boundary layer. It ls
shown et the tempereture of the injector cuter wvall and 10 & lesser extent
pressure, injector length and the conditions cuteide of the boundary layer
cmtrol the {gnition process. Another paper iz enif.led the "Study of Liquid
Jet Ptmtnua; in a Hypersonie Streas” by 1. Catton, D. E. Hill, asd
L. P. MacRee.”) The suthrrs develop 8 single expression for prediciing the
¢ \ depth of injection of & liquid Jjet into s 'ypersanic streas for arbitrery
: injection angle and dymamic pressure matio. The developed equaticm shows an
b exzoellent correlation vith experimental detc. Still enother paper in the
same i{ssue {3 on "3hock Relaxation in & Pesrticle Mizture ¥ith Mags Trensfer
: Between PMhases® by R. Panton and A. K. Tpenhein.®/ The suthors studied the
‘structure of the relaxstion sone detind the shock fromt propegating into s
' l particle-gas mixture vbhere the particles are liquid drops and sass trensfer
i therefore had o te taken into sceount. FPinelly, J. D. Anderson, Jr.
. presented s note on “An Iqustion for Stapwtiam Point Radlative Heat
‘ Trensfer®.®) The author develops an equatiom for rediative hest transfer as
l s function of the redius of curvature of lhe radisting surfsce, GCood agreee
. amnt vas found between experimentsl data and the equation, for examgple, at &
velocity of 50,000 ft/sec and 200,000 ft altitude, Interestingly, the equa-
tiocn also represents fairly vell the radiative intensity at & shock tube el
¢ wvall as @ function of time after shock reflection.

! Beat Sink Requirements st Mach ge)

Caloulations hase dren made in the past of the relation detween
efveraft and engliue heat sink requiremsnts and these have deen reporited
previcusly.®®/ However, s very vide spreed of values has resulted due o
® varistions {a operating conditions sad desic sseumpiions. Wwhen an opportumily
arase %0 do an {ndependent ewsluation of this prodlem edvantage vas takem of
it. The eamditions chosen were %0 involve & speed of Mach 8 with supersomic
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e camtugtion and essumed 8 typical hyperooric englne. Thus, this amalysis
mares & rouch catizete of Whic hest losd for such u; t?'hr Me and

b dats available here and the litersiure vere uged,i2/33)isjishisni7)ie)

. M50, 000 1b aircraft {2 azpized 0 be flring et Mach 8 and 100,000 £4 2itiusde

using 8 single s.peroconic cordugtlm s et engine. Fig.re 2 123 lrgiudls
nal seciion of the envine. Tle criine o ists of three parts: (1} e
41fPiser vhere the lncoming sip lncresses (s staiie temperuiure aad pregeure;

e (2) the cambusior where fuel s 8dded, burned and thm tempersiire 82l pressure
further increages sand (3) the ncrile where the pasec are expanded, Idmally,
(1) %o {3) is an izentrople compression, {3} W (5) Rayleigh lioe process
(heet addition {n & canstant aree Guct with no friction) and, (5) 0 (6) am
iseniropic expansion assiyrent. In tals wmalysis Ris ideal cycl~ is
podiffed Yy caleulating s to%al pressure drop from (1) to (3) .aing an
expressian Uy D.gger for & 3 snock inlet. Olherwise, the anslysis followe

[ ] this iieel cycle.

Heat transfer requirescnis for he diffuser are sscuned ‘0 te
negligidle a3 the engine surface vill be exposed o space and theretire free
%0 radi{ste hest avay. In the combus’ion rezian heat tmngfer (s calculated
using turtulent flov thecry in an anmulil wiih corrections for Jigh speed
. flow. ¥%C a‘tempt has bevn mede to acoount for rediative heat ‘ransf{er frum
e the flaze., Heat transfer {n the notzie {5 based cn s L.rbulent fial plate
reistion, the lesding edce ot the notzle {nlet. Again no flave radia‘ion
hes been fisured. In addition, no stiempt has been made (o account for e
- effects of shocks., Temperetures st ‘he combustor exit are in the range <here
sir begins to dizzoclate and therefore the piysical properiies have been
ex‘rapolated {nto a recion vhere they sre not velid. In sll ceses a nall
terperature of 2000°R has Leen assumed, Although this {3 rather low and
cauld pertaps be lecitimately extended <o ZMOO°R 1t will result {n
eangervalive ansvers.

The results sre sumarized in Tadles 1 and 2. The detailed
ralculations are given fn the Appendix.

It vill be noted that the cooling required comes to 1867 Btwu/nhr
per paund of fuel. By ccincidence this is just sbout the smount of hest
e sink thet wvould de provided by MCH being rracted completely 0 toluene and
. hydrogen and heated to 1%0°F. While 4'is is not claized 1o be & pariicularly
sophisticated aralysis the magnitude of the heat sink required indicates the
sort of bounds that can be expected to preveil,
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Talle 1  SUMWAIY (F RESULYS FOR MACH 8 DYCIXE

Azspumed Yalues: e
NoZ,

Speed of Veiicle: Mach Husler - 8 et 100,000 1t Altitude
Vel ht of Vehtcls: 530,000 1t (lacliding .uvel; .
« Lp: 5.8 » ¢
Pel: ICE ocauvertad to T35 K ¢ 2, toluee by volume !
2 R.10 _ )
Diffuser L. ficlency. a4 = .959 i
'

Noszle Kificlency: ap * .95
¢ Mach Mamber et Camtustor Ialet: M. = 2.5 . ’ ¢
Laa th of Nossle: MO it ;
L. gine Vall Tempersture: 2000°1
Fuel Tespereture: $00°F
. Cosbustion and Mixing Accomplistsd 1n 2 uses
Calouleted Valves:s)
. 2°A = .0598 1ta Alr'lta Pvel
Tuwust: 85833 1>
Specific Ligulse: Ig¢ = 852 sec
o « Overall Efficiency: vq = A% J [ e
Meat Trecsferred From Costustor: 1727 B%:'lita Fuel
Mot Transferred Pram Xotsle: 1M0 Piu'lts Puel
Total Beat Transferred to Fuel: 1807 Btu‘llm Puel
e oo Yable 7 lor tatuleted statlon reeults
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Tadle 2. STATION VALLES
Mech 8 Bng ine
Distance Area, Pressure Temp, | Mach ¥o.
Stetion| ) A (049) |2 (o a By {2 (R)] m
) o 19 2 ¢.15% 220 1 8o
2 30 10.03 204 2500.0 25
' 5 Y} 10.03 31.3 5791.01 1.255
6 8% 313.58 0.2%0 1717.9) 5.28
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ladoratory studies of candidate endothermic fusls and thelr cstalyst
systems were contimmed. The thermal reactisn of prdodecane Wing sd2{tives;
of methyloyclcdhexane and lecalin at elevated pressuwres: and of rockrt foal
RX=4 (fetmbyirocyclcpentadiens dizer) verw studied, Ueing 8 pilse Teactor
system, the dehydrogemtion of methyleyclobezans vith dizjerved catalysts wad
over various supported catalysts was (nvestigated; und the reactivities of
Decalin, dimethancdecalin, and bicycloheptane ware determined. A fov cate~
l1ysts were evaluated for the dehydrcgematicn of mstxylcyclobexane in the
bench-scale resctor.

e 1 '~ o bomr s, 4

Previcus studies with platioum on elumine catalysts showed that foP
the dehydrogenation of Decalin (THN), catalyst stadility vas affected by the
pore structure of the catalyst suprort; ad that greater stadilities wre
obtained with supports of small pore diwneters, This work ncw has been
estended and stability in relaticn tc pore size has deen studied for e
dehydrogenation of methyicyclohexane (MCH). Rurtber, the influence of
chexical compoeition of the support and the :catalyst aetal cczpoegitllia co
stability have been examined fcr cehyircgemation of doth MCH end [EXN,

The tests were dome {n cur bench-scale ladormtory reectcr system
whilch wvas a tubular flow reactor equipped with conwenticnal devices for
measuring feed {lov rates and for ccllecting liguid and prducts. The
reactor vas a stainless steel tube (No. 347, 1/2-in, IPS) 32-in, loeg, 5/8-in.
I, and vas hested by an eleciric fuzmace. The catalyst vas cuntalned in the
annular spsce between the thermowell and the reactor wall. In crder to ~upply
heat rapidly to the catalyst ted, the annular distance between the thermowwll
and the reactor wall wvas made about 1/16 in. wbich vas adout coe pellet
diameter. The catalyst bed was about 4-1/2-1in. long and bad & wolum of 7 al.
Mwmcmmmemmtwcn‘hﬁtmmﬁmdmdm
hydrogen for 30 minutes at 5T2°F (300°C) and then for one howr at the resctica
tempcntu?. The coeplete apparatus was descrided in 422111 io o previne
repart.l?

The reactor wvall terpersture vas measured ty a thermocouple poessed
against the outs{de reactor wvall by the furnace dlock and located about 1 in.
belov the top of the catalyst bed. The calalyst bed terpersiures wvere
measured by thermocouples contained in the thermowell. The thermocouples were
1 in. apart and the top thermocouple was adout 1/2 fa. below the top of the
catalyst bed. The "effectiwe" catalyst temperuture was scxsbere between the
reactor vall temperature and the catalyst bed temperature.

During roaction the catalyst bed tesperature (thermocouple meesure-
ments) wvas ccnsiderably l-wer than the furnace block {tempersture dry to the
exdothermic heat of reaction. As the catalyst deactivated the catalyst ded,
tecperatiure increased and the megnitude of the tempuratizwe increase was takea
as a oeasure of catalyst deactiwwtion. Ancther quatitatiw indicatiom .£

27 catelyst dsactivetion was the movemsnt of the "cold spot® dowm the catalyst

Product analyses were done by GIC from which comversions end
selactivities were calculated.
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In prer! s wirk on the delydrcquoaticn of Decalin (EB),* ) 13 vas
ctwerved that catalyvt desctiveition oxcowrted Whan We resctica was cervis?
ot at 10 2tn fressTw ad acdarele ccawmryim. Sserrily 1% wae stowe
et the dea~tivmatio rate wried gwoerelly directily vith cataliyss prre sire.
A similar catal deactivation vas cbeerwd with MH 1% 1 1% sressymw 1t
oot 2t 10 atx},?) and (¢ vas of interest to stuly the effect of pyw sise
catalyrt stedility vith this feed.

™he tests vere 4coe at 1 ata pressmare «nd & 2lock teaperetcre of
SA2°P. Iach catalyet vas tested in a series of 3O mimmte runs st LiST's of
S, 15, %0, ®©, 50 smd 100 or ustil the catalywt becams inactive. The ixcTeese
in catalyst bed texpersture (X0 max) during 4he mn wvas taken a8 & meascw =f
catalyst deactiveticn, Sewn =l of catalyst were used for each Mgt

moc:hhmMP&uMmmmuma;rv‘-m
et ydrogemaiion of Decalin.?®/ Dwes were:

14 P4 oo Harebav Alumina (Staniaxd labcrwiory Catalyst)
Shell 108 (1% P on Al'mina A; 10060-108)

Dell b5 (10080-45, 54 Pt oo nor-aluxiza swpport)
Aeroform PF-M (0.8¢ Pv; Americen Cyszmmid)

R-150 (0.65% P, Sinclair-Balar)

Uo~R8 (0.764 Pt, tniwersal 011 Products)

The pertinent physical properties of these cstalysts sre shown in Qails 3.

At lov space wlocity (LASY = 5), high conwrsicns wvere cbtained
and all of the calalysts were stadle. VWi%h incressed space wlocity scuwer-
sicn declined and stadility waried (Sinze 3). For example, at IASY 2 30,
all catalysts vere actiw, But at LHSV of 100 anly Shell b5 and Shell 108 were
activwe. The test data for the six catalysis are talulated is

Appendix.

Presumbly hydrogen gemreted during tde rn ects to remxw com
precurecis from the catalyst surfuice. At high ccowrsion the partial jressure
hydrogen is high and the catalyst is stable. As conwersion declines, the
jressure of hydrogen is lower, hence the rate of poiscn remowl s
and catalyst deactivates. As reaction occurs in the catalyst ycres,
oonwereion per Wit pore wlume and heunce the partial pressxe in
be greater in the smaller diameter pores (for a giwn sst of
the surface t0 wlume ratio is preater in smller pores. s,
pores sbhanild de more stable.

deactivation (4T max) as a fimction of awrege pore dismeter
tinr on alumina catalysts is shown in Fipge M (IBSV « 30).

!
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for the

e pertinent data are smarised in Ijble 4, Indeed, ihe catalysts vith the
smallar pare diameter were more stadble. Similar ts were obtaimd vith
Decalin at 10 ata psssure (IBSV » 120, 1022°7)%%) and these dala are also
thow in Figge b, The fact that the catalysts ware aore stadis vith ICH ®an
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Table A, DENTIMOCERATION OF MCH OVER VARICHS CATALYSTS
Summary Teble

Foed: Pure ICH Reascticn Tiue: 30 Minutee

Cstalyst Yolume: 7T al

Presecre 1 ata

RSV, by

Total 8 wx, °7
Coov. , ‘e o rere Yolume -
R A Bl ey e Pt ol L BB OR
ca/g | Block Tewp. ec-A/g
Stdard Catalyst [3T.2 0.266 50 106 28
Sinclair-Baker
1-150; 0.65% T2.3 0. haR 1 3 15
Shell 108 69.6 0.251 Y k2 1
Shell A5 %.7 2357 0 s n
American Cymnamide
Aexofcrm PHF-A;  [S&A | o.607 135 &
(N B,
e) Standard laborstory catalyst.
18-
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vith Decalin sursvats Wad the voke recursers or wolscoe foroed Suzing
detyriroetati m L0 ® monocytlic mrphhere are 8 different Fimc o and nw
aore realdily reccwed ty hydrgen than theee frued during ded rirogeretin of
a dicycdlc maphidene, (1ell 45 wra not Locluled as the thed -zl compeltl-m
of Wls catalyet vas Quite Aifferent fra hat cf e vler fiw calaliymis.)

While the least stable citalyst had the largest swrage pore
dlamater an! the met stadle cetalyst had the suallest pore disneter, Tare
12 an aooaly in the regiom of adout 1ICA pore dinwiter. Thuws the PP~V o
the siandard laborecry catalyst nave about the sxw swersge pore &ismeter,
N the catalyst bed tecperature (ncrewse vith the forwr was about twice that
cbeerved with e latter catalyst. A5 %he prre dlztridutions for theee %wo
catalysts vere atoul the same, [t appewrs that pore size 15 not the only
factor in conmtrolilng catalyst statility.

Visual exazimaticn of P-4 showed that the platimm was concen~
trated cn the periphery of the caliiyst pellets {1/16-in. extraiste). e
this catalyst wvus different fyum the other catalysts in that: 1) e effece
tive pore langih wis less 38 the pures were cnly partislly covered by
platlza; and b) the platim®d was concentrated closer %0 the pore south.
Conceivmadbly for & given conversion this could resudt {n lower hydrogen
Fressure (n ‘he cstalyst pcres as hydrogen would tend %o diffuse ot of Ue
pore more readily in the region cloeer to the pore aouth.

Aakle 3 shows hplrogen partial rressures at the pore mouth and pore
centerliine for cus pore dianeters wnd resclor conversions. Iheece values
wvere calculatedd/ for 1/16-13. dlameter pellets a2t 342°F, 1 atm frecmae using
the pore nodel of wheeler,®?) (f.e., open enced, straight cylindrical pores).
Wils th:s model {8 not necessarily representative of the pores in cur cata-
1rst pelletsz, nevertheless the calculaticns serve to jilustmte that there
can be consideruble difference {n pressure st the centerline and at e
mouth, Thus the vtrerved difference in stadility betwmen catalysis Mb?):d
our laboratory catalyst may well be a &iffucion effect.

An interezting comwlation wvas cttained when the incresse in cata-
1yt bed terperaturw was plot'sd a3 a funciicn of the product of pore wolwme
times pare diameter ("pore wolime-diameter” factor, I3tz 4. Eloge b shoes
such & plct and no ancEAly exis's for the two catalysts. DL+ physicsl
dgnificance of this correlation iz being ccncidered.

In sumary then, oir wrX shewvs that for the dahydrogemitorn of
mpithenss vithcut added hydregen catalyet stability varios inwersely as e
pore size and thas good stability 40 favwored by cmaller nore dlameter. .
Nrther, it Lplies that longer Srres vill {mprowe stability Dut that smocth
morporcus catalysts vill be highly unstabis.

Effect of Catalvet Suppert ard Catalvy Ccawcedtiop

In the previous sscﬁonb) 1% vas shown that catalyst pore siaze was
an important factor in determinirg ihs etability of a catalyst. Howewr,
other factors can also effect stability and thir seciicn presents a

See page 16.

';rm calculations vere mde by Dr. J, E. Bailay, Chemical Engimesring Depos
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crelizinary s%udy of W effact of cstaljut mupem sompoaiticn, ol catalyrt
metal cwmpraliln @ otatillity. Tw rgporte cther Yan wliwlm wre tavind
21l of e ~atalysta coptalred platimm netal cnly eacept fur aw, £l k bl
A "mial 2wl Tt alded,

o cxmercial wxd P lwomtory crtalysts (prepered wisr o
catalyst dewlopment Jrogres) were tested. Thece wre:

Houdry 200-SR (0.5¢ Pt on alumins)

PR 16Z (Pt plus @ "metal activator® on slumine)
Dell 10080-4k (cur standard 1§ Tt on elunine)
Shell 106860-1143 (Pt on support Ko, €)

Shell 10660-114C (Pt o support No. 6)

Zwell 108601134 (Pt on support No. $)

162 wa 3 Universal O11 Products high stability Platforming cetalyet, oo
taining a "=metal activator” Wt whose cxprsiticn vas not deterioed, a8 AT
cur agreecent with CP. As R-16E rejrecents an Lswovement cwr LP-R8
Flatforeing catalyst, our test data for 28 ottained esrlier is ixluded in
this work for compariscn. No He was sdded 30 the feed during hwere tastis.

Pecalld

¥with Decalin the catalysts were tested 2t 10 atm presswe and LDV
of 100, Each catalyst wvas tested initially st 342°F snd then 1t scessiwly
higher terperature (in %0°F incressnts) throush 12R'F, or until the catalyet
became inactive., The test period was 30 mimitez 2% esch teapersture,. e
feed (F=113 DHN) had the following ccmpueition:

250“ trans-THN
T4 .64 cio-IEX
0.h¢ tetralin (THN)

The date are presented in JaXles € and 7. Pe

Activities and stabilities mrfed greatly between calalysts. Of
those evaluated in this ceries of tests, 114C vas the most active xnd the
most stable, vhile 113A vas e least sctiw ad the 1least statle. ALt Qe
1owect test tesperature (542°F) cutalyst Led teaperature (/T max) inrreeses
waried from 5°F (114C) to 38°F (113A) (Fioge 5). Vith increassd tumpersture
1134 and 200-SR were alaost completely deactivated st 1022°F (& max « 235°7
snd 178°F, respectiwely), while at 1112°F bed tempersture incresses of cwer
100°7 were cbeerved for 1248 and R=16ZX, signifying conaidersble desctiwmtion
st this terperature. 114C stoved 1ittle or mo deactivation st 1UQ2°F snd
lower and bed terpersture increases of cnly 16°F and 67°F wvare otserwd at
1112°F and 1202°F, respectiwly ). Baced on the increase in catalyst
bed texperature at 102°F (4 mmx) relative catalyst stabilities were:

118 > R-16Z > 114B > M 20 R=8> 200-5R 5> 1134,

oo ¢

¢
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Figure §. DEHYDROGEHATION OF DECALIN OVER VARIOUS CATALYSTS
EFFECT OF TEMPERATURE CN CATALYST STABILITY
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Conversicn {ncreazed vith increased tenperature btut declirmd \hen )
the cataly-t becane deactivated (Firge €). At the lovest test texpersiure
wiere deact{vwation wvas the least, reiative activitles based on KN ccnversicus
were: 1140 > R-3 & 3 @ 200K » 11eB > A=16I > 1134,

g

Product miterial vas primcipally tetralin (THN) and nephthelene (K).
At the highest teat tezperature (127C'F) sooe crecking occurred, poesitle Sus
to therral reacticn (Jalles € and 7). At the lowr tast tesperitures scme ]
cis to trang~[iN Llscemrizsticn was cteerwd.

e 3 s X

The M H=catalyst systen was considerably more stadle than ihe
decalin (D¥N) systexz. Thus with our standard 1% ?;lin AlgCy catalyse,
stability was observed vith MCH at 1D ats pressure oot at 1 atm? i )
while vith DHX good stability was cbserved at 30 atn®?®) but not at 10 atmi?)
Frezsure, Consequently in these studies with ICH, stadility tests wvere dome
at 1 atm pressure. Zach catalyst vas tes’ed at & single temperature, 842°F,
in s gseries of swcessive e with increasing space welocities frem 5 to 100
IHSY. Tne test ws termimated if the catalyst tecave inactive bef~re resaching
LHESY of 100, The ccuplete Jdata are presented in Jables 129 42 122 in the
Appendix and are swrarized in fi{gow 7. )

At lov space velocity (LESV « 5) high ccaversicns were obtained and
21l of the catalysts wvere siable ({.e. 1ittle or no tempersture change during
the run). With increased space velocity ccnversion declined and catalyst
stability varied (Figoge €). For exa=ple, at LHSV of 30 three of the geven
catalysts were fnactive at the end of the run, while at LiSY of 10C cnly one
catalyst, 114C, had not deactivated., These conclusions were based cn the ) ®
Increase in catalysi bed terperatures and ihe movement or the “cold spot”
dowvn the catalyst bed ({ables 1249 t0 129). Indeed with this latter catalyst
there vas only a 6°F {ncrease in bed temperature during the run at 1H3V of
100. Based on the ted temperature increases at LHSY of 50 the relative
catalyst stabilities were: 114C > R-16E > Lk = 114B > R~8 = 113A > 200SR,
A3 was obgerved with DEN catalyst 114C was the most active and the most stadle

C‘t‘b’st . ' )

Product material wvas prirmarily tolusne at 90+4 gelectivity. At
the lowest space velocity (i.e. longest contact time) scme berzene vas found ;
wvith some of the catalyst. Presumably this was due to a hydro-dealiylaticn
side reaction.

Epary and Conclysions )

From the results obtained in the present series of tests, it was |
evident that both catalyst support and catalyst composition can effect ‘
stability. Thus, 114B and 113A contained the srme amount of platimm bu.
different supports and yet ihe former vas much core stable than the latter.
Purther, R-16E catalyst was adout like R-8 except that the former cortained
a "mtal activator”, Our tests showed that the Pt-allcy catalyst (R-16E)
wvas mxh more stable than its counterpart R-8,

The most stable (and also the most active) catalysts tested thus fur
wvere 114C and Shell 46. Both catalysts gave about the same conversion and

[
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bed temperedure increaser when tested wvith %.'®) nvewr, the tulk
Sdensity of 1140 was atout 304 of that of 11 46, bence e [orrver ajjsers
to be & suprrior catalyst co he basliz of ccxversion jer unit wight of
Nlﬁm.

Wy are continuing our study of factcrs effecting catalyst
stadility and w1l include testing cther mgpports, ctler platinuee-allcy
combirmtions, and methods of (mproving metal dispereica (f.e. metal surfice
area) an verious mgports.

Dexeal Seactiong Studles

~ LTS AQts

There is considerable interest wz %o the mexiurum socunt <f beat
sink that can be cbtained vith a paraffinic type jet fuel (CPT). e
latent and sensible heat odtainatle frem this material is about 1000 Btufl1d
when heated to 1LO0°F, An additicral 30 Btullb could be ottained by herwr
ally cracking the fuel to about 504 conversica. However, under ccmventicral
cracking reaction conditions, scme cokm {s produced, Whiich i3 undesiretle.
Also the rate, at moderute terperatures, is toco lov. Ve are investigati~yg
the possidility of enhancing the rate of thermal reaction with concurrent
reduction {n coke made, using free rudical initiating fuel additives.

These experimentz vere domw in both the pulse reactor and the
emall bench-seale flow reactor (1/4" 0.D, reacicr tude). Both apparatii
are described in detail in the Appendix. Tests were done at 10 atn ressure,
over the ftemperatwre region of 1022° to 1202°F using n~dodecans a3 tha test
fludd., In these experiments the reactor tube veas filled with quartz chips
(10-20 mesh) and LHSV's were calculated based cn the bulk voluwe of the
quarts {i.e. volum of the empty tube) and the apparent contact time (ACT)
vas celculated based on the wid volume in the tude (i.e. ctis~half the volume
of the expty tube). This is close to the actual comtact time and is different
from our calculation of ACT for catalytic beds, which {gnores catalyst wlume,

Thirty-three different sdditives vere screened in pulse resctcr
tests and then a soluticon of coe of the more proxdsing additives in n-dodacane
wvas tested under doth contimucus flow and pulse reactor conditions.

In the cicr tests, 3% or less additiw (organcaetallics or
organic compowxis) in n~dodecans were tested at 1022°F and 1112°F. Some
success was achisved and dodecane canversions ware increased sirxr-fold at
1022°F (from 3.5 to 18.5%) and two=fold at 1112°F (from 20§ to b1$) kv means
of sdditives (Table 8). A fov of the additives acted as inhiditors and
declines in conwersion vere observed in scme cases (cf Kos. 1992, 5, 20, 2
Iakls 8). Cenerelly, scme functicnal groups were mre affective than others,
and where substitution {n & functional growp occurred, the type of substi-
tuted group appeared to influsnce the owrell effectivenses cf the functional

SrORRp.

e reaction products were lighter than prdodecans snd presumably
were cracked material (Takle 9). From GIC emsrgence times the principal
camponeat sppesred 10 be a C¢ hydrocarbon (peek No. 1, ) and vas ot
{detified further. In calculating cimwersion it vas assumed that each
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C1e Conversion, v
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N ,\.. *U . * FO'? 2 ‘341211'0
X 11358 1022°F 1X12°F 1112°F ’
m - ) 5.5 m'l 20-1
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3 2.8 ) b1 - -
4 (.2)8 8.0 26,0 -
5 2.h 2.1 - -
6 (Q'))a) 5.8 - -
7 2.7 a) 9.4 1.6 28,9
8 §QQT 508 2).(: -
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© («.9)*) 3.7 - -
n 2.5 T.1 3.9 24.h
12 2.1 a) - 29.1 28,7
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2k 1.9 - 2“01 2‘.}
25 1.7 - 220k ao9
% 1.8 - 3508 3?05
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28 1.3 - 7.5 Rn.6
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molacule of dodecane rvecied gawe ome wlicule of product, heave e corwre
sicus are paxim® values., Product dlstriduticns 4124 act appeer W0 Yo affwcted
Yy additives snd umiyves fUr several s vith 2ifferant adlitiwe are
Jresented in 2.2 2. No estimate of coim make could de mde frm e pilme
reactor dats.

The effactiveners of sdditive 2002 was tested fxtler wder

samimicas Oow conditione fn our zmall bench-scale reactor. his «remsius

2ad a )/e-in. (U reactor tube and {s described {n detall (n the Arpwrdliz.

The tests were dcne at 10 atx jrecsure wiing pure n~dodecans end 2% of 2002
{n pdodecans as west flulda. Two series of experisments ware &coe, Co@ series
at 1022 and 1112°F and at LHSV of 12 to 143; and a second series ad 17022°F;
1112 and 1202°F and at LAV of 59 to 156. The complete dats are sicwva ia

Iakie 12 and are susmrized in floure 3.

In this reactcr system, at a given pesclicn temperature, the effact
of additive on conversicn vis less with (ncreased space welocity., 43 aa
erzaxple at 1112°F the ephanced conversizn due o 8dditive was 25.5% at LASY
of 12, but wvas only 164 st IHSV of 130 to 140 (cf runs 40-2 and «2; and Buns
39 and 43-1, Iadle 12). This suggests tiat (vee radical initisticn by the
additive vas sicwer than radical initiaticn b purely thermal means. Furtler,
the effect of additive on conversion (i.e., rate) wms less xs e texm ture
increased; and at 1202°F there vas cnly a slight increase in conversicn dus to

the presence cf he additive (Iatle 17; Figure 8).

Product distridutions wvere sizilar wvith doth feedstocks. Liguid
product analyses (GIC) are shown in Iatle 10; gss phase amlyses (vass spec.)
are chown in Iable 11. Liquid phase prodict campcnents hawe not teen {dentf-
fied as yet. GCes phase products were a small amount of hydrogea and T, to Ca
hydrocarbons, with mcrw olefin than ihe corresponding saturate and ethylene
being the major compenent (Tadle 11).

Qualitatively the coke maks sppeared adout the saze vith both
feedstocks, although the coke appearance vas differemt. Thus vith pure
dodecane the coks wes dull dlack, while with the additiwe present the coke
wvas shitey dbiack, The coke formed & thin layer can the quarts chipe.

In order to have cceparsble cata from the pulse reactor, s fev tests
vere rx in this system vith both feedstocks at 1022 and 1312°F. The dats are
showa in Jable 12 and in Fioze 8 by the colid pointe, Based cu dodecane
canversions the rate of cracking was ertanced by factors of 1.8 at 1022°F und
1.8 2t 1112°F by the additive. MTis wves only slightly greater than the rate
etharcemsut observed in the flow syttem (cf Runs 43-1 a~4 39; and Rurs b1 and
38-1; Iable 10 and also 8), and wvas considerably less than the sixfold
enhancement of rete observed :n the initial exploratory work in the pilse
reactor (Iablg 11). As the sdditive used in the explorstory vori came from
s different sowrce than that uced in the 24 soluticm, this suggesis that
ity of additives my be an inportant fictor in their effectiveness.

The results obtained thus fur showed that indeed {t wvaz possidle to
enkance the rate of cracking by the use of additives. Thus fur it has deer
shown that rate increases dus to additives vere apprecisdble at 1000°F (4.e.,
8ixfold in the pulse reactor tests), tut were snly 20% or less at 120R°T, It
1s well accepted that thesma’ crucking reactions proceed via ¢ free-radical
sechanisn. Thus the observed differences in retes at the two tezperatures
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} APAPL-TR-AJ-114
Part I}
Istle L3, TUFTMAL BIATTION T i RTOAd WITY
CEieiias
v g 2
Pressure: 10 ata
Ram Ko. 11325 a2 | 99
Feed r-Dodecans
Rure ordodecane |- 5 o¢ 200-2
Flock Texperature, °F 1112 112
Ci2 Conversicn to, $w
Light Cas 20.0 6.7
Total 9.8 6.5
Cas Prouuct Analysis, v
He R 2.3
(a7 Q.6 20.0
C'H‘ 52'8 52-9 °
Cele 18.0 1.3
CaHe 14,9 12.%
Calle b3 6.2 .
Butadiens 0.6 0.2
C.H‘ }tj 303
Cellro 0.6 0.3
Csxw 009 008
Others®) {
a) Iscrzene + methylicyclopentens.
i
v b — . — e e
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Ponr 111

T!NE 2% TITMAL BRACTTON F -tV TranE WITH T
AR T8 Pl g B
Pulse volume: 1 ul
He Flow Rate: Adcy
Coatact Tioe: 2700 cc/min

e |
R No. 1130%- LSy 45«2 kg3 ~ g
' T+ 2¢ Cia * i
Feed Pure C:a _:0%_2 e Cip 2&1—2 S
Tesperature, °F Qe 1002 oy | s 1110 ey
Product Analysis, $u
Peak 1 3.1 7.1 18,7 2.5
2 c.” 1.6 2.t k.l
3 C.6 1.2 2.0 2.7
4 0.5 1.0 1.5 2.0
b 0.4 0.9 1.b 1.9
6 0.3 o8 1.2 1.8
T 0.1 0.2 0.5 0.5
8 0.2 G0 R 0.3
9 RS 85.3 Tva €3.7
10 1.8 1.3 1.4 1.1
m=Dodecane Conwersicn, v T.7 1.1 25.9 3.3
.’T-
L
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Pare I}

my S dur to differerves in activetion crevyier v free radical prductin;
or §¢ mmy be Uat Ve Nve miical decumpreit{n pvduts at the Ligwr
terpereiure ¢ ntain less free mdicels tan e rr-<uts 3t the lower
texyeriture, IXierioents are teing conmtimued with (ther types of (ree
rilcal indtistor:.

Medtyioxvad teyare aod Decalin 33 Sleyatesd Pimzages

In conjunction vith the poseible vtilization of endothermic fiele
to nissile avplication, {t vas of interest to extend cur therral reacticn
studise to pressures higher than 10 atm, Accordingly the thermal rescticn of
sethylcyclobexane (MCH) and Decalin (PHN) were studied over the presswre
range of 1V to 68 eta (1000 pefg) at 1022 to 129R°F,

The reactor vas & stainless eteel tube (Nc. 3G4) 30 inches lcrg,
1/%<1n, M@ wvith 0.035~in. wvall thickness, Feacticr vas ~erried out in the
lover part of we tube ud the top part served as a feed prehates, The
resctor vas furrace~heeted and ¢ 134in, long secondary furnace liner
suToitded the reactor tube st whe reacticn zone, [inge 9 showe the second~
ary furnace liner and ite poeiti-n in the fumace, This re . tor systen vas
descriled in detall in the Appendix,

The reactor wvall terperature vas measured at geven points along the
tube. The points were 1-1/2 inches apart and the top point was one inch
belov the top of the secondary liner (Flome 3). e tezperature of the
reactcr vall varied dovn the tube and Fiooe 10 shows the tempersture
varistion for a furmace block teuperature of 1202°F,

The maxims= reacticn reate will occcur in the regici uf wwalom
lacperatire, Presimably the rate in that portion of the tube icse tecpers=
ture vas iS°F (10°C) or more belcw the maximm terperatwre, d14 not
contrituts eprreciatly 1o the overall rete, Thus the “effective™ yolume of
the tule wvas that mation of tha tude whose temperatwv: vas within 15°F of
e mxime wall temperature, and whoss volume wvas Cetermined frem & jiot
such a8 ficure 10. The "effective” resctor teigerstwre vas tokea as 9°F
tlov the mximm texperature,

The usc?or tube vas peciked with quartz chips (10-20 mesh). 3ace
velocitiss (IHSV)®) then wers calculsted fron the "effectiw® tube volume
(1.0., dulk vwlize of the quartz chipe); apparent contact times (ACT) wers
ed.minod from the void yolumes of ths packed tude,

Liquid resaction praducts were analyzed bty GI{ and g=s producis by
mes spectrometry. Some coks wvas formed but was not measured quentitatively,
The difference in weight Letween the liguid feed and 1iquid products waz
taken as *light gis plus coke®,

First ordsr rete constants wre calculited from the disspresrenc,
of starting meterial,

8) Liquid Howrly Svace Velicity » wolums of feed per wlume of catalyst
(3.0., quartz) per howr.
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AFAPL-TR.07-114
Pert 11}

T R ctee g e - - Flow Rate
; . h cec "5!”"

Thermocouple Location Distance from Top of Furece Umr, inches

112-3 0.75

. ‘ T Ret. o YT QO Stsinlew Steel Tube

! ; oy i Rer -« Pnckings None '

biiiees . . . P 10atm : :
o ‘ . Furmee Jlock Temperstues: 1202°F

zf;‘:.’zA'i,

Bl—i i e i . M2ed . ATS

1100 1150 1200 1250
Well Temperature, °F

Figwe 10, REACTOR TEMPERATURE PROFILE
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Poct Il

Tie coplete dzta for the therml reacticn studles wiu. MCH are
presented in Jalles 1% and 1L for 10, 30 and 65 etxz, respectively, At con
stant space veloity, Licreaced conwersion was cbserved vith increwsed
pressure; presurnbly due to increased contact timw, As an exasple at 1202°F
and IHCVES of €5 to 75, conwersions of 16,9%, 48,64 and T4,%4 were olcerwed
at 10, 30 and 63 stm pressure., Hovewer, in these rmuns the first .rder rete
constants varied only between 0,22 to 0,25 sec™?, which puggests that the
oversll reaction rate was first order in XMH w found previcuely at the loar
ReE6D'26,

At constant contact tinme, conwversion sppewred {0 te independient of
pressure, This was concluded from the date of Fimpow 11 which shows comvere
3ion a8 & function of contact time (ACT) at three different precswres, ¥ithin
the limits of experimental wcuracy, the points for all three pressures fell
on the same line at esch terperature,

Liquid products were cracked 1iquiée (several components lizhter
than benzene ), benzene, toluene and three unidentifled ~omprreirts that emerged
on the GIC column before and after !TH and after tolvene (T 4),
a3 phase products were hydrogen and C3 to C¢ hydrocerbons, Ges phase product
distributions for ¢ mmber of runs at varicus terperstures and pressures are
tabulated in Jable 15,

Pressure 414 effect the reacticn product distribution, As en
example, at 1202°F and constant conversion (i.e,, same depth of cracking),
incressing the presswre decreised the smount of cracked 1iguids and 1igh¢

gus plus coke; but incressed the 1iquid cooponents that emerged before and
ctter 1O (Table 16).

In the 1ight gas fraction for these runs (Iable 15), increased
Tressure increased the concentretion of Mg, CHy and saturated hydrocarbons,
Qualitetively ‘dore coke was formed et Ligher pressures as the reactor plucped
in runs at 68 etm and 1252°F and LESY of 150,

Decglln

Thermal reaction studies vith Decalin were done et 10, 30 snd 63 atnm
pressire, The complete dsta are tabwlated in Jables 17 qnd 18 and are
sumarized in Fioge 1. In genersl the resulis obtained with this nerhthene
wre rixilayr t0 those obtained with !ITH., Thus st constant wlocity an
incresse 1n conversicn was ocbesrved with incressed rresswe (cf Run 143 and
U6~1,Table 17 and 107-3, Tsble 18), presumadly dus tc increacing ACT, At
campareble contact times T) convereions and first order rete conctants
wre sesentially independent of pressure, signifying first order kinetics

s ©f Buns 154-2, 156=1, Jeble 17). Unlike MH 2iquid product
aistritution 414 not appear to be effected Ly pressure,

(as thase jwoduct distrilution for ¢ muber of runs ae shown in
2ale 19. As ws cteerved with ICH incressed pressure gawe £ore He, CHg and
sstureted hydrocerbons, elthough the effect of preeswre o o et Aistribution

c, This meterial coull well De paraffins &d vlefins formed by ring opening.
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Part 111 i
»
ARG dia TVITMAL FEACTION Cp MM LT S piT R pTV pmET L
Reactor 11lled with juartz chips
Reactor: 1/4% L stalinlecs steel; ., 7.4, bichop and o,
Reactios Tire: 15 minutes
Foed: Pure MCH ‘»
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Port 11}

Table 15. TMEPMAL REACTION OF MCHM AT VARIOUS PRESSURES

WS TIACT Prot DIStRazUl oot

Hur Number: 1.C10 ~1149-1 168 123 T 126-1 06
Pressure, stm 30 68 10 50 68
Block Tempereture, °F ] 112w | < 1200 >
ACT, sec 6.7 17.6 1.8 1.3 13
msv 1k 12 16 €8 150
MCH Ceonversion to, fw

Light Gas and Coke 1T.8 f2LT{1LS 8.2 1.0 !

Total 39.8 | 4S.L ¢ 48,7 | k3.6 | 8.6
Light Cas Composition, %

He 9.1 29.5 | 18.0 2.0 242

CHq b7 $1.0 | 3L.T 41.6 3.2

Cﬂi‘ 10»0 507 160} 10.9 5. 8

Catig 15.3 821 1.6 10.9 9.8

Calla 8.5 3.0 | 11.4 Y 3.5

Calle L2 20] 2.5 2.3 2.2

e . - 17T 0.3 -

Cella 5.3 L0 Lo L4 L1

C(am - L O.h Oo’ onh

Cyclopert.ediene - PO 0.h - -

cﬁw - ~ o. L -
.~ haakiecddind - "7 ————————
° » L ¢ . °
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N MITRAMAT DT -"“!‘vm" ~ I 'Mvvv:
RS
~ Run Number: 11010- %33 A IS
Pressure, atr 10 30 65
ACT, sec 1.8 1.3 13
M3 Conversion, v k3.7 | 4.5 L8.6
First Order Rete Constant, sec”? 0.18] o0.2% 0.24
Product Analyeis, “w ]
Bensens k.2 L.6 5.6
U, 5.1} 10.9 | 13.6
e SL.3 | Sl.b | SLA
Up 2.6 | 3.2 5.8
Toluene 5.1 3.0 2.9
U o B I 3.4
Cracxed Liquia 19.6 ] 15.6 | 12.3
Light GCas and Coke
'Y [}
kb .
o N ) {
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i
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Part 111
»
D
* 18 TUPRUA Y DT g My S} a-«- @ a-mxzxms
»
Reactor 1lled wilh juartz chips Feed: F~113 THx
Raactors 1/b-4in, (D stairless Feed Composition: 25.0% trans-CHN
steel tube, Rishop and Co. 74.6% clg-DiN
Reaction Time: 15 mimrtes 0.4 TN
Ran Yo, 11381~ 104 | 105 | 106 |207-1 | 207-3 | 208 | 109 ,
Block Tsmperature, °F ¢ 1022 —~——=p | ¢ 1112 > | 12C2
DEN Flov Rate, cc/min b,0| 2.0) ok L0 | 2,0 | 04 ko0 -
Effective Reactor Terp, °F (1026} 1031 {1035 | 1112 | 1117 |16 {1198
sy, nrot 124 59} 121 133 (%] 13 | 143 .
acs,d eec 2,24 [b.71 |23.0 (1,98 {u.2n [20.1 {1.75 ’
Product Amalysis, W
trans=CHN 26,7 [ 270 [28.5 (26,5 | 2b.2 [17.3 ] 7.4
cis=THN 66.8 60,1 |42.9{48.2 | 34,0 |29.G|2.9
U,C) 1] 2.3 3.1} 3.5 | 3.9 | 3.9} 3.8
Ts oo) O.h 1.1 007 106 1.1 2.1
Up 0,1}) 0,2} 0,0} 0,0 0.0 G0} 0,0
Nap thalene 0.0| 0,0] 0.5} 0.1 | 0.5 | 3.5] 1.5 4
Uy 0.0] 0,0} 0.3] 0.2 ] 0,2 | 2.3} 1.5 .
Cracked, 1iq-id 7] 9.,6]23.6}21.2 | 35,6 | 42.9{49.9
Light g2s and coke 0.0} 0,0f 0,0 0,0 0,0 1.5 119.9
DEN Convereion, % .
Total 6.5112.5128.6]25.5 | 41.8 | 53.T7|58.7
Light ges and coke 0,0 0.0} 0,0} 0,0 0,0 | 1.5{19.9 )
t) Besod cn volume cf tube.
b) Based on void volum (i.e., 1/2 volume of emply tude).
¢c) Emerged after trans~DHN and cis-LHN,
4) Unidentified.
'
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Tadle 19. THERMAL REACTION OF DECALIN AT VARIOUS PRESSURZS
- "";Q"'""wm. 00T DIGTEIRUT ION
i
Ton Numoer: 1 i015- T ] 169 ] 166-1 ] 155 ] 13%-3 [ 1%%-) »
Pressurse, sta 10 % 0 30 1o 30
Block Tewpersture, °F 1200w < 1252 >
ATT, s 2.5 1.6] o.87 ]| 0.79] 2.3 1.5
THN Comwersion 0 'w ’
Ligt Gas snd Coke 39,6 | b1, 7.6 8.1 ] 24,8 21.8 .
Totsl 76.3 | 68,5 | 9.5 | 58.1 | 85.5 | &.7
Lig Ces Composition, .
He 19.7 ] 19.1 | 26,1 3%0.0 | 20.0 3.2
£ CH, 336 | d0.b | 29,0 | 34,0 | 35.1  38.7 »
: CaHe 6.6 | 12,8 | 22,7 | 188} 16,1 | 12.2 ‘
Callg 16,9 | 16.1 | 11.9 | 12.3 ] 14,8 | 15.6
C;}b 8‘1 506 706 k-s 705 3-9
i Cﬂ’(. ~06 ’.2 209 508 ,05 koh
Butadiens 0.3 .o 0.5 .o 0.2 0.8
cé(. 101 0- 1 1. 1 006 1.6 003
! CJ!” 0.2 bl 0.1 002 002 bdd
Pentediene 01| «- | -- | 02] - ’
Collso 0.0 | -o 0.1 . 0. .
‘ Ooo Ll O. 1.) o O¢ b’ bnd
e) Acetylene. .
) b) 0.1% bdensens; 0.1% cyclopentadisne.
»
»
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vas 2ot €3 provownced as vith MCH, Consflerstls coke forvmtion was cbserved
et high pressure with Decalin (63 eta) and fn cve rmum at 12°2°7 aad 68 atn
the resctcr plugged after atout four mimutes resaction (st G sec contact tine),

Bazed on comversions and first order mte conctants Decalin vas st
loast twice a2 resctiww ag MH in these tests,

SRy

¥ith dboth monocyclic (MTH) and dicyclic (DHN) naphthenes the overall
thermal reacticn sppeared to be first crder in raphthenn concentretion,
Preseure (14 appear to c¢ffect the resction path and generally, zore g, Cig
saturated hydrocarbens (CaoCe) and coke were oteerved st the hister pregsures,
Purther, wvith the mcnocyclic najhthene there vas less crecked 1iqutds (i.e.,
lighter than benzene) and more material hLeavier than benzers et the higher
Treesres, This pressure effect on 1iquid moducts ves not olserved vith the
dicyclic, Pressure appeared ¢o erhance coks formtion, more g0 with the
dicyclic., However, on the basis of thece data 1t iz difficult to separtie
the effects of preccure and contact time., In theee tests the dicyclic wvas st
least tvo tines more reactive than the momocyclic, These results are
preliminary snd the work is continuing,

=k -~

RJ=4 18 a bridged-ring hydrocazbon, tetrshydraaethylcyclopentadiens
dimer, oltained from Ecso Research and Engineering Co, ¢ TH Diner Pazjet.
Thers i3 scoe interest in this material az 2 fuel for air bresihing and
rockel engines and we have evalusted it in our bench-~scale resctor.

RJ=h consisted of a mixture of mumerous coopounds, possidly iscaers,
of vhich thres made up 844 of ‘e material. These wvere yresest in the ratio

TsII:IIT = 20:51:22, [Figpge 13 shovs & GIL chrommtogrem of Ri-&. The liqudd
dansity is 0.918.

RI-4 wvas tested undsr conditions of vapor rhase thermal rexcticn at
Surnace dlock temperatures of 842-1202°F and 1 to 10 ata presswe. The
actor vas & 1/L-in, (D stainless steel tube vith ro packing in the tube.

In the 1/4~in. D tube the vall tespersture was msssured st sewen
along the tube., The points were 1-1/2 inches apart and the top point
one inch below the 40p of the secondary liner. The portion of the tude
se
The

4

ws
adowe the secondary fionace liner served as a preheat sectiocn and was ket at
reactor vall varied dovn the tude.,

?
¢

The maximis reaction rete will occur in the region of mximm
rate in that portiom of the tude Whxoee texpera~
ture F (10°C) or more belov the maximm {empersture, 414 not contridute
appreciably to the overall rate. Thus the "effectiva” voliume of the tude was
on of the tube vhoee texperatize was within 18°F of the maximm

mw,wmmlm\uwatzmaplottwhu
Hauce 14, The "effectiwe® reactor ws taksn as 9°F tslov the

tesperaiure
space wlocities and Apymrent Contact Times (ACT) were

PR [ hicibte MATA i VY PRSP Ty
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3 6 Giactive Rasctr_/ j
us: Tenpersture Range ;
. ;
g
g 8
| .
i $ =
; |
e 10. A
s ?
Flow Rate, !
g Ruo o tig/min -
- -1 375 ‘
12 - 87-3 0.78 4
i Prossuce: 10 stm ]
; Resctor: Y,* OD Stsinlers Sieel Tube i
: Resctor Packing: Nons -
i Block Tempersturs: 1202°F
14} : o]
o 7 T T useT T 200 1250 1200
Wall Tempecatre, °F
Figure 14, THERMAL REACTION OF RJ-4: REACTOR TEMPERATURE PROFILE
65860 -53-
3!
i : o
s A bl aicontancti b S it o FOPIPIEING TE TP YY SR VIR~ 3
® ® ] e ® ®




AFAPL-TR-67-114
Pact 111

Lituld product mterial wus analyzed by CLC uring a 165-f%t capillary
column (0.715=4n, dlameter) coated with 204 polyphenyl ethers i DC-T1C
eflicome. Ges productsn vere analyzed bty mars epectrametry. Conversions were
calculeted frem product analyses and neglect coke or polymer foumed during
reaction,

At the lower tecperatures and chorter contact times (ACT), Ro-4 was
ressonatly stable and Jess than 2% conversion was obeerved (8L2-1022°F; 0.6
sec ACT; Jable 20). With increased terpersture or cantact time. conversiom
increescd., For example, at 1202°F 674 converrion was cbserved et 3 seconds
ACT compamed 4n 22077 14 about 0.6 ACT (cf Runs 87-3 with 87~1 and Th=1);
wile st 1002°F only %114 conversion was cbserved at 4,.54.7 sec ACT (Runs
T35 and §6). The comlete data are thown in Jokle 20 which includes data
for STIXTNE~H obtained under ccmparuble reaction conditions and repcrted
1a5t yesr*?) (shown in perentheses).

Profuct analyses sre shown in Iable 21. Based cn the disappearance
cf the warious components it appeared tbat Cozponent 1 was the leact eactiwe
el Corpoment 111 was the moct reactive, Scme coke was formed and 4n one run
the coke formed plugged the reactor tube (Run Th=1), lNo quantitative measure-
ment was uade of the coke formed, however,

Based om overall conversion snd cn first order rate constants, Ri-4
was somewbet more reactive ({.e., less thermally stable) than SHELIDYNE-H,

¢ S c
on o C Wis < ed Cata

‘¢ concept of dissclving an additive 1in a fuel, which woudd
sgte) 2 ¢ chemical reaction when the mirture is passed through a hot tube,
iz ~ yective one, For exacple in such & #ryten there would be mo :
exce ..ve Jressue &rop 8t high linear welocitier (for a reescnable tube !
Claneter). The fearibility of using such a system with about 14 of a fuel
edditive a8 a homogeneous catalyst for methylcyclohexane debyirogenstion was -
ghown by some calculations presented in 8 previous report.*®) Thus for
podest ccllision efsiciencies (1C7° 10 10747) high reactivities were indi~
cated in the tempersture region of S00-1200°F, In an spplication to a high
speed air wehicle the finely divided cstalyst would go into the enpine along
vith the fuel and be exhausted into the stmosthere, S@cfploratoryem-
ments, done in a static system, were reported ~reviously.3®) Further
exploretiory work nov bas beer done in & pulse reactor system, with MCH
occtaining wrious additives.

In & pulse reactor systex s small smount of feed (1 ul) 4s injected
vis & gyringe 100 @ strean of carrier gus (i), wbich is then passed through
8 bested reactor tube and into a GIL for uct analysis, Our sysies was
described in detail in & previcus report. The reactor vas & 1/4~in, @ -
stainless steel tube and coantained no quartzs chips,

The experiments were carried out st 10 ata pressure, 8i2-1202°F .
vith B carrier g st an sppareut cantact time of about 10 seconds, Coe
xicraliter of MH solution vas injected as s Pilse. Analyses of rescticn
products were carried out by GIL. Most of the additiwes were crly speringly
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sclubtle {n MCH, Thue most of thece teots were qualitative as tie 84litiwe
cencentrations were oot known exactly.

The msuits for a serfes of tests at 1022°F (Ceries 1) uelirg twernty-
two different adéitives are surmarized in 2 bar grazh (L{mme 15); which ehovs
MCH conversicus and selectivities for tcluene and benzene, Di~11 was the most
active sdditive dut celectivity vas poor for tcluene (12¢) end beunzene (34).
DC=21 amd =20 wwwe Trax active but had grester selectivity for sromatics
(20304}, D=8 and IC-9 were moderately selective for benzene (s ~(U%) but
give only 5% MCH converction., Eight additives were inmactiwe which zmy have
been due to lack of solutility. The data are preserted iu Tajle 22. Ia order
to diffeventiate tetween convercion due to additives and that cue to pwe
thermal reaction, the series of tests included runs with pure MCE. The cop~
versica due to the additives thern war Qe observed conmversi-n (iTH plus
additive) mims the conversion due to therm’ reaction (detercined in the run
with pure ITH), The corrected values were plotted in Fimge 319.

A fow runs were mde with the zore active additives to cee the
effect of termerature and space welocity on conversion. In a series of runs
vith DC-8 (2¢), DC~9 (4.5%) and pure ICH (1112 fo 1202°F, LiSY of 6.7-13),
increeas>d conversion was cbserved with increased teuperature and decreased
space velocity (Fimue 16). With DC-8, conversions were about thoce ocbeerved
vith pure MH, but procuct 4istributions vere different. Thus tore benzene
and less cracked products were chtained (Zillg 23), which suggests that bolb
catalytic and thermal reactionc occurred concurrently with the DC-3 244itive.
Similar resultc were cbcerved with IC~9, althouth copversions were higher
than vere obtained with XC-8 (Zatle 23), presumably because of the higher
additive concentration.

The effect of terperature on conversion for DC~21 additiwve (9.54)
is ehown In E;g?: 17. In these tests with increasing temperuture (752 40
12Q2“F, IHSV = 6,7) conversion incressed in the regiom 752 to F52°F, vas
relatively constant at 932 {0 1022°F and then increased merikedly in the
region 1022 {0 1202'F, PRurther, at the tmgentms (112 40 1202°F)
caversions were the saze as for pure !'CH (Joble 24). This sugpests that the
catalyst wvas poiscned after a certain amcurt cf iCH was converted (1.2., the
saoumt converted at 932°F) and that any firther conversicn was due to thermal
reaction., As there vas 1ittle or no thermal reaction at 1022°F (Jakle 24),
MCH conversion at this terpersture was about that at 932°F,

In ancther series of iests (Serfes II), twenty-sever ccmpounds,
each containing cne of seventeen different elements were tested. The concen
tration of uddltiwe in MH was 64 or lesc and in scme cases wee limited by
solubility.

The results at 1022°F are sumarized 4n s bar graph (Fimze 18)
which shows MCH conversion, selectivity for toluene plus benzene, and the
concentration of additive in ICH, The detailed data are shown in Jable 25
and srmarized in 2€. In this seres of tevts 199-27 was the most
active vith sbout conversion and 200=3 was the moct selective with 31%
selectivity for sremtics, However in peneral canversions were less than 174
and selectivities were 15 i 0%, As therv were cnly seventeen elements
represented ia the twenty-seven ccmpounds tested, it 1s obvicus that the
mture of the additive molecule influenced the actirity and celectivity for
arcmtics in these tests,
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Part {}1
] ..
)
o 2k 0 4 -
) JARLCUS TRPIRATVRID: PULCE REACTCR
,: i
' Pressuce: 10 sta Feed: MCH + 9.5% Add{tive 21 z
Carrier Cas: V. Pulse Yolume: 1 uf ‘
Mlov Rate 5O cc/ain  LEV; 6.7 1)
| :
e Additive Product Analysis, ‘w wWH !
?}.‘h?&a&: 10808~ Tgf;_v. Cenvereion, ]
199-DC- Creckes| MCH | Tolusne | Others®) w
. 3kl voe 52 . 9.91 o041 0.1 ¥
P 34-3 21 752 s.6 |93.3] 1.1 6.7 ;
o 35-1 none 842 - 99.9 0.1 0.1
. 35 ‘2 21 8&2 7-6 woo ’o’ 001 11'0 3
‘ 33-3 none 932 0.2 1 9.71 o1 - 0.3
30-1 21 932 16.1 7.8 5.9 0.2 2.2 !
236-3 none 1022 2.8 1 9.2] 0.2 0.1 3.8 ’
: 37-1 21 1022 | 19.2 | v%6.2] ».1 0.5 23.8 »
: )7-) none 1112 2807 680’ O.S 20) ,1 os 4
’ 381 21 112 | 217 | 69.0]1 1.8 2.0 31.0 ;
l 38-3 none [1202 | 6.8 | 19.0 z.; 1.8 81.0
l 39-1 21 | 1202 78.6 17.0 2. 1.6 83.0
. 8) Bmerged after benzene.
)
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Pert {1

CF MH AT 1022°F
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Part 111
Tabla 26, REACTION OF MCH VITH VARICUS ATCITIVES :
Suseary ’
PMlse Voluse: 3 4
Pressure: 10 ots
Carrier Cus: He
HBV: 601
»
Selectivity
.}
for Renzene
Conversicn
§ C-¥ in 4 ¢ Toluamne
Additive Teed w -
{ ¥s0°c | s50°¢ | wso°c | 550°C )
10808-199-DC-23 | Sat. <1.9| 0.5 o | . .
28! sat. 0.9 0.2 { 0.6 | - -
25 h‘? 100 ‘na - 21
26 3.4 L5 | 6.1 - 18
27 3.8 9.7 |22.1 &1 2%
28 1.8 0.2 L7 - 29 »
mmm‘ 1 lob °o2 202 - -
2 101 0;0 0‘9 - -
3 L7 0.1 2.9 - 31
~ ,06 - 0.9 -
5 2.2 - 1.~ - [}
6 &t‘ <5.~ ' - O.} - !
T18¢t, 1.2 - 0.5 -
8lsat, @7| - | 59 17 )
9 207 Ld 008 - i
10 105 - 0.8 - :
u 3‘%. <106 - o.s - i
12 &t’ Q.k - °.9 - '
13 L0 . 0.9 - ;
1 1.0 - 3.1 29 1
15 1.0 - b7 21 ?
16 | Sat. 1,0 - 2.9 21 ]
17 1.0 - 2.9 28
18 1.0 - b3 26
19 106 L4 100 -
2 A5 - 3.8 18
21 6ob - T.’ 16
P
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In 8 thizd series cf teots (Series III) 46 conpounis, elghtees of
which were tinery metallics were tested,

The recults are chown in Jaile 7, Conversions wers Lo, l203 thas
15¢ (1X°2°F),  Cracking appeared to e e zais reacticn and selectirTitles for
benzeue plus toluene were less than ¥4 exceyt for two additives &ich ;awe
&M and 793 seluctivity for couverei-n o7 5 and U, Scow syDergisc vas
chsered vith the bizetallic z. tures.

yo C re

Tw reculte crtalined thus far have lemcmotrated that fuel additives
vill catalyce both crackirg and dehydrorenaticn reacticns. For dehydmorerms
tion, reaction wates were low with a4444:5ps finpared to thoee cttained in a
fixed bed gyrten with supperted platinmum catalycts, As an exaxple, the best
result ottalned with additives vas 32% comvercicn at abort 10 seconds cortact
time, compared to 0% cenmversiin at about 0,1 reconds contact time vith the
fired bed (1022°F). Thus to be comparatle 40 fixed bed cperation an Increase
in ectivity cof at least two orders cf magnitude ¢ver rates oow cttalned with
fuel additives §s needed.

Cracking vas the principal reaction cbeerred with fuel add&itives and
best yields of arcratics were only about 4% (% yileld = € conversion tizes §
selectivity divided Ty 100).

In these tests scoe evidence cf decomposition preducts and scoe
recidual activity was cbserved. TLi5 sucgests that the 2431%ive decompoced
¢ form the catalyct, although the poesitility that undecorpcsad additives
can act as catalycts has nct been abanicned., In all 9% 2224¢ives were tested.
Scze of these ccntained more than cre oetal and scie synergiss vas observed,
Due to pocr sclubilities ci the additives in the feed, quantitative rezilis
were obtained for only 2 fev ccopounds, Other methods for dispercing addi-
tives (i.e., catalyrts) 4in iTH are being ccnsidered,

In a previous repcrt it was shown that the mate of dehyérogenmtion
of methylcyclohexane (MCH) with the stardard platirum catalyst was about 300
tines greater in a pulse react r than in the ztandard comtinmcus flov dench=
scale reactcr.®) It vas presuzed that this emharcsd activity in the pulse
resctor was due to highe: catalyst particle tezperatures (at s fven furnace
tezperature) and 40 less d4ffision effects in the pulse reactor. Consecusntly,
it was of interest to evaluate a fev of these catalysts in the pulse reactor
and to compare relative activities under conditions of & very mmll endo~
thermic Leats of rcaction and wvith a mirimm of diffusion effect . These
cam.yﬁ.} had been evaluated previocusly in comtinucus flov bench-scale
tests,?°

Four labora pared and two carercial calalysts were tested
st 10 stn pressure, and and T52°F. These were:

o s

—

SRS

PO IIPR A Lo v 3

PR Dienriicd e, i MRN8 0

vy et




@

o@ e

S A ST

o

® ® ® ® ® ® ®
AFAPL-TR-47-114
Pect {11
Table 7. EEACTIN °F MO Wl VARLAR
Puloe Volume: 1 =1
Pressure: 10 st
Carrier Gan: Ho
L'sv: 6.7
MH Selectivisy
Asditive Converston,®) for Benzens +
Asiitive in Teed, g Toluene, fw
.
ga2'r | 1022F | ewer | .2y
10308200 D022 2 5.8 2.9 79.0 76.0
23 2 1.0 0.0 12.5 -
o6 P 2,2 1.k 69.0 0,0
25 2 2.7 3.3 6.9 0.0
11018-199-1C~ 1 L3 - 8.7 - ST
2 2 - b3 - 11.6
3 I - L, - 9.1
" bk - 2.7 - 5e5
5 - 14,6 - k.8
6 k - 5.“ - Ttk
7 h - 1.0 - 6.“
8 h - 6.5 - 9.1
9 2 - 5.7 - 10.5
10 2 - 1.7 - 29.%
1 ) - 1.7 - S.1
12 Y - T.T - 7.8
15 2 - 502 - 501
1h b - k2 - 2.k
15 h - 600 - 18‘3
16 b - 33 - eTr.3
17 Y - 12.1 - 8.3
18 h - 608 - 1“.7
19 ‘ - 6.9 - 2.9
20 b - 10.h - 8.7
21 k - 2.1 - 5.2
a h - }‘.0 - 2.0
23 2 - 4,0 - 2.0
24 2 - 3.0 - 5.0
>3 2 - 2.2 - 3.0
26 2 - 2.7 - 3.0
«200-DC~ 3L 3 1.8 341 16.6 25.8
2 [ Y 2.4 2,9 8.2 6.9
3 b 2.4 2.4 8.2 <
3 b 2.5 1.2 8.0 k6.2
10808-199-Dr-21 LS 5.5 0.2 29.1 3.0
8) Corrected for conwrsion obtained vith pure MH, {Suntinued)
-
:;,é.k‘;. “ L P -
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Part 111
MCH Selectivity
Additive Converesion, for Berzerw +
Additive in ;nd, < Toluene, v
Bu2°r | 1x2°F L2 F | 1e2°F
11018-200-1C~ 1 b 3.0 - 13.3 -
2 Ak 3.9 - 20,5 -
5 k 506 - m.h -
3 ) }oo hed n., -
10808-199=DC~21 L5 6.9 - 8.3 -
11018-200-Dc~ 52) 10 0.5 - 0.0 -
k L5 5.5 15.6 22.9
T b 3.6 3.4 2.8 L3
) L 2.0 - 5.0 -
8 b 2.2 7.0 4s.s 8.6
9 L 3.2 6.5 6.1 “.7
10 L 3.4 12,2 2.9 2.1
1 L - 9.6 - L2
12 b - 8.7 - 4.6
U k - 8.9 - k.s
14 4 . 9.4 - g3
15 - 0. -
16 hY 0.2%) | - 1°)

a) heliwm carrier gas.
b) Feed wvas F-113% Decalin,
c} Selectivity for maphthalene,

ot - ——
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AFAPL-TR~67-114

Part 1l
laborsicry Standard 1¢ Pt on AlaOy )
1003046 (Thell 46 :
20030-45 (Shelr bS !
12080-113 (Shell 113) .
Sinclair-Baker RD~150 (RD-150)
UOP-R3
The pulse reactor zysten was cescribed in detail in a previous

report.2®) In this system s carrier gas cuch a5 bellim cr hydrogen flowed

through the reactor. A mmall ancunt of 1ligquid feed was injected into the

¢8s strean and vas carried through the reactor «s & "pulse*. The exit gas

was lod directly into & GIC for amalysis.

?nch catalyrt wrs lested (0 a3 series of runs 3t 150, 3000, and
LiSV8) at 660 and TS2°F. Q= micrcliter of MCH was injected via a

as & pulse, Both helfum and hydrogen were used as carrier gas. The
Gata are presented in Jalles 29 40 33 inclucive.

At 662°F end with He carrier same catalyrt deactivation was observed
vith X150 (Zalle 30) and Shell 45 (Zgtle 29), but not with the other
catalyrts, This was ghown by the loss in ccoversion between the instial and !
fimal rums 1~ the series. o Geactivaticn was cbeerved with any of the i
catalysts ot T52°F using Ho cmyrier. This ca ¢t deactivation with He was
cheerved 1n earller work in the pulse reactor®/ and precumbtly occurred
becaure the partial pressure of hydrogen penercted by the dehydrogenation .
reaction vas not great enocugh t0 remcwve the coke precurscrs fram the catalyst
surface., This grester sensitivity cf the RD-150 catalyst to deactivatiom
correlates with {ts inferfor intrinsic activity.

Eé

Hyéropen treatment at the higher ftemperature (752°F) sppeared to
regenerate Shell 45 but not RD-150., Thue with Thell L5 at T5C°F the conver-
sione observed with frech catalyst were about those cbserved with a hydrogen
treated partially deactivated catalyst, (cf Rums 1262, -3, =4; with Runs
163-2, =3, ~4; Jable 29). Witk RD-150, however, comversiors were hicher with
fresh cutalyst than with hycrogen-treated used catalyst, (cf Runs 132-1, -2, N
=3 and urs 160-2, -3, -b; Taile 30).

At doth temperriures conversion decreased with increased space
velocity. This 1s ghown by Figmure 19 which 15 a plot of conversion as a

deactivation by assuxing that the deactivation was s linear function of “he i

mmber of pulses. Hydrogen was used at the higher temperature as previous
wark vith the standa~d platimm catalyst bad ahowr extensive catalyst '
desctimtion at T52°F wvith He carrier gas,:®) Using hydrogen at the lower :
tespereture (662°F) gawe canwersicns that were considerably lower than with :
He, pres.aally becsuse of an equiiibtrium effect (Tablee 28 to 33).

Protuct meterial was princi toluene with lesser amounts of Lo

dacoere and creacked products (1iquids). Product distribution was different o
at the two temperstures and for the different cstalysts. At 662°F wvith
bellum, selsctivities for toluene were 90% and higher. Also, of the two minor

products vith hydrogen the reverse was true, and selectivity for cracked ;

2) Liquid Howrly Space Velocity; wolizes of 1igtid feed per volime of cata-
1yst per howr. In these experiments the LSV wvas calciulated fron the
carrier gas flov rete and the tulk wolume of the catalyst {1.e., 0.25 m1).

.Tm
- -
e A ae : ke ad Wl s -
g .n,\-;sl-* i ey, . RGP Se - s s o~ -
Tl A e o e g TR L e 2T are e oy
- N e e amgrih &, % o 3 -7 s
g T S0 P 1 gt R » "%w by . - 4 -
A ¥ yos e o At ¥
% ne £ et .
L . Y o
@ - R
N - v,
X, -

)

(B




AFAPL ~-TR-67-114

Part 111

< g & & & 9

y.,‘:. L
, R
-—g— -y - - . . e e i e eegee . 4 e - =g —— = .
QLI o ] ;.: e ' 0°68 | 068 | S°*R | 968 | S°h8 | 006 | ¥°C8 nf ‘ouver(e] ’
a8y Qyprgyaageg ,f i
P T .
wee | ree |oes | 18 g0 [ 1%ey |2t | et Jevus faes | gt o Cuo|eseave) WO w
BT
L ] Etis [ 06 | 6t L] 128 S B U PAR O I | I T A O osusning ,,wq IS
et ot e L 1 't 6'ig | f'2 rel 1 Lo I 4 Hx i v
&' 193 0'§ 41 ¢ "o (Al g0 (o] £'0 9'0 1 feyIsy A P
o Tejsh suy yInneyyg
W
D] o] vy IvEnL ] 1vCh) | 18T | SEmI6E] CS-IST] BSRIT| OS-RPC| AL-maC] BE-ISC j1e” Jnjavey ) .
K3l 1854 » | * - s » LELLUY
& 'sunjeindre) .
4 4
setr | ORIT ] SO | DO soby "S- oty ;WS oo2c | ves sz | ves ASHY . - 4
okt | omi oore | oone oot oo oRe | 00 00v2 | 00 oost 00r v10/33 ‘ojy ' .
0] § 039 X W)
o W — "-— —_ » vy 201 v) . .
$
-t 0! -0l T-01 | 1-01-00801 | ¥~Ch1 | C~151 | 2-C6F | 1-981 | v=t61 _n..ma. S| 21501 .S. A
T 1 1awnyop melng B €20 A asAimiwmp .m_
*odiu)y 3308y (m 2P YIIM POINTEY 3BAUIND YW 42'0 19WNTOp jekieim) -
we,e O] iaanssodd COTY UO 32 YY1 148A1eIN) t
* - -J
WoWY 45103 TICATVAVO KHOIVEOAVT GUWINVIE WAAC HoW 40 NGIJVNAOCHAKGA g8 8149y %
E
. .m.
b
+ L . L L] ¢



“oueIURg 160 Mgt ey (W

THIUIUNTL03 BIBY}0), TUS LTINS, BN Tue) (2
“iskine yeoug (¢

‘nmrevg 2040 ~efuery (o

— : T - T T Toge Troe 1 o Tovertor
o Lo bowse Joew Poa oo e Toer oo | ok | ook Jsee |rone » wenjep |
295 Lyjagydegeg m
- - - - - - - oy pstee et eer [sore [eenmgoveg yskney
9y Po3asny |
ror U e Jen poee pewn v e | ese dere Leve feis fear {soer o ‘veismave) gy
- - - =4t by Ter e Joe oo too joo oo (s**n0
T o o Jrer fru bseee Yoor e feer fear (s s Laee owenj oy
(rS°C0 § p08 ettt fEr foeer {5t et frer e fesr tee lest [en o o
- - - < Jee P fve o feo ber e jrr serwey
PN Us fern foe jes Peo b foe [eo et e fer [t LY
CACLILURE L]
fr-orlt o ovvtt  arocr| e ondt o-indd sevead streed pv-ova | esersul es-assl gs—ne! wgcst | ngsoc tisy Jupoeey
& 49| > 9] < 29¢ > e3tun §
: & ‘W ueimy |
: H
0812 1140 ooze | stz fosiz fsce fooxt fosiz Josiz fosiz sty jooer {osiz an
0051 0GZe ooz foont foost [oae {ome {oort Jooci foort fooec Yoovz | oo vief3d ‘ayey
&8} vy 98| 408)
< & e oy o o > i Kad i B
O] et | (edtor faetor L ostn |l b2-eat Freenr fecu jrsu fasu | 2o {1 0r0) vy
‘ e S .
M T 1 ‘iesmyop esiny 3 0gr 0 :3n 3sAInie)
v R sIonh YW $2°0  temniop 18K1e3w)
ol ™ $2'1 QIR POINTI AeAIwie) wie 01 ‘eunssrig
[ ——
a " WIvIy achd Yv-6&gctY Sy Tale wand Bow 3¢ wof tvRabowisItia 3¢2 $1as]
$é
«
~ P S e — DR

- axe . N st i " ’ . cpsts o O
B e e e s

L SRR

) ofe ~ o



[
- o
0o 2@ «
a a -
- - a - Y Y - .
,.
50X
¥ K]
3 ysiinres wasy (o
- o« ‘overueg so))e wbiny (o
2 Py " N .l..alovliJY.l.!I!J\I', i Biafiastened THEE R iadatlh ittt Shaliatiile sullbenataddX Thi
P wiw o fra |ore Tow Jow Jow e Ton [ow | o] ]mw a0 ‘ovnie
. &= ) Lyyapysepeg
T <y
i Qe . . . . . T o fen [oor fer | oes | orce | wiisaiianeg setiogeg
N ") )38500)
IXTER RN SRR ) 60 focoe foess fecow | erew fetur fsese [ ece { e {00y o ‘wnswe) g
1 teg L ©r J jeto fe0 Jeo yo0 Joo joo | oo o (s3940
s le [oro U fve {en Jrm ety [ua (s Jete st ey iy
o2 ire o R s (e jrw e Pt (s {ets j s | ot L3
0 10 {2 v 160 o jito Jro Joo feo o {vo [0 wrusg
¢t fio Jeoo 22 0 1o o a0 fot0 Joo oo [0 (o nxmny
81 ‘agodiovy Jaweedy
etme] aretdd avstid o preond] e g Javesee ] dv 3o 1v-0ve ] 05-058] 150801 15 059! £5-159, w5-009 (e mynay w
D e € I R o & b ] > ow.ng )
| & ‘omjsseiesy
iz | ente ] oot 092 | %z fsse Jooxc fosic Josic [o0sez fssey | ool | osw asn
ooas § ot | ox @ [ foox Joxnt jodt jooss {ooer losec | oowe | 009 vi9/3> ‘oyey
8014 o9 201083
« ... >€ by >€ " > 9 0
$-081 | o000 § €081 | (@2°08) } 9200 JC-2€0 § 2-2€4 § -2t JCo0g0 J2ode [ t-0€1 § 2-0C0 § (-OK1 “90001 vy
b
g 1 umiop dWINd 2 1£2°0 W AsAININ)
#A1QD 33aenl) YW £2°0  ewn(oa 18A1e3I%)
T8 €2°1 UITA PAINTIQ I8AIM®) w9 01 (eansssyy
WISV ISIHd  T051GY €aAD HOW JO NOYIVNIOOHALEE *of d19vd SO
ﬂ.w» i
xyv..“Ju:auqm,.
g Y
. r‘.r..c.,,
. . . . ] . . o

-




‘sociorountels Licieecd fowonuee 20159 pelismg (@
- - —— —

vows Jeee [ter [eir |octe |ost Jsvs Jtas jice |z |eces > mres
a3 asereg
tes Ltse joes Jzozg Jeen octe fece joces (ser {icis fuee » ‘enissesved mM
t°e [ 2d 1 | 2 9 [ * **> t'e [N [ M ] [ M ] e aiu.-ocs
v ot Jewe (e Jzeae ]aee jeete jecer Jetnwr lecrz [acee susatey
I3 8 [ 9 41 "0 L 2 [ 2 41 b ] t°% 1t [ M 9 L 2 4 4 s | &}
et )t et 1 ' DAk t°e X e 132 ] s scrosueg
t°1n e's ¢t [ 3 2 § | M 2 4 [ 34 pA ] | 34 4 't st [} vexsesd
ot ‘sysitowy 10r0eay
PR T I o TR S TRER TR L TR T TR SR T BT RN T YRR T2 R T ey tten msveey
- LS &.28L 3 d.399 > (3 .V
. . 8¢ ‘SIRILINMNOY w
outs | soev Jooes Joste | oote | este [estz  [mets | esce | eaze | oests Azt '
[ 244 2 oottt 03 (2 A4 00" ¢ 0091 0081 [ 124 [ 244 [ 144 [ 1} R fas ‘sawy
aslg oY 2etaam)
€ b € o > o) aetassy
-czet | e-egt | veszrr] t-zet | vwever | t-rsv fe-ont lzesgt | tes2t | Sentt | t-sty 20201 wng
:
) m 1 :ewniop e 3 1€2°0 W M)
. oY) z3Ie® T8 C2° 1% (2°0 iswmiop jalimiw)
' - TIIA POINTIC IMLTeIe) ®yr Q1 eansseyy
: m BT 3704 (904201 Oy TLRS WA Kok 40 &
i o
OF -
o
<3
<2
-
- N N . It i 3 < PR JPICL N ok it B 40 .
- . e
® ® ® ® ® ® ® ® 3 ®

o @ = *




&*)
2 |
.
®

. * . -
“ "
. iy
L3
P
&%
| e
;
=
|
!
m
4
—l'l'?ll’l
L J

- - - w - - - (4
¢ D)
—— ™= - - - - B

B
“.mm”.

Ty

sun..iv

‘oussusq 1013 peliowg (0 #Nm%;

116 {666 {06 |16 | 966 |96 |06 | v |16 A, ‘eusntoy | i
303 RjATIootes 7

m,ﬂr.._
rog Jarty ysu {96 662 (U Jog |evw |0l | A ‘wopemsaog WM ‘%m
21 {¢o jor v joo Joo Joo oo oo (o 949920 e
st Jec9 |evw lotr |vse |69 |2cs 219 o9 susntog %&.
Cor e [ Jyvor Joa 16R Jow J2ef |oLe HOW B
vyt |6ec v |zv fro ot ez {z¢ s . oussueg Wf /
o¢ |6z jvy |vy Joo [€o Jvo [vo |go ) Rl
¢ o/, ‘s3siteuy 4onpold ,%x&
svwa! el avesrtd v 15-169" gs-vs9! 26-085! gs-vss! ps-vso Tt 2030wy mﬁm 3
€ 25l 5 9% S 4 sovaang M«..
4, 'vanisieduey £ %
ogie | soev ook |ostz |osie |osie |ssze | ook | ooste ASHT www %
oot | oozt |oowz |oogr {oogt |oogt |ooX | oowz | oon upa/od ‘eyvy R,
AOYL 993 J032a9) B
BRI
€ »y > sy - > o3 aepare) w&mm
G

w621 | 621 | 26zt | 1-61 | €pa1 | ea | 1 | el | -l -90got wny 5 5
1)
M 1 teumiop eminy 3 921°0 1A I8 %f.ﬁ

o) syterhy T8 €20 1. ™ $2°0 smiop 18K1MN 55 1

WA PINTIC 1841949 ®e 01 :emesey ik

BOV :

. . °




» ofe =~ °
a - a a a . et —— A
. . . . . ™ . mqr} .w..\\,..w.‘.
SR
9
w..&&.ﬂwm
3 S TN
: e TR [ J
m.u@gﬁt
i it
Nw«mvm. r@?,.k
?%M_Uv%
. ) *oUeIUN] 29739 pelieeg no By .wm, .w.m
6% o'v$ L 06 & ] 1<K g 26 £ €5 2°%6 iL16 ~. ‘eusntoy v,,v‘.,.wx?: o
av) Kjajioetsg Ry
TG
g'te {vey loor |ger 1o foox [ce Joe {ozs [ea M. ‘UOYRISAUOD HOM a1
A7 o UW
2 60 %1 e [ 00 00 0°0 0°0 0'0 (18390 ) Hm«
o'l 18 ¥ v v oL ARV ig2 vi9 | iy L 314 2°'99 suenyoy :
< g 95 ()¢ 4 e e £ 61 o°oL L 1€ 06y 0°'gt 8L HOM ®
11 21 1 LA ¢ 60 <0 1944 ye Ye e°€ aceg
vl o€ Al oS 19 00 i 60 21 g1 102 (4 20
M. ‘sgslivuy Jonpory
In-2CL ) Sy-62L| Su-62L | Sy-4€Ll | Sv-9CL | €9-$$9 | 09-$9] 09-1€9 | 09-459 { 09~5€9 1T 203080y
. < r49% r o <9 —> oosuIng
_ 4, ‘saninasdeey ®
os12 oy L2y 002¢ oSz o512 o512 (Al 002¢ 429 ¢ ASHT
¢0,°2 ¢ onzs 002§ (a0, 1 oo o091 0091 002¢ oone 0091 upm/oo ‘eyey
AOYE 993 INpaIW)
“ ay ¢ L —> oy I8jiaw) ®
en v-L11 | €-211 [2-L1v [R-L1v [€-911 | 2-911 | 1-911 | 2-611 | 1-611 ~§0Q01 ung
M 1 :swnyop eeIng 3 1€2°0 WA yeATOYR)
pd od1R) syreTd ™ $2°0 ewniop yskIwiw)
- ™ $2°T QI5A DNINTIQ 1819w ®me o1 sanesexg Py
w WOVIT 17T T(LIT- &G0 STT THHS WAD o 40 MDY IWanodaihs ¢ $1qe8
%=
<
3d
e
4
@
o - Wy—
- - - - - L [ @ [ J
s ~ ® i
%) @® @ ¥

2




x CPP® @;.!

(>

. B -
AFAPL-TR-67-114
Paet 1li
100 (]
| T - 662°F
: O He Corrier
- o \
I 8 \ 5.
' "I = |
: i
= - |
| : |
, Qt »
. 50— -
) - @ Shell 45 \ i
‘ - O sheli 45 Presswe: 10 atm f
g } = @ Shell 113 Pulse Volume: 1.} ‘.
. > R Catalyrt Volume: 0.25mil '
§ O UOP-R8 Catalyst Diluted with 1.25 mi g
§ 25— O Standard Cotalyst Quertz Chigs ;
Lo o v RD-150 '
i ¢ I »
- {
100 _y | 1 | i
s T = 772°F i
. | O b, Corrier ;"
| 8= —0~ —y |
75 [ -
i »
pr
) S0 i ! i l »
2000 3000 4000
1. LHSV
‘ Figure 19. DEHYDROGENATION OF MCH OVER VARIOUS CATALYSTS:
| PULSE REACTOR

- S -

.




AFAPL-TR-47-114
Past 111

poducts wvas higher than that for benzene vhilie that fur toluwne was *
x generally lover than with He. Iahle 34 chows selectivities for warine
products in the mome at highest gpace weiocity. Highest toluens selectivity
wvas obtalned wviih RD-150 wvhere 96-99% was cdtsined st both temprratures. .
Poorest selectivity for toluene was cdtained wvith Thell 46 (Qatle 34).
These results sugpest that at the higher texperature vith hydrugen preeent,
& hydrocrecking reaction occurred. Further, the extent of this secondary
Teaction was different for each catalyst, possidbly due to the influence of
the different catalyst supportis.

Table 3%, SELFCTIVITIES VLM VARIUS CATALISTS

{
LISY: k265 :
Catalyet | Rescticn | Carrter Selectirity for, tv
Tesp Gas Toluene | Benzene | Cracked
Standard 177 He 9.6 . o .
752 }k %.0 - 6.0
Sell b5 & He 9,2 3.1 2-7
52 He 8.3 | o.5 | 1.2 )
»
Shell 46 62 He 95.7 5.2 1-1
* 5 Hz 83.6 1.6 14-8
UOP-R8 662 He 95.0 ] 0.7
™ Ha 93.5 | 1.5 5.0
Shell 113 | 66 He 9.5 | %7 | 1-8
m }h wo‘, 109 7‘k .
=150 it He %.8 | 1.2 0.0
752 Ho 97.8 0.2 2.0

Relative activities of the wariocus catalysts were different at the
two tesperatures except for Shell U6 which wvas the moet actiwe and RD-150
shich vas the least actiwe at both temperstures. Igblg 35 lists the catalysts
in decreasing order of activity besed on conwersion at [HSV of 4265; the bench-
acals results are shown for cosparison. The differences in relatiwe activities
at different temperatures in the pulse resctor could hawe been dwe to differ-
ences in activation energles vith the variocus catalysts, or %o ths use of He
st 6R°F and Hg at 752°F, Comparing the resulis in the two reactor systems, .
the relatiwm activity of the standard catalyst wvas corwideradly less in the
banch-scals reactor. Tiis suggests that diffusicn effects may have “een an
important fector and possibly rate comtrolling of owerell activity in the
bench-scals teet vith this catalyst. *
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Catalyss 1isted in order of decreasing :
. activity (f.e., conversion) ;

Presoure:

10 st

Pulse Reactor

Dench-Scule
Aeaciax

LESV «

L2v5

IASY » 100

662°F

T52°F

gh2°y

Shell L6

Shell 45
Standard Catalyst
UsP-R8

Shell 113

RD-15¢

ell L6
Standar) Catalyst
Shell L5

Stell 113

UOP-R8

q~150

el k6

Shell 45

Shell 113

UOP-R8

Standard Catalyst
RD=150

First order rate constants were calculated from conversicns and are
. tabulated in Tgble 36. The values for the pulse reactor are probatly only

] qualitative as our cystem was not designed for quantitative detersiraticn of

rate coefficients,

Thus qualitatively relative reaction rates in the pulse

; reactor and in the bench-scale reactor were obtaired by ccmparing the first

v ————

order rate constants ottained in the two syetems. DBencieucale rate constants, :

obtained at reactor ‘emperatures of S4L2°F were corrected to 752°F usSag the

previously determined activation erergles

H mmfacturer,

reactor materials were:

-t or SOg 5
o gl RGAT E a)
2 e ME

—————

different types of stainless ateel.

). The ratics of the rete

constants in the pulse reactor kp to those in the bench-scale reactor kp
showed that the catalysts appeared to be over two orders of megnitude more
active in the pulce reactor systerx (Jable 3
. difforence prodably was due both to a higher actual catalyst texperatize and
to less diffusion effects an the rate caatrolling step in the pulse reactor,

. Jlfeck of Regctor Material on Peactivity of Decalin

In preliminary studies on the dehydrogemation of bicyclobeptans
(5CH), 1t appeared that the reactor tube was catalyzing both the thermal and
{2 dehydrogemation reacticns.

This effect vas not obeerved earlier with

Wn;mmmmmmmmamtmmmm-,m
raactor tube had been fabricated from material obtained from a different
Consequeitly a fev experizents were dcne to see to wbat extent
; the reactor material catalyzed the cracking reaction, In this study the
thermal reaction of Decalin vas used as a test reactican,

The tests vere carried out using resactor tubes fabricated from
In order t. antirely eliminate the effect
- of the mytal, one reactor tube was fitted with & quarts lizer. The warious

i
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IRSV:
Temperature,
Carrisr GCas:

Catalyst Volime:

k265
T52°F
le

0.25 m1

DSy

Elock Tempersture:
Catalyst Volume:

10
8u2°F
T

Pulse Reactor

Bench~Scale Reactor

Firet Crder
Bute Cog:tant,

First Order
Rate Constant,
sec™?

Egcts
keal/mole

kp/k3

T0.0

67.6

b

100.7
™.7

b6.1
5T.2

0.652

0.873
0.854
0.7&

0.620
0.6%

1.9

13.4
16.h
.5

12.0
12,0

2%
19
123
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a) Type 316 Stairless Steel; Pxtco (No. 316).
b) Type 304 Stainless Steel; Oreenville Tubes (Yo. 304C).
¢) Type 304 Stainlecs Jteel, Plzhop and Camgany (fio. 30ME).

4) Type 3Ok Stainless Steel; Pishop and Corpany vith a
quarts iiner.

tor tubes were 1/a~in, (D with 0,035-in. wall thickness., The liner
quartz tudbe 0,159-1n, (O, 0.116~4in, ID, that it cmgly inoside the steel
The lower end of the quart: extendsd beyond the beeted scxe; the upper
the injection port, so that feed vas injected directly into

quartz tube. At the top end the space Letwen the quarts tude the zwtal
wvas f1lled vith glass wool and sealed vith & refractary cemert; 80 that
aetal In the bested zone. In these tests lhe reactior tubes
quartz clipe (10-20 mesh).

SEERgEY
E..g
3

é’*’
£
X

th
The tests were done gt 10 sim pressure, 102 %0 1200°F, (ne micre~

1iter of 14quid Decelin (I:N) was injected per pulss. Both belliim and
were used as carrier gas.

%

meeaumm:mriaedinng\nichmmﬁemimu
a function of spece welocity at 1112 and LXR'F, iighest reectivity wvaa
odtained with the juxrtz-lined tudbe., Based cn conversions at 1HSV of 10-15
reletive reactivities {n decreasing order at 1112°F wre: quartzr-lined
tude & 3043, > 316 >» 30LB & 304; and 3t 1202°F were: quartz-linmed
ttbe > 3043 = 304 5> 316, The 304G tudbe was not tested £t o higher
tampeature,

The corplete data ohtained vith the quartz~lined tide sre presented
in Zakle 37 and vith the metel tubes in l1akle 38. The latter tadls alsc

Includes earlier work with a Bishop and Compaxy 30k 4ude (No, 30%B).

Reacticn pruducts were 1pally cracked msterial except vith
tude No, 316, With this tube 26.6% Decalin was ccnverted 1o maphihalens at
1112°F vith Hp carrier (Rum 10-2, Table 38). At higher temperature however

°F) 14ttle or no dehydrogenation was obeerved uncer thess conditicrs

11-3; Jable 38). While the pocsibility exists that type 316 stainless
steel w{ll catalyze the dehydrogenation of Decalin under carefuily controlled
canditions, ro further investigation in this area is plamed st present.

There ms scee passivation of the metal tube vith continued use,
Thus vith the moet actiwe tube (No. 304G) 304 IHN conwersion was cteerved

initially at 1112°F. Howewer after cantacting the tube with 60 11 of THN at
1202°F, conversion at 1112°F had declined to 22.6%.

These results showed that the reactcor mterial can affect the
veactivity of Decalin for thermsl reaction. Under o reaction conditions
the effect of the metal was $0 inhibit the reaction rate. These test results
wre £2r sanl)l smounts of hydrocarbon in & freshly cleaned ‘dte, ‘hether the
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In previous work'®) 1t vas ehown that the nomiml reactirity of
mebyloycldierane for dehydrogemticn vas over two orders of mmeitide greater
in the pulse reactor than in the contirrcus flcw bench-gcele reactor. This
erhanced reactivity ws attrituled o higher catalyst particle ¢ eruiures
at a given furtace temperature and %0 lees diffusicn effects in Lo pilne
reactor. It vas of interest nov %o test & dlcyclic mphtrene such 83 Decalin
in the puloe reactor eysten, Theow results would then provide s desis f2 @

quick evaluation test (in the pulse reactor) for fels ruwh ss Aime’hance
decalin and substitulted fulvanes,

Both thermal and dehyurogenation reactions were stuiled wirg F-113
Decalin (DIDV) as feed. This zeterial cortsined 74.64 cis=Ci0i, 25.C4 trane-
DHN and C.u¢ tetralin (Ti). Both hellum and hydrogen were wed 85 carrier
€28 1 il of BN vag injected as a pulse. The reactor tudbe was 1/u-in. @
6tainless steel; Type 304; t{shop and Company. This mmterial wvas found o de
the least resctive with Decalin in special tests (see page 81). Product

material vas amlyzed ty GIC using a 150=1% stainless cteel column, 0,910=4n,
ID coated with F-96,

el Peacticn

Therral reaction ctudiec vere done at 10 stm pressure, 1022-1202°F,
at Lisve) of 7 to 221, shich correspended to spparent ccntact tioes (ACT) of

4.8 %0 0.13 ceccnds. Hydrogen vas used as carrier g€a3. The data are
mecented in 7able 39,

Under conditions of thermal reaction convercion Iincreased with
increased temperature and increased ccntact time (F! ; ACT «1/IKSV),
Thus at 1202°F conversione were 3% at 0,2 seconds ACT but incressed to bag
and 2% at 1.1 and 4.3 seconds ACT, respectively, Further, &% about 4,5
secands ACT (LiSV = 7) conversfon increased from about 36 at 1002°F %o about
%4 at 1202°F. This corresponded to an ac.ivation ener<y of adbout TS keal/
Zole, Product raterfal was principally cracked products (liquid) wbhich vere
not fdentified frther, Run 146~k (Table 39) appeared ancmmlous as the Yields
of THN and naphthalene were high ccopared o cther muns., This experizent
vill be repeated and the present recults must be considered suspect.

In these tests the reactivity of Lidi at 1200°F wvas about that )
observed in previous work vith the continuous={lov bench=scale reactor.’?
In this latter system, A6.64 DHN conversicn wvas obcerved at 1202°F (IHSV of
about 40) compared to Mg conversion in the pulse reector (LHSV of 28°
although at 1112°F the benchescale reactor induced threefvld greater
reactivity. The benchescals data are ghown as a dotted 1ine in Fimuxe 23.
The apparent activation energies in the twe cases sre A€ kcal for the bench
acmmd'ss keal for the pulse. This ccrpares to 64 keal found by
Monsantc®©) in their work, These differences undoubtedly reflect the

8} LiSV calculated from carrd
tube, Voumlm-l.zn-cm-mtmmmofqmnzchip.
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Delydr geration was carried ot at 10 atz pressure with our stardard
1¢ platimm on alumina catalyst, Cnly 0.25 2l of catalyst (0.24 g) was wed, .

and the catalyst was diluted wvith 1.25 xnl of guartz <hips (10-20 msh), w

give & tctal catalyst bed of about three irches, Tests were dome st (L2 axd

T52°F using doth helium and hydrogen a8 carrier gis. The tests c.nsisted .f

a sevies uf s ot each temperuture at LiGY's of &8 tc 4950, The ros were »
trecketted to detect catalyst deactivation during the tests, The Cata are

preoented in Dndles 4C and 41,

Catalyst deactivaticn vas observed at 662°F with He carrier, tut ot
ot TS2°F with My carrier. This was evident as the conversione for corditions
of the Inftial run got progressively lower during 4he succession of rwa
(Tadig 42). This catalyst deactivation with He (also observed with M(H)
recably occwrred because the partial pressure of Lydrogen generated during
dalydrogemation, wvas not great encugh to resove the coke precurscrz {roa the
catalyst.

Te effect of space velocity on conversion {s shown in m‘g
viich 15 & plot of conversion g5 a function of LHSV, The points at to2°F have
Yeen ccrrected for catalyst deuctiwation., For this correction it was sssumed
that the deactivaticn wvas linear between the bracimted runs. At both tempers- »
tures conversion declined wiih increased gpace velocity; more so at the lower
tezperature. Higher conversions were obtained in the pulse reactcr al lower .
furnace temperatures and much higher space velocities than were used in dench-
scale reactor tests. For example in the pulse reactor 85.64 convercion was
obtained at an LiSV of 4960 and a furmace tezperature of 752°F (Zatie %1),
coepared t0 40,24 conversion in the bernch-scale reacter at an LSV of 100 and
a fumece twempersture of 342°F {Iade 17). >

First arder rate constants, calculated from the above conversicns
wvere 57.9 sec”! and 0,498 sec”? for the pulse (752°F) and bench-gcale reactors
BA2°F), resgective]y. Using an actiwation energy of 7.7 keal/role
)33} gave s value of 0.352 sec™? at s reactor temperature of TS2°F °
in the bench-scale reactor. Thus &5 vas observed with MCH, the reactivity of
IHN was adout 200 times cr two orders cf magnitude greater in the pulse P
reactcr. Presumbly this enhanced rate was due t0 both a higher catalyst .
particle temperature and less diffusion effects in the pulse reactcr system,

Surenry

This work substantiates earlier work with MCH namely, that consider= ‘
ably highar reaction rates are possible with cur platimm on alumina catalysts T
than vere obtained in the bdench=scale reactor. At least part of the obserwed
rete increase vas due {0 the higher catalyst particls temperatures (dus %o !
the lov heat capacity of the pulse) that [revailed in the pulse reactor systea
(for « given Nomnace tempersture). Thus high conversions at space velocities
higher than those used in the benchescals work appear feawible if heat can de
trusferred nore rapidly from the furnace dlock to the catalyst particles.
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i Jadle 31, DRYDROCENATION OF DECALIN AT 752°F: PULSZ REACTCR
E Nresgure: 10 ats Catslyst Diluted With
Catalyst: 1. 2t on Algly Quarts Chips
i Catelyst Volume: 0.25 ml Pulse Yolume: 1 ul
; Carrier Ces: Hg Purpace Terpersture: 752°7 ,
{
5 A 10808~ 136-1 [ 16-2 | 137-1] 137-2| 1573 | 1376 | 1382
§ sy 1655 280 1655 3310 1655 b360 165% .
i
E Vall Tempersture, °F |750-A8 |T38-86 | T3M-85 | T79-A3 | 435-AS [725-A3 {T38-4S »
i Product Analysis, T
i Crecked 1.1 0.9 0.4 0.0 0.8 0.0 0.5 '
4 t-DHN 2.2 5.6 3.1 6.1 2.2 7.9 2.5
; e-DEN 0.6 2. 1.0 3.9 0.6 6.5 0.8 .
! THR 17.0 | 1$.7| 8.0} 7.3) 188} 16.1 ) 18.9
: n 83| %1} 1.2y T.7) T2| 695 6.8 b
“leavier Than N 0.h 0.3 0.3 0.0 0.A 0.0 C.h
DN Conversion, fv 971.2] 93.0] 95.9] 90.0] 972} 85.61 9.7
»
»
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b
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Dimethancdecalin (DMD) Ciplhia, 18 & Alcyzlic mhthene comtaining
twe fuced rings vith cardon btridges asroes the 1, and 5,0-positicne, It can
be dchydrogenmted vith the rezowval of two and five molevulas of Lydrogen
sccarding to the following reaction:

@@._,@@.%_,@Kj.%

The endcthermatic heat of thias reaction {s about F0C 3tu/lb for the first
st%ep and could atfain about 2000 Biufld if all 5Hp could be removed, Thus
DMD 18 another attractive candidate fuel even though the remowal of more than
ZHa's may be Aifficult to accomplish.

The DMD tested contained & mumber of components that suably
were various iscmers. Two species (69% anc 14.7%, recpectively) make up
adout 85§ of the feed. Firure 23 43 a GIC chromatograa of the feed;d)

L2 shows the GIC smalysis in which the cccponents are listed in the
order of their CIT emergence iines,

Table 2, AWISIS CF DD FETD
o

2.1
12
2.3
5.3
3.5
€9.3
0.8
k.7
0.2

'3
54
3
>

MM O D>

DD wvas {ected in e pulse reactor under conditions of both thermal
and dehydrogemation reacti-n conditions. The reactor tube was 1/W~in, @
stainless steel tule; Type 304; Bishop and Company (see page 81).
mmvno-dontmahm—'m i ul of liquid was injected per pulse.
Conversicns were calculated from the amounts of disappearance of the principal
foed comporents, For computation of conversions only those species present ia
concentretions of 1% or more were considered principal camponents (i.e., A
through ¥ Figure 23, Tablae 42). No attempt has been made to identify a par-
ticular species nor any of the reaction products as yet. In this reactor
system space wvelocities were ~alculated from the carrier gas flov rete.

a) CIC anmalysis wvere made at 288°F (120°C) using & 150=-ft stainless steel
colum, 0,010-in, ID, coated with SF-96.
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GLC CHROMATOGRAM OF DIMETHANODECALIN
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Dereal feaction

The thermn] Sescuon wvas studied over the tezmverature region _f
1022-1202F at LUSV's®/ of 15 to 1590 vith Loth helfum as)d hy*rogzer carrier
gas. This correcponded to spparent contact times (ACT)Y) of L.2 to 0.2
seconds, Experinents were done in both the stainless steel tube and s tude
fitted vith a quartz liner.®) The data obtalned with the metal tube are
presented in Jables L3 snd L4 for hydrogen and helium carrier ’
respectively; and for the quartz-lined tube in Jatles 45 and hg for hydrogen
end helf{um carrier.

™1 a1l tests DM conversicn increased with increasing temperature
ard increasing contact time. This is showvn in Figure 23, which {3 a plst cf
corversion as a function cf temperature fcr varicus space velocities (metal
resctor tube; Hp carrier gas); and by Flmupe 2§ wvhich shows DD conversicn
88 & functicn of LESV for varicus temperatures (liSY «1/ACT; dats for gartz
lined reactor). Reactivity was greater vith Ho than with He; and wvas greater
in the quarts-lined tube than in the metal reactor. For exazple at 1202°F
and LHSY of 100-108, DMD conversions of 14.2¢ and L .84 were obserwd for Ky
Tatle 43) and He (Table 44) carrier, respectively, in the metal tube caopared
to and 24$ for Hp and He in the quartz-lined tube (Fimaw 25)- In all
tests product material appeared to be primarily material lighter than DD
(1.e., emerged before ccapound A) and was assumed 10 be cracked products.
Based ca GIL emergence times there was some indicaticn that szail amounts
(14 or less) of cis-DHEN and tetralin were formed. Fimge 26 is a chrumatogran
of the product material for iun 151-1 (Jatle 4:). DD appeared less reactive
than Di}i, as st the same tecperature and contact time, DMD conversicns were
lover than those ol DN (of Run 1494, Table 43 and Run 150-1, Tatle 39).
bHeats of reacticn were not calculated pending product f{dentification.

Rehydrogenagfon

Dehydrogenation of DMD was carried out at 662-752°F with omr

1¢ Pt on Al;04 catalyst. In these experinents 0.25 ml of catalyst
24 g) was dfluted with 1.25 =l quartz chips (1020 mesh), to give & cata-
bed length of about three inches. Tests were done at 572, 662 and 752°F
using heliumm and hydrogen as carries gas. The tests consistad of a series of

at each temperature of LASV'89) of 86 to 5178. The runs were bracketed

to detect catalyst deactivation during the test. The data are presented in
Table b7.

Catalyst deactimtion was observed at all three temperatures doth
vith heliue and hydrogen carrier gas. This was ccncluded as the convercions
for the conditions of the initial runs got progressively lower during
series of runs. This result was different than was cbserved with MCH!®) and

standard
(o
1yst
s

a)} IHSV was calculated from the carrier gas flow rate and the bulk volume of
the quarts chips. The bPulk volume = 2.40 ml for the steel tube and
0.87 a1 for the quartz-lined tube = volume of the erpty reactor.

b) ACT was calculated from the yoid yoluve in the tube and vhich wvas taken
as cpe~half the volume of the empty reacztor.

cg The quartz-lined tube was described in a previous section (page 81).

d) 185V were calculated from the carrier gas flov rate and the hulk yolupe
(10.0' 0025 ‘1) of C‘mo
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DEN Where catalyst deactivmiion wvas oboerved crly with helium ard not with Hg.
This sugpests that vith DID: 8) the feed amy cortain & catalyot polscn that
13 not rencved by hydrogen; b) the coke precursors formed om LT are 4iffer-
ent from those forwad from [HN or MUH, and are not as readily rexcmd by
hydrogen. her experitents are contezplated in whiich the feed will te
passed cver gilica gel pri-r to use; and the tests vill le dune al Nigher
pactial pressure of hydregen (i.c., 20 cr 30 sin pressure).

The effect of space velocity on comrversion is shown in fiemae 27
shich is & plot of XD conversion as & function of lHSV, ‘hese puints have
been corrected fur catalyst deactivation s vas described in the section on
dehydrogenation of Decalin, A% both temperatures .onversion declined with

Sonovnmnnd zpane - v\lO« Deandlvibe A0 DID wma concidara -.’lv 1sgs than that

—— . - =% S mam— ——— .y

of Decalin, possi‘le because cf catalyst dear tivation. (he arount of
deactivaticn during the initial pulse camed e dotermined TG i dala. )
As an exarple, at abcut 5000 IHCY at TS2°F, 531 T conversion was otserved
(cmcted for deactivation) ¢ ¢ to 85.64 [ conversion {cf Rumn 141-1,
Zakle 47 and Run 157-4, Zakl ; Further, product material appeared %o t»
jrrincipally cracked products, p:-ticulaer at the highest ‘ecpermature. This
conclusiun was based on the observaticn that the lighter components (1.e.,
before and after A) were greater and ccmponent E wvas less than were present
in the stuting material. This suggests that Lydregen promoted a catalytic
hydrocracking=4ype reaction scme of whose producis could have strongly
poisoned the catalyst. Iizuge ©5 s a GIC chromatograa of the product of
Run 1392, It is fairly evident froo the multiplicity of peaks that a
reaction other than sirple dehydrogenmation occurred. COne of the possible
reactions is 2 reverse Liels-Alder racticn following dehydrogenation thus;

— (-0 0

Efther the cyclic acetylene or cyclopentadiene cculd act as catalyst poisons.

First order rate ccnstants were calculated from the rate of dis-
appearance of starting material. At the highest temperature and space
velocity (752°F; LHSV » 5178), a wvalue of 19.9 sec”® wes corputed bssed on
the corrected value of the conversicn (Iable 47 Run 141-1)., This was consid-
erably lower than was obtained with MCH sec™!) or DEN (57.9 sec™?) and
again suggests that reacticns other than dehydmgemtion are taking place.
Further exploratory work will be done with this naphthene.

Beactdvity of dcyclchertane

cKclobzpum (5CH) is a monocyclic naphthens with a cardor bridge
across the 1,4-position, It can be in principle, dehydrogenated to yield
{hree mclecules of hydrogen according to the reaction.

O—Q-—Q
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100
8 Catalysr- X Pr on ALO, Catalpat Diluted with 1,25 ml
- Catalyat Volume: 0,25 mi Quartz Chips
» Feed: DMD (WADC No. 2)  Premure: 10 atm
Corrier: M, Pulse Volume: 1yl
75—
s L
.
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O
Q
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= & 862°F
S O s72%f
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0 | | l
0 1300 2600 3900
LHSV
Fi 27. DEHYDROGENATION OF DMD: PULSE REACTOR
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The end thermic heat of this re«ctiun 1s 12850 Ptu/lb for the first step and
poesitly 1600 Ptu/ld f°r both steps. Ancther poasible reaction of BCH 1a the
foroaticn of tetrscyclheptadiens via the reacticns:

@ —.—’ @ ‘e}b -—-—’ | ’2}10

The tctul endotherwic heat for this reactiocn s estimated to be adout 2500
Btu/lb. Thuz FCH {5 a very attractiw candidate endethermic fuel, even
though it say de difficult to carry the reactions beycnd the first step.

BCH was tested {n the pulse reactor under conditicns cf bdoth thermal
and catalytic reaction. The runs wvere macde at 10 sta pressure; 1 ul of liguid
was {nlected per pulse. ECH is a solid at rcom temperature and melts at abcout
1TT°F (30°C). Thus {t vas necessary to hest the syringe in order to {nject
the feed as a liquid, The reactcr was a 1/4=in, (D stainless steel tute,

Type 304 (Bishop and Co.) with 0,035-ft wall thickness and was heated by an
electric furnace over a five-inch length.

GIC analysis of the BCH feed showed that 98.9¢ of the material caxe
out as a single peak, f>llowed bty seve smaller peaks vhich amounted %o 1,14
and which were ccnsidered impurities.®’ Conversicns were calculated from the
disappearance of the principal cozprnent of tne starting material. No attezpt
‘A3 made to identify the impuri{ties, nor any of the reaction products as yet.
In this reactor system space velocities were calculated frm the carrier gas
flow rate,

Dhermal Reaction

The reaction wes studied over the tecperature region of 1022 o
1202°F at LHSVD) of 14-271 with both Ha and He carrier gas. This range of
space velocities corresporded to Apparent Contact Times (ACT) of 4.2 to 0.19
seconds, In these experiments the reactor tube was filled with quartz chips
(10-20 mesh). The reactor tube vas 1/i=in. (D stainless steel tube; Type 304;
Bishop and Co. (See page 81.)

In a previcus secticn of this regcrt it was shown that the reactor
fube could catalyze a cracking reaction., Thus in order ¢0 have a direct
ccoparison between BCH and another naphthene, the thermal reaction of both
BCH and Decaiin (DHN) were carried out consecutiwely in this series of tests.
The data are presented in Tyble LB,

With He carrier BCH comversions increased vith increased teoptrature
and increased conmtact tire (Figure 29). For exaaple at 1202°F, DCH conversicn
vas about 1.7% at an ACT of 0.19 seconds and increased to 7.8¢ ard 23.8% at
ACT's of 0,94 and :.T secor.s, respectively, Further, at about 4 seconds

8) CGIC amlyses were mede at 70°C using a 165-f% stainless steei capillary
column, 0.01-in, (D, coated with SF-96 50 silicone.

b) ISV vas cslculated from the carrier gas flov rate aud the woid volumse
of the tude (1.0 ml).
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Table b ROCENATION 4N Ny S2°F: O PTAC
Resctors
Cotalpets 17 M o A0,
Catelyot Volvas: 0,29 of
Prossurs: 10 sts
Pulse Voiuen: | pé
Cotalyst Ditutod Sith | of Quarts Ohipe
Run e, ]
1
Corrior Soo P N » o] N, Ne iy
Carrior Flow
hm“hmmmmmmmmmm 90 | Xar 00 | Xof
| LASY 300 [ 114313450 1 688 | 340] 208 MG ST STINX | 33 [ M0
:’:’:"":"' el 13- - [rae o roe [ e el s s e .
s ' an [} a a [} [} [} 7 3] a 47 [} 4
Sreduct
dalysts, 7o
Lighter
then 0CH 3715040 35,8 182,2 | 35,6103 | .8 30,21 X.5{0.¢ | 12Y 1D
o] 62,7]29.4] 8481234 | 63.7] 6.8 | 828 05,20 85,2178, | 08.8 (M8
Mtor 300 | 0.6 3.2] 034 &) 0.7] 2,19 0.8 o8] o803 | 08 | 1.2
18 Conversion,
.
Chserved T 600 ] 2.2 168, | M7I0¢ | Nt WO I j25.2 [ 135 JI150
Correcten
for Catalyst] - - . . . . - 3.0 L JUS | %0
feactivetion
flest Orver .
m“c-nm. D2 1S4 2.0 |10.9 | 22.5§0.18 | 243 10.210.398 | 22,20) | 1.9%8) | 72,20
oee
8) Correctos for catalyst dosctivetion,
«110=
® ® ® ] o ®
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Table 5], [EHYCROGENATICH OF RICYCLOHEPTAN® AT 562°F
Seestors »
Catalysts 17 Pt on ALL0,
Cataiyst Velves: 0.25 o8
Prosoures (0 ote
Pulos Volume: | pi
Cotsiyst Dilutow Zith | of Cusrts Chipe
»
Run Ko N N
oty RN K G RN W FTRENTI Y TR FTR NI FURE FUS SRRV ) A i
ﬁl - o
Corrlor Gas | @ | 9 >| o Ko >
»
Corrior Fl" 1
fate, ccfain | 00| 800 |1000| 20100} sc|ioco roo0| s0f io0o 200] 1000 so] io0c i
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Matysis, 3 !.
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i gon (1651990 185 377 108 ezf 17.4] 301 13] o8] 1 07] 19| C8
> ] 82,1 | B9 90.2] 00.9] 19,7] 25.2} 90,9} 96.7] 98.0] 90.5] 978 ] 979 | 97.3] a0 )
sttoe 000 | 1,0} 2] 03] 1ae] o5 o8] 7] 03] ol s} ] 1) 0] 1 '
::’"’:’ 19 { 2t | 18] 3501 2.3 108) 10a] 33l 2ol us] 221 21| 27] 20
»
First Orcer
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The results obtained thus far wvith this catalyst were cimilar to
those obtained with DMD 4in that under the test conditisns, cracking appeared
to be the principal reaction. As the reactivity was greater with Hp this
ruggeets that hi-irogen promotes a cracking-type reaction. Possibly less
catalyst deactivation and hence irproved resctivity might be otlained by
operating the resction at higher precsures.

It proved ext:emely diff{cult to inject pure 1iquid BCH into the
pulse reactor, This was decause there was only a small temperature difference
betveen the melting point (190°F) and the boiling point (223°F), and hence the
syringe could not be maintained at the proper temperature during feed injece
ticn, Consequently the other twelve catalystis were tested with a mixture of
604 BCH, 31% benzene and 1% unidentified raterial. Tests were done at LHSV's
of 206 and 21 over the temperature range of €62-1022°F, The complete data
are presented in Jable 92,

None of the catalysts tested were partictlarly effective in
dehydrogenating BCH to the mono~ or diene. In fact the most bicgcloheptadiene
produced was with the R-8 alumina svpport (see Runs 154=2 and 15ki-4), with
only about 15% selectivity at about 45-50¢ BCH conversion. A mumber of the
cavalysts 414 produce benzene plus toluene in about 50% selectivity at 65%
BCH conversion or higher (e.g., 10860-92D; 98T4~114B; 98Tu~144),. Unfortunately
the endothermic heat of this reaction {s only sbout 450 Btu/lb for ccoplete
conversion of BCH t5 t¢rlusne, s~ this 4= act 2 very attractive reacticm poik,
Cracked material wvas onme of the principal products and some of the catalysts
were more effective for the cracking reaction than others (cf 987L-22B,
9BT4=39B with 96TL-114B and G8T4=141B), Of the catalyst supports the silica
was the least active and the R-8 alunina was the most active. In fact it
appeared that {ir metals mounted on this iatter support a good ion of tbe
%ﬁ:ﬁ Tti\'iw was due o the support (cf R=8 Alg0y with 9687L~14k and

1B). -

From the results obtained in these tests and the tests vith oxr
standard catalyst it aprears that it will be difficult to dehydrogenate
bridged ring naphthenes to the corresponding arooatics with high or even
moderate selsctivity.

Bemch-Scale Fvaluation Tests With Methvlevelchezans

Two catalysis vere evaluated in the bench-scale reactor, (e of
these vas prepared under our catalyst development program (10860-3L) and the
other vas a commercial platimm on slumina catalyst !'.oudry 200-SR; ieries A).
The vest procedure, which has been described in a previous report,’®/ gives a
msesure of the effect of terperature, rressure, space velocity (f.e., contact
time) and catalyst stebility over a three-hour test period using a single
cha.r;aofcatahst. This test involves making a series of runs at 542 armd
1022°F, 10 and 30 stm, and IHSV's of 50 and 100, Our standard laboratory
platinum on alumina catalyst wes also tested for comparison,

The Meults of the tests, the conditions of each mm, and the order
in shich the rms were made are shovn in Jable 53. Each catalyst wms rated
48 t0 "Relative Performance”. This rating was designed to show how the
catalyst wvas performing at the end of the test, ~elatiwe to the standard
catalyst and quantitatively was taken as the ratic of the first order rete

“11h-
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constant with the cetalyst (k.) to that vith the standard catalyrt (kg)
calculated from the (CH conversion of Run M. T.

Based cn these 4ests the lab rrepared catalyst wa:t more active than
the standard catalyst indtially, but deactiveted badly during the test, and
became inactive befcre the completion of the test. lossitly operating the
resctor at higher pressure might statilize this catilyst.

The lLoudry catalyct was less active thar the ftandard catalyst, had
Slightly hicher apparent activution enerpy for dehvirogenatic., and deacti-
vated slightly more than the standard cuataiyst.

Inged ¢ ratals ] o R y et M

1ICT cli=Sc FOCIR zests

In earlie: tests in the MICTR®) and in the benchercale apperatus,i®)
catalyst number 1u280-L6 and its prototype 9ET4~199B were shuwn to be superior
40 tne standard reference catalysts for the dehydrogenatiin cof MCH, These
catal;ste consisted of platimum mounted on a gramular support. On the basis
of the good activity found it was decided to test this cutalyst in the FSSIR
and a large batch was prepared using a spherical support. The spherical
support had the same composition as ihe wlar sunpert. The large batch of
mcu catalyst was mumber 10280-113 ?s:in 1i3) and its prototype was
1 9lA.

Sell 113 wes eyaluated in our benchescale reactor using our
stancaru test procedure.®) The results of the tests are shown in Zable S$4,
shich also includes the date cbtained with 98T74~1998 (platimm on gramdar
support; obtainea earlier)i®) for comparison. Shell 113 was about 15% more
active than the stendard cataly~t, ».. woz lelinilely inferdior to the granular
support catalyst.

Activation _nergies ranged from 1C.3 (standard catalyst) to 13.4
cel/mole, These wvalues were celcwlated from the rate cons*ants obtained
froz the dxta of Runs 1 and 2. All of the activation enc. gles were greater
than that of the standard catalyst; this suggests that the new catalysts
would be even more ective than the standard catalyst at temperatures above
1022°F.

It was of interest to compare the performance of Shell 113 to that
of the reference cetalyst in the three test apparatii., In these spparstii
the reference catalysts and the test conditions were different and are shown

in Iaple S5.

In tests with 10280-91A (Shell 113 prototype) in the MICTR, T6%
XCH conversion was observed at 8u2°F after 13 mimrtes reaction time compared
10 664 conversion with the reference catalyst, Based on first order rate
canstants, catalyst 10280-91A was about 32% tore active than the reference
cetalyst.

In tests in the benchescale reactor Shell 113 was about 15% more
active than cur standard laboratory catelyst.

a) See page 15.
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»
Table S5, TEST CONDITIONS IN VARIOUS APPARATLS ’
L SOnIs IR
Test Conditiors
Reference
Apparetus | coralyst | Pressure, Texperatwre, | .o »
. ata F ’
MICTR Brieh | 10 662 Bi2 100
Bench-scale | 9TW-T8)| 10 B\2=1022 100
FSSTR voP-R8 35-58 900- 938 | Ge%~1610 ,
) Standard Taboretory 1% PL on AlgOs cetalyets
»
»
120 i
,
: i !
; . 4
° ° ° ° °
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i
In tests in the FGCTR 1t sypeared that Shell 113 was Cefinitely ’
sore active than the reference catalyst (CPR8, The pertinent data oXtained
in the FSSTR are shown in Iable S€. For a more detallied compariscn of the
two catalyute all of the IUOTR data will be wmalyzed weing cur pucked ded
computer progras in Niture work. For the present {t 45 spparent at the
Shell 113 catalyst wvas more active dan the reference catalysts (n w1l testa.
Other catalysts that were more active and zore stadle than Shell 113 or
UCP-R8 under MICTR and benchescale test conditicns (such es 1028046 and »
10860=-114C) vill be evaluated under FSSTR test canditicns in the future.
T
A SELL A5 i OF FOOT
Reactor Tube length: Two feet ’
Reactcr & 0.375 inches
Init{al Presswe: 900 peig
Inlet Tecperature: 90Q°F
MCH Feed Heat Input MCH Outlet | Outlet »
Catalyst Conversion, | Muid Press.,
b/ar | LSSV | Btu/hr | Btu/1d % Texp, 'F| poig
R-8 64,5 ) 1610 | 50,000 | 620 61 930 500
R=6 5.1} &5 |20,000 797 e G538 830
13 62,1 11550 | bo,000 | 6hL 64,5 900 525 ’
113 25,1} 625} 20,000 791 80.5 910 840
»
]
»
»
|
|
i
13
- 1.
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Coventioral smralar C talysts and Tataiysic Toebingg

The conventisnsl catalyst preomrati{cn and small scale MCH lshyirce
genati n sireening test (MICTR) 1Y £Twn bermn under this contrect has been
continued taring s et year . 1Y) Many 213(ti nel granular catalys's
have 'wen rrepared that crmaisted of One, or two, Or three or more metals on
vyari-us aupprrts. Mest of thege were cambilnations not ovreviously studied, or
Sptimizztion's of cawbinativn's previcusly studieds A pumber of trials were
mnde with chelated single active setals and unchelated binary mixtures with
e oh,ect of {noreasing metal disrersicn and thus increase dehydr >genaticn
axtivicy and seie~tivity. Also with this odbjective the effect of high
temierature muffiing in eir has been stutled with the more prumisi.g catalyst
gystes.  Speclal sttontion has been mid to finding cheaper and mcre sbun-
4ant metal r metals to sudetitute for expensive suppcried platinm.

lzprovement of catalytic coatings for metal surfaces has been
acntinued C(or appliceti.n and mechanical properties, particularly adherence
W metal surfaces, and catalytic sctivity. Many nev formulations have been
studied by strip test evaluation and by MICTR tests of the cariidates in
Flatinized gramular forme Soms of the best formulations Luve been tested ss
wall ~stalysts on 1/A" OD tudbes in the MICTR and the best so far ca 1/8* (@
tubes in the FSSTR.

Through, August 1969, a tolal of 827 catalysts have been prepared,
or cbtained fram propristary, or ccxmercial scurces; nearly all of these have
been avaluated in the MICTR. Most cf the catalysts were tested in 10-20 mesh
partisle sizes, including many catalytic coating candfdate furzulations. A
mumber of catalytically coated tudes (1/4" OD) have also been evaluated.
Screening has been for dehydrogenation activity with MCH and selectivity to
t.lusne, at 10 atm pressure, without added hyurogen, at LHSY 100, ana 662,

752 and Bh2°F. With the 1/8" coated tudes, the saxe pump rete (30 al MCH/nr)
vas maintained as for the usual granular catalyst charge (0.9 al ¢iluted
2.0 ml vish granuiar quartsi. The tubes were filled vith quartz ¢> create
better mixing and heat transfer. All cstalysts were compared with reference
catalysts 76874+139 (1% Pt/JOP R~8 typs Al 03)e A duplicate stand-by reference
catalysy (10866-70, run 878), made 2 years after the original, gave almost
1dentical test results. The purpose of the screening tests {s %o odtain a
quick oommarison vith the reference catalyst 20 as to locate the most promising
catalyst campositions and eliminate catalysts with activities too low or
selectivities too poor to be of practical i{importance.

A sketch and paotographs of the MICTR are shown in Figires 87, 83 qnd
93 in the Appendix of Meference 18 along with a description cf <he opsrutional
details. Subsequent modificaticns appear in the Appendix of Raference 16 and
sore recently the criginel CIC trace rcorder has been replaced with a
Vestranics recorder. Detailed test data sppear in Appendix Tables 131-133.

Various trials have Deen made to develop better adhesion of support
coatings % sand-blasted and smooth stainless steel (304) surfaces, partis-
ularly the latter. This has been carried out mostly on flat metal surfaces
for convenience of inspecticn (1/2" x 2%).
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Catalyst Preparation

Grinular Catalysts

Mogt of the catalysts have been prepared by {mprecnation of varicus
supports (10-20 mesh) with cme cr oure metal sals cr metal complex solutions,
followed by cven drying at a moderate temperature and reduction 4in situ st
different clevated temperatures prior to evaluatiun in the MICTR. Scms Type 1
supported bimetillic catalysta, however, vere first lopregnated vith astals
K or J in the desired amcunt, dried, and muiffled in sir at 932°F to "coat®
the suppor: surface, prior to emplacement cf the active metal. Sudsequently
the desired smounts cf gsecond aclutl.ne were Lupregnated and the catalysts
dried at 259°F., Reducti{con in hydropen was usually done in the MICTR ™ut in
scme cases in an encloced separate uni?, or the catalysts were first muffled
&t elevated temperature.

Typically only small quantities of anv particular ca’alyst has been
prepared, i.e., a fev grams to ~25 grams. The ammte of metals emplcyed
were usually within the limits of 1 tc 14,

Various catalytic ccating candidates were prepared ar< screened in
platy tzed 10-20 mesh particle size for activity and selectivity with MCH.
Since the primary otject haj been the mechanical strength and catalytie
properties of these materials as thin films cn metal surlaces there results
will be discussed in proper context in the appropriate following sections.

The objective's cf this stuly are digcussed {n the previous secticn.
The effecta produced by varicus preparative and cperaticnal procedures are
discussed in ccnnection with their !ICTR catalyst perfcrrance under

Catalyat Evaluation.
Catalytic Coatings
Metal Strips

Additional candidate catalytic coating mater{als have been prepared
with the object of improving metal adherence, to find mcre sctive practical
systems, and to optimize for activity the amount of platinum emplaced. Thin
coatings have been made mostly on smooth or sand-blasted rectangular stainless
steel stripe (304, 1/2 x 2"), followed vy drying first at ambient temperature
and then at highar temperature, and finally muffling at elevated temperatures,
usually in air. Similar sand-blasted mild steel strips vere used earlier in
this period but these tended to axidize more reedily to form a surface scale
at elevated temperature which weakenel the coating >ond strength. In scme
cases calcination in hydrogen gas at elevated temperatures m? emplcyed to
avoid surface cxidation. More exacting recent tests consis* of examing the
coating physical appearances, thickness, and estimating per nt stripped off
vhen a plece of pressure-sensitive labeling taps {3 firmly ,ressed cn the
coating surface and then removed with a steady pull.
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Metal Tubes

In granular catslyst {zpregnaticna, the desired am~unt of =metal
ccepound {8 put into sclution and thua {3 virtually all imbibed cn e zuppert
a8 1t {9 dried vith stirring, so that the metal percentage on the uliimmste
catalyst {s accurately ncwn. However, the sacunt of metal similarly laid
dowr. on & thin support coating on metal cannct be as eagily known without
cantrolled conditions and amalysis of the coeting. Heretofore, a single
concentration of platimm metal {n solution has been used (16.8 =g P+/ul)
vilch vith gramiles vould give 2-3¢ Pt. However, the data given in Tatle T}
indicate that the expected Pt content would be closer to 7% and probatly oo
high for the most efficlent catalyst. Experivents wewe carried cut in which
four tubes were entirely coated inside with & formulation I support about 6
ails thick; this was controlled by pullirg s 0.182" dic tapered Teflcn plunger
through the thixotropic coating. Befcre muffling, the top 7-1/2" of the
dried coating were dr{lled cut. The tubes wure then puffled at 752°F. Three
of the tubes (Nos. 20, 16 and 15) were filled (and let stand for two hours)
with solutions containing 4.2, 8.4 and 16.8 mgn Pt/ml, respectively. The
excess solutions were dreined, dlown clear vith campressed air, and the tubdes
dried and muffled at 662°C to convert the metal to Pt-FwW'e Tube Noe 17 vas
treated similarly except that {¢ was twice successively fillecd vith the Po
containing solution (16.8 mgn Pt/ml). After esch impregnaticn the usual
draining, dloving, drying and suffling was carried cut. The btottcm 3" of escn
coating was then drilled ocut by hand and the drilled costings analyzed for Pt;
bed lengths were 4" long and in the usual emplacement. Thus & Pt range of
koS t0 12.9% was achieve.. (10860 - T and 8 series)

Tube 27 wvas coated vith Formulation I in vhich the fidbroms and
particulate Type 1 supports had been tmll milled together, before the Type 6
binder was added. Adout 54 platinum was emplaced. (10860-18)

Three 1/k* 0D stainless steel tubes (304} were thin-coaled inside
vith formulation I, dried, and muffled in the ususl manner. The tubes had
been filled a%t the upper end with the thixo ¢ formulatiion and then a
tapered end Teflon plunger (0.182" in diameter) was drawn through, so that
the thicimess of the coating messured ca S mils, after muffling. The coating
formulation has been designed to avoid surface checking and to give xinimal
shrinking on muffling. Excess coating was drilled out after the dry‘ag step,
90 that the length of the remaining coeting, and its position, corresponded
%o that of the usual gramylar charge. Tube 2k was impregnated wiih ca 5%

tal A, based on coating weight. Tubes 26 and 23 were coated with roughly

and 104 metal X in the usual manner, dried and muffled in air at 932°7, and
then each impregnated vwith the same amount of metal A, and dried. Reduction
was ~arried out in situ, in the usual menner. The actunl metal concentrations
ware noi deterained. (1086C-35 series)

Tvo 1/6" 0D tudes {30%) thin coated with Fcrmulation I
were izmregnated with tio different amounts ~f mstal B ammine (tubes 22 snd
25, appraximately b and 64 metal based cn coating, resp.). The b-1/M" long
coatings wvere mufflad at 932°" defore metallizing and reducing in situ in
the MICTR. The MICTR evaluat..ns of the catalytically coated 1/4" tudea are
summarised in Table 71 in the %yzluation Section and given in more detail in

Tables 131-133 of the Apendix.
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Two 1/8" 2D stainless steel tudes (308) and 23" long were coated in
s similar manrer {or evaluation in the F33TR with MCH, and the tes! results
are reported in a separate secticn of this repcrt. The uneven inside of each
tube (I.D. 0.071") wag gcarified by werking a 0.0625" dia drill rod back and
forth with a twisting moticn, using Noe 200 carbormndun povder-wmter-soap
paste a3 grinding agent. This wvas then theroughly remcved by vater washing
ad pushing cotton plugs throush the tubes. Two similar Formulstion I coating
materialn 're used that were designed to differ in ultima'e hardness and
density. The same general technijue vas used as for the 1/L" dia tudes,
except that the tapered end plunger wvas a short plece of J.0&K5"™ dia drill
rod. Tube L-1 contained 0.074 g coating (10360-4T), and tube L<? ccntained
0.142 g of a harder and denser coating and wvas probubly more evenly coeted
(10860-48-1). A:-ter heasing to T52°F the coatings vere ca & mils 4hick, The
tube coatings were platinun ammine impregnated (ca 5% Pt) in the usual manner
and dried; reduction to Pt metal was done with aitrogen in situ in the FSSTR.
The test results and heat Slux measurements are reported in ancther section
of this report.

Catalyst Evaluaticn

Granular Catalysts

Various means of increasing activity of platinum/type 1 support
catalysts have been studied by atlempting to increase the dispersicon of the
metal, e.g., cause mcre ¢f the piatinum to be spread out as a 20no layer.
The activities of the resulting catalysts fcr MCH dehydrogenaticn have been
used as the criteria of the effects produced. Table 57 sumarizes the
recalts and Tables 131-133 of the Appendix gii23 camplete de‘a’ls for each
MICTR run. The approaches tried were those cf emplacing Pt by icn exchange
on a 4ype 10 support, by chelates or complexes on type 1 support, and by
miltiple instead of single impregnation of platinum. In nearly all cases,
the reaction rates at 752°F were equal t0 or less than the control catalys.
(10860-57C). Ammponium thiocyanate caused a decrease in activity which could
be restored to the normal level by heating the catalyst in air (10860-91 and
93, resp.). In one instance vhere ethylene diazine was used, s amall
improvement in activity resulted (10860-59D). Impregnation of Pt four suce
cessive times on type 1 support, followed by thermal deccmposition of the
tetraanine impregnate at 752°F after each of the {irst three impregnations
gave about the same activily as catalyst prepared with a single impregnation
and vith the same total Pt content. (Catalyste 10860-115A and 1158, runs

1059 and 1060, Appendix Table 133)

Earlier study showed ‘hat increasing platinum content fram 1 to M
on & type 1 support increased activity but much less than b £01d.3%) Also
for a given support with incressing platinum content a maximum of scti ity vas
reached and this then declined with a further Pt {ncrease. One of Pt as
& monolayer would be expected to cover -276 m2 of surface area. Thus s
1§ Pt/type 1 su:gort having a gross nitrogen adsorption area of 286 »?/g would
have only 2.76 of surface covered by Pt at zost, and a LO6 Pt content
11.0 a2 of surface covered if Gispersal were campleta. Thecretically there
would be ample roam for platinum dispersal but this hasn't been achieved in
sctual practice and apparently & consideradls fraction of the Pt atcme form
clumps so that the metal is not used catalytically at the maxirum efficlency.
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Table S7. ATTEMPTS AT INCRZASING ACTIVITY BY
DISPERS ING VARIOLS METALS ON SUPPURTS
Conditions; LISY 100 vith MCl, 10 ata pressure,
00 edded hydrogen, temperature 752°7
Metal
Ca t BMua | ke/xe®
Ragers o4 p—" Dispersiag agent support |y | (130

57C Pt | 4] None (ccutrol) Type 1 | 995 l.1b
5 Pt | 4| Ion exhcnsge T,pe 10| T8} 1.03
5B Pt | 41 Ion exchange Type IC| T35 | 0.9
STA Pt | bla,a' dipyridyl Type 1 | 9R | 1.1s
ST Pt | 2| ethylene disaine Tpel | 996 1.33
9l Pt | 2] tbiocyanate Type 1 91| 0.91
9 Pt | 2| thiocyanate, oxidized in sir |Type ) 9511} .11
105A Pt | b ] ethyiene dimine IType 1 1031 1.20
1058 Pt | 4| ethylene dismine, scctic aeutr |[Type 1 |iO32 ] 0.81
109 Pt} 1] Pt [(CHy)s Pt AcAe]2 Type 1 [1040 | 1.00
1154 Pt | 4| Control siugle 1opreg.atica Type 1 {1059 ] 1.28
1158 Pt | 8|4 tupregnatioust) Type 1 |1050} 1.21
b31 A & | ¥one Type 1l | 812] 1.0
584 A k| a,a' aipyridyl Type 1l | 870] 1.2
58m A 4 | ethylene dimine Type 1 | 8T7| 1.13
105¢C A | 2] etiylene disatoe Type 1 |1033| 1.1%
105D A 2§ ethylens dineine, scetic oeutr |Type 1 [103% ] 1.2b
58¢c B b a,at dipyriayl typel | 879 0.75
58D ] & | ethylene disaine Type 1 | 880 0.68
1058 B 2| ethylene dimmine Type 1 |1035] 0.
ws5r B 2| ethylene disuine, scetic neutr {Type 1 10353 ] 0.T5
10¢ 1 b { Metal teichloride Type 1 Teb | 0.33 .
108 1 A | ethylens dixulne 1.1 Type 1l | 00} 0.29
10280

155¢C 1 5 | aat dipyridyl 1:2 Type 1 MN2}| 0.58
191D I | 3] ethylens disaine (1:3) Typel | B3] 0.1
1920 1 2 { ethylene diamine (1.3) Tpel | A1} 6.9
192D I | ] ethylane disutoe (1:3) Tpel | B} 0.50
}92: ) 4 3| ethylene atanine (1.3) Type 1 | o9 | O.28
15 1 A | nitroso salt Typel | 551 0.31 .
59 I |M|aat aipyriayl (123) Type 1 | 895 0.59

a) kc s First arder rate constact of experimental cstalyst. :
ks = Pirst order rate constant of reference catalyst 9€Th-139. o
b) After 1st through 3rd ispreguation, and during, ssffled in air st T52°F.
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A case {n pint {s nitrcren reduced ca'alyst 10869-115, containing b.hg total
platinuez/type 1 suppert {subsequently eva’uated in the FSGTR). This edsorded
55 u mcles H:/g catalyst between 32 znd 972°F which at a H/Pt retic of 1.0
cerresponds to nly 51¢ zcnodispersel Pi.

{enerally, the aztiviey ¢l metas A was nct improved dy chelation
impregnation (-~ Talie 57). This metal {s a cl.se cimpetircr to Pt lut has
tne short c¢rming of puerer selectividy at high MCH ccnversion. As 4iscussed
in ancther sectiun, thi: dicaiventage 2an te cvercome {n gramilar catalysts
by sddition of me.al X.

Ay W\ Co—— a3 —

Nc improvement of sotivity retulted on chelatiu <1 ze*el B,
Inprovement was noted {n a few cases wiih “ne polynuclcar cetal I tut as
discussed below selectivity tc toluene is poor at the higher MCH conversions.

Stady has contimsel of using supperted metal A as an alternate cr
supplezent to platinum. Unfortunately, this metal {3 less abundant, in consid-
eratle demand, anl mcre expensive than platinum tut micht be useful if {¢
demcnsiraced high specific activity, stahility or synergy.

Previously, small percentages of supperted metal A on a mrifcular
tyPe 1 suppere wvere found to have low cataly*ic activi*y for MCH dehyirc-
genaticn. In general, {%{ has required large auounts (104 or mcre) ~n ancther
type 1 support tc produce activity equivaient to 1-2% supported platimm
(catalysts 9874 -121A and 1213, runs 156 and 157, respectively, Takle 73,
ref. 18).3/ Also a disadvantage or tnis “ype cf catalyst has been formation
of cracked proiucts and henzene in addition to toluene { f.e., poor selec-
tivity) when te3t conditicns were made severe encugh to produce 70-30% MCH
conversion. 1In ad4ition, the latter tvc catalysts were found to have pocr
tcluene selectivity and to 1se activity vhen tested with MCH at 1022°F, at
LHSV 100, and at 10-50 aim pressure, in the bench-scale test (c.f. Tatle 6, »
P 29, 18). Poor selectivity was alsc cbtained with catzlytically ccated .
1/4® CD tubes (c.f. Table 68, runs €18 and €20, ref. R-2). Combinaticn cf
meta) /. with cne or two cther metals, on & type 1 suppert, penerally has not
improved catalytic activity, or selectivity at high ccnversiom, wih the
excepticn of platinum.

S A G K Lty 2 N A g Ty sy S WAL A e

Quite active catalysts have been cbtained with 2-L€ mrtal A on a ’
type 1 support that =xceed the activity of the reference catalyst 9874-1%9
and equal that of control catalyst 10869-29 on the same suppcTi. However,
serious loss of selectivity begins at about 804 MCH coaversion (c.f. catalysts
10860-33A and 33E, runs 311 and 81z, Table 58)e It has been found that, if
the support is firat soated with a difficultly reducible metal (X) cxide and )
calcined before impregnation with metal A camplex, whaile the activity remains 4
the same the selectivity {s much izproved up to almcst camplete MCH conversion
(cof. catalyst 10860-28G, runs 789 and 806, respectively, Jable 53). Thus
this system apprears to be a close campetitor to the Pt/Al;0y system in
granular catalyst form.

._.5' "
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&) Active catalysts were repcrted earlier, hovever, with L-10% metal A on
type 2 and 5 supports that were highly selective at MCH conversions up
to T3%. A type 6 support gave 2 much less active catalyst.
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The effec? has been further studied of cuating type 1 supvort with
selts of difficultly reducible metals V cr K cxi{des prior to impregnstion
vith various metal complexes other than thuse of metal A (discussed above).

A sumary of the resul's are riven in Talle 59 in which <he rela‘ive firut
order rates at 752°F are compared af ter reduction at T98°F, and 4n sme
instances at 977°F. Detailed dala are given in Tille 1%0, of the Appendi:.
The V and X oaxides alone on the suppert vere reduced only sligntly at 793°r
and vere found t¢ be {nactive {c.f. catalysis 100-27 and 28, respectively).
The 2% Pt, Uf V supprrted ~atalyst had a slightly higher ra‘e %han the coarircl
catalyst (4§ Pt/type 1 support) afler T98°F reduction, but the two catalysts
had aboit the same rate afer 977°F reduction (catalysts 10369-27A and 25,
runs TTO vs 807 and 809 vs 815, recpectively)s Metal B or D on metel V
ovide/tyom 1 suvvort (reduced at 798°F) aad rates only slirh*ly loier than
that of the contrcl catalyst (10860-2TD and 27¢, rmmns 774 and TTS,
respectively). Metals I and F gave a catslyst with s much Zower rate. The
2% P, 3.L% K supported catalyst had about the same rate ag the control
catalyst (10860-25A and 29, runs T82 and 807, resjectively) after T98°F
reduction and a slightly lower rate after 977°F reduction. Catalyst 10860-28H
containing metal B had only a slightly lover rate than catalys®t 285A afcer
reduction at both temperatures (c.f. runs 790 vs 81 and 782 vs 30L).

Catalyst 1C360-23€ (2% i, 3.L% K/type 1 support) had an even lower rate <bhan
the control catalyst after reduction at the lcwer temperature. Catalssis 288
and 28D {2¢ I and 2§ F, recpectively, on 3.u% X/type 1 support) pave about
cne-nalf the rate of the control catalyst after reduction at 798°F {(c.f. runs
783 and 7185, respectively).

Sumarized in Tatle €0 are duta reproduced &n d4fferent form from
Tatle 23 in which various metals were used tu proncte activity 4n the X/type
1 supporied form. Other than Pt, only netal A (and possibly metal B) showed
sufficient activity to be of intersst. Bcth metals are presenily less alundant
and more expensive than platinum.

A further dravback of promotion by metal A alone was formetion of
benzene with same observed exothermic effects on testing st MCH conversions
over c¢s 80%, under the usual screening conditions. Catalysts were jrepared
over & range of campnsitions of supperted A + X in an attempt to optimize
activity and selectivity for ¢cluene at high conversions. Supported A in
verious amounts and separstely K {n various amounts were testel and the
results are sumarized in Table 61, and detailed in Appsndir Tadle 13C. The
latter were incompletely redusad and cetalyticelly inactive over ine range
1.1 to 10% X/supports

Supporied metal A ftself is active at as low = 14 concentraticd
and increases in sctivity at 2%; no further sciivity re: Ots at if metal A
concentration (at LHSV 100). At LHSV 50 only the 2% A cutalyst shows a
further activity increase, At hirher conversicns selectivity ¢s pocr,
particularly with higher metal content. 7The best activity and selectivity
with bimetallic catalysts occurs in the regicn of 2% A and 3.6-10% X type 1
support. In most cases LHSV SO was used to force ithe total conversicn to the
region cf 100%. Higher metal A coucentraticn (f.e., 4¥) tended o worsen
selectivity without improving activity. 1In viev ot less favorable effect of
setal X co selectivity in the thin costed tube experiments, described 4n the

E AR L MRt N s B
. e

ety N

e e -
v

AR h B KfoF e s nE T

s atliohil ¢ Motttk Xkl
v

- e e~ -

o




v r maeirme Seat —

. A Waost, s

OIAAE £ SN DI b S TP =05 P

b

R .

] ° ° °
AFS DL-TR-67-114
Port 11}
;
Table ©3. RFIATIVE MCH DEMYTROGPNATION BATES OF VAXIOUS
“SUFPORTID BIMITALLIC CATALYSTS, RENZMD AT T9€ CR 9TT°F
Conditions: Seme as for Tadle 1
Catalyst do. |  Composition in <7§§£}"§-) Run [(1343:]
305G¢- | No. | Reduned | No. | Reduced '
L Metel, $ | Metal, fb)i ot T98°F nmg
. 29 fewmtrol), 5 Jeor| 1m les| 119 1i
44 0 by T€9 | 0.00 - - |
334 24 o lsu| 11 - - |
— ?SB s A 0 812 f W% 1~ -
ol } 2m by 1o | .22 i 89| 119
b oo 2r sy lm|oes |- -
n 23 by Te | .81 - -
984 2p by 5| 0.8 - -
210 21 by TT| L20 (81| L7
I+ £ 21 Ay T80 | 0.35 - -
E 28 0 3.6x 85| oo | - -
P2 3 5.6 (1| L2 (8| 103
28 21 5.6 K 7 | 0.b8 - -
28D 2r 3.6k 785 { c.s2 - - :
261 29 s.6x or| em - - |
2% 21 3.6 T89 | 120 85| 108 l
281 232 3.6x {190} 1.00 |80 103
8} See footrnote 8), raﬁ. 97 this repart.
b} Coputed es metal tut oxides were only slightly reduced to metal.
-130-
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Tatle €1, INFLUENCE OF MFTAL ¥ AND METAL/X BATINS ON ACTIVITY AW
STUCENE of LBCiafivy JFRANG ML S ToFCA TGz N
Com.itione: UBT 10D, ste preseurs, ne oddes Ky, 0.9 ol [3-20 sseh cotelyste (ilvtec
sith 1,1 ol guartz, teegersture vor.oble,
| $ el ' i $ 0 Comersion, So ;
Catalyet " | Docustion
T i Gl TR B
' ' ? l ?ol-m:mi Toluons Donzere ' Tel-ene L
000- 31 Aj2 il 83, I | 100 30,30,95] 0,005,528 000 5H8 ;
IR IR N E R O TR B 106} 37,31, 1 0,8,0 45,5452, 0,30 7,757 ,
N 2A LT, W] M 0|50, 45,48! 2,0,0:8,1,10 I81,0 82,1,07 ¢
welow tanfus| sm | 0 {mzszs| 0,00]e47,0 8,60 78,7 |
Neiadfian ms| om0 8,3,4| 0,0,01161515' 0,60 2620, '
WA 2Pt 348 xim: m 1 | n,27,25) 0,90 %,5,% 0,00 82,778 i
dclinjsscisnl 0 | ,25,32] 0,00]57,55,5%: 0,00, 84,8,0
10200- 19 E[1A| O (08 797 100 | 24,14,20] 0,0,0!44,43,40 0,00 8, ©,5% |
Prose. BA[2A] o Jenl | o0 a7, 0,605,528 2,00 LK,
. N:jaal 8 {8is] MW 0 | 36,32,20] 0,0,0175,76,77,35,25,1¢" €0,70,82 !
‘ nDYeal o a2} m 100 { 3,31,30| 9,0,0153,55,5:21,17,21, 8,75,75
) DY srl o |l m 0 | 47,12,13|3%,2,2 srsa.s‘uun ,48,47 ¢
3|0 [sxiod! m 100 0,0 0,0 60, 00 00
Ve iA[3sK 88 ™ 100 § 24,33,2¢] 0,0,0 a,u.ns. 0,0,0 7,7,88
V14|28 MW 0 | 1,35,%] 00 n,u,ss‘ 1,3, 92,92,9
B 24538t [88] M 0| 24,3,73¢ 0,0,0]52,%,51! 0,0,0i 75,74,7%
 FIRTARY ALK 3 1 0| 32,3538 0,0,0/ 1,785,780 1,64 9.92,M
' N oj2al38K{ms: ™ 100 | 25,25,28| 0,0,0] 50,47,47;  0,0,0{ 75,73, 72
L N IRR R XE SN - TR 1] 100 | 32,%,0! 0,0,0f 8,5:,%| 2,0,0, %0,78,80
B8 4a3sxioe| m u.u 81:9,%,32" 81,%4,58
' BN 28)385 00 M 100 { 19,0,2t] ©,0,0 47,48, o.n.o’ §3,58,67
BE 4! 38K 8] ™ 10 | 24,2,21] 0,0,0 ts,cut 2,1,0! $2,63,64
BE 4BiSXiN| ™ w {33,320 0,0,0] 68,6585 55,35, 10 8,557 |
BA ] 2axisr} M 100 cs,m,znf 5,0,0} 45,0,4' 0,008 £,0,0
B ofwrim m 100 0 o %22 ol s,1,7
V204 108 |82 N 0o | 2,2,72) 0,0,0] 3,488 0,00 M7,T8
WE 1A] tox |sm] M 100 } 18,04,12) 0,0,0] 26,14,18 0,0,0° 3,34,
VE 2af 10 su| m 100 | 24,2220} 0,0,6f %,3,37 0,0,0; %4,52,50
wFl2a] ocfer em ! @] minnl o005, 000 12500
| NE Al 10K |80 M 100 | 3,2, 0,0,0] $4,43,43 0,0,0; #4,85,62
| RV A, 10Ky MM 0! B,2,25] 0,0,052,5%,54 2,1 ¥,3,%
] Wif20] tox M2 m 0! 7,2, «f 00,0 “'”1 0,0,0! 82,800,610
; ‘ BE 20| WM Mo 0] 515H] 60,0, 34313 o.o.ol ,45,42
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raxt section, 1t arpears dhat {%2 min funciin may b W {nfluerce sendary
reactione vhose rates are governed Yy 4ifTusicn prencewns. Flziw 13 porirayd
the selectirily izprovenent resulding from the inciusion ~f 3..4 C Lo e

e 1 supprried 2¢ A catalyst. The data wvere otlalved g s el of Yine
in the MICTR e3¢ at 842°F, While the timecallil~ catalyst gl.es 2izh and
uniform selectivity over the lS-minute pericd, tre monooetalilic catalyse
gives at first pocr seleciivity which lirearly laprcves vith tUxe.

Prcmotion with different metals of metal X/type 1 supperet ({tself
fnactive vhen reduced) gave adout the same relative ectivities wih MCH as
their counterparts cn metal X/type 1 suppert, ctialned previcusly (10240-32
series vs 27, 29 and 29 serie3s'. The metal X/type 1 suppcrt hal teen zuffled
at 932°F before deing promcied. The highest activities vere cdtalirel with
the Pt pramcted catalyst, wisth aetals A and B civing less aciivisy, 11l Yeing
about as active as the reference catalyst. (10860-32A, G ard H v3 337+-139,
Table 132 of the Appendix)

The effect of mufcling at 1u73°F {n air has been %c reduce congld-
erably the activiiy of various X =etal promcted/Syve 1 sippert catalysis
(62E-+1, Runs 892-895), M.ff1ling 2% 1364°F in 2ir deactivmed tc 1 small
extent Pt promoted melul K/type 1 suppoit (10€60-65F, Run 905). Muffling at
1292°F in air, however, had li%%le effcct cn P4 cr metsl B promoted netal
K/%ype 1 suppert (10860-62A and 62C, Runs 297 and 898, resp; ITabtle 112 of ‘le
Appendix ).

Neither metals V cr X alcne on iype 1 support vere s:timted bty
mffling a% L364°F in air, belfcre reducin: (16360-658 and €50, Runs 900 and
9C1, resp.). 7The conirols reprtes earlier vere likewise inactive aftar
reducticn.

Further study vos made of the possibdilities of improving catalytic
sctivity b addirg varicus active metals ¢tc X ted type 1 suppert
(heteropcly acids vere used ss the scurce cf X). Variations have been intro-
Cuced by only drying the proooted suppert befcre impregnaticn wih each seccnd
metal {I), and then muffling part of each calalyst in afr a? 11.3°F (Ii). A
second group cansisted of muffling the K prawoted support at 1148°F in air
befcre imprecmation with each second metal (III), and then mufflirg part of
each catalyet in alir at 1148°F (IV). These variaticns were dcne %0 change
the binding strength of =metal K to the suppert swface, change e exiant cf
alloying of each pair cf metals and their degree of dispersicrs cn the surport
surfaces. The reacticn rates at 752°F vith MCH in the MICIE male by these
variations are shown in Tadle €2, and the details in Tadle 123 of the Appendix.
The best results with the Pt, K/type support wvere obtained vith variaticns I
and III; also for the metals A and X/type 1 support. The four variations
sade the difference vith the metals B and X/type 1 support. Variaticm I1I
wvas best vith the metals D and X/type 1 supporte The metals B and K/type 1
support was inactive vith all variations, as vas the metal X/type 1 support
zlone with all variation. The betier catalysts were campareble in activity
1o the better Pt/type 1 suppert.

A mmber of mono- and dimetallics cn type support showed same
ronise but all these had MCH dehydrogematicn reates much lower than the
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MCH, LHSV: 100, B42°F, No Added Mydrogen.
Semples tekan ot 3, 8, ond 1] mia. frem Stert,
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it Convention to P o
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Figure 31. IMPROVEMENT OF TOLUENE SELECTIVITY AT MIGH MCH CONVERSION ,
8Y ADDITION OF 3.6%K TO 2% METAL A/TYPE | SUPPORT (MICTR)
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reference ~atalyst. (ne cf these (10060-.24} vhizh aypeared %0 have sxe
ramise could oot Yo repruduced Uy suleeg.ant similar srepamtlinos, wd wws
adandcred. The results vith these catalys's are savmrized in Jstle €%,

In Tadle Gk are shown e relative rates of derircnenation of MCH
at TS2°F of platinlzed catalysts contalning vari us setals attached by matim
exchange %0 A type 10 supictte Two tewperatures cf reduction were expl-yed
since the ex:changed cat! ;s are not easzily retuced. Ca‘alyst 10660-5 cm-
taining 4§ Pt has been uwsed a5 & conircl catalyst; the best resulis being
oDalmd vith setals ? and Re After 977°F reduction, only smeals 0,1,2, °nd
S showed higher rutes; P gave about the same rete and Q o large decline in
rete.

Canerally, of the granular catalysts studied, Pt/type 1 eupprt
has been the most satisfac’ory sll-arcund systeu for MCH dehydrcgemat.on iz
2he MICTR. This type of catalyst has performed best, particularly wnen 1li’e
and stability are cansilered in the bench acale tests, not cnly with MCH “ut
vith cther candidate fusls. OSeveral btimetallic sysiems have campeiiiive
ativity in the MICTR btut 1re less stadle in the bench scale tests. The most
campetitive single metal (A) tends to form by-products at high conversion,
scome of vhich result from exothermic reactions. Althcugh this tendency can
be eliminated by eddition of metal X, the catalysts are lass stadle than
Pt/type 1 support in the bench scale test. Very fev supported bimetallics of
the many cambinations screened in the MICTR with MCH were sufficiently sciive
%o be of interest. Ty 1 supports, the variety of which avafladble are
lagia, have proven to bte the mcst satisfacicry cf the many diverse types cf
supports evaluated. Such supports, of suitadle physical characleristice and
combdbinations, are tw principle ingredients cf metal coating formulation I
vhich serve as & gupport for platinum.

At the very high space wvelocities (well in excess ~f 100) required
to obtain attreactive heat fluxes, many metals and meial combimaticns on

are inactive that are known to have reascnadle dehydtrogenation
activity and selectivity at the much lower space velocities (f.e., 1-2),
which {s generally used in refinuries 1o incresse the octane numbdber of gaso-
line camponents Ly dehydrogenation and cther types of reactions. In the
latter case, acidity is also incorporated into the catalysts to pramote acid
catalyzed reactions the producis of vhicl alsc incresse octane number of the
final gascline.

Coate tal S

Study continued of candidate support coatings for metal rurfaces.
These were coated onto mild steel sirips that had been sandblasied, degreesed,
ocated with a thin (~1 =mil) of type 18 binder and muffled at ca T52°F.
Coating thicknesses usually vere fram to 5 %0 8 mils, and emplaced as hydrous
formulations, dried at 248°F, and zuffled at 752°F. Tabdle €5 descrites the
metal adherence and hardness, and the MH dehrdrogenaticn rates of the
catalysts, using the corresponding formulation as a support. All of these
catalysts were sore active than the reference catalyst. Amcng never forwila-
tione goot adherence and hardness wvas achieved with fibtrous tyre 1 suppert-
particulate type 7 support with typs 6 bdinder (10290-195 series), and {itrous
type 1 support-particulate type 12 support vith type 6 Yinder (10280-196

-136-
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Tadle 63. REIATIVE MCH DEHYTROGEMATION RATES
VITH MONO- AND BIMETALLICS OX TYPZ 1 SUPPCR?
Cond{tions: Seme ss for Tadle 62 ?
Ke/5qt)
Catadyst Composition, $ 1. (7422’7)
Mo, Mo, ! Reduced
Metal (1)] Metal (2) st T98°r
9878139 1M 0 - | 1.00
10280.1528 2Y 6D 60] 0,58
; 180193 | 2 m 2V 68| 0.19
i 18a.1938! s P 2V 69| 0.8 X
i 10280.193¢ 2D ayv T00 | 0.43
* 10860-8A sD 21d) |11 0.79
imsoo.aa $D 0 31 0.,6%
| 1060-104 ML ) e o.h3e) b
‘meeo-zsa 2n 2L 765 | 0.80
8] See 1000008 5),4&& O, Wis repor..
bg e«x ethylene dismine complex.
¢} Two additionsl prepurations of this
oasposition vere insctive. b
}
!
) =13% }
}
3 .
t
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Jadle Ch, REMTIVE MCM DEHYDROGEMATION RATES JITH Pv ON VAR

EXCHANGED SUPPORTS, REIUCED AT 752 UR 9T71°F

Conditions: LHSY 100, 10 ata pressure, no sdded hydrogen
0.9 al 10-20 mesh cstalysts diluted with »
quarts to 2.0 al, tespersturs 752°F

{ Compositica | xe/xe®) ' ke /xg®)
: cnu:-t = &.:‘1 (152°r) ::;n | (152°7) |
1 [} Raduced [} ) feduced
! L Rl ey : et 798°F Latgmrer . »
10860-3 b | (comtrol)| 728 .03 . ‘ .
10000-1984 | & ? Tm L7 121, 1.0M : :
10260-1954 | & Q n2 1.08 ny | o6 \ :
[] t ' '
10280-1998 ¢ & 0 s .11 {715, T22) 1.17, 1.09 .
| 10060-199C | & t | ne | L6 nr 16 |
§ 20000-1990 | & v i7es, 1o nes, L] T2 1.06
L] -
\ 10860-50 | & s ™ in ™ 115 | »
s axchanged sleve, displaced alkali wetal lons vasaed aut,
remining alkali metal ione sxchanged as complelely as poseidle with .
other lons. Displaced ions then weghed out.
B) ko = Pirst order rate comstant of experisental catalyst. ’
kg = First order rate enstant of referencs catalys: (CTh-1%).
. ]
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series). Aithough lesding to excellent catalysts (108¢0-21 seriez), »
gxdif{cation of e oller F-roxilation I geve pocrer metal athesizm. This
Bxiif{cation vas the ball-milling tcgether of the particulate and fibrus
type 1 supports before wrking them up {n » scriar vith the hydrocus dinder,
rether than using “as received® {itrous and lall-milled particulste type 1
suppcerts, vhich led to good metal sdherence {n te past.

The early Fermulation 1 techniqme has Leen reexaxined vih the
objlect of making tiUnver costings than fcrmerly. One such coating was made
with good adherence and vas fairly herd vith a thickness of 3 mils, of which
e Yinder was about 1 mil thick. Other satisfacicry costings were majde with
thicknesses of &-5 mils, aad 7-3 ails.

Varicus cnating experiments have been carried out on flat =ild or
stainless strips (c.f. T2'les 66 and 67). Much of the study has employed
sandblasted stainless (30L) surfaces alihough some of the later 4+ta vere
obtained un swooth tut alightly roughened surfaces., Thinper films heve been
“wed generally, than previcusiy and thus there has Leen l2ss tendency to sirip
off on thermal flexing cf metal surfaces made concave by shearing. Also
furthur exmerience indicatcs that there {s not much sdvantage in an underccst
tinler such as No. 18 vhich vas used {ovmerly. This undercoat (ca 1 mil
thtiek) could be of concern in a tube catalytically coated with a thin filas,
since therxal migration of alkal{ ions to the catalytic coating could gracdually
cause local mineralization, and possibly phas: changes, with cansequent loss
of «ctivity.. The undercost does not seem t0 be %00 necessary in successfully
lining tubes, although 1t has been used up %o tube 27 {1/k* tubdes only).
Ganerally, better adhesion has bLeen obtained with a sand-btlnsted rathsr than
e relatively mrooth flat surface. Also 1t makes 1ittle difference vith
stainless surfaces vhether the final calcination is made in an ai, or hyirogen
atmogphere sinoe it {3 less subject to gurface xide formatiu “han mild steel.

Additionel Type I formilations have been prepared using various
expnsive marticulate supports (types 1,5,6, and 7) from a different supply
source than the corresponding cheaper counterparts studled previocusly (c.f.
1sst saction of Table 6]). Ia this series formulations with types 5 and T
appeared t0 give the most satisfactory metal coatings. The suppcrt meterials
of types 1,5,6, ard T, of very small primury particle size, were seperately
{nto pantes by aixing with platinm tetramine hydraxide sclution. Thin

of thess pastes were smeared cn sandblasted stainless steel stripe and
dried. All checked xnd flaked off, except the suppor’ T preparsticn. This
showed same achesion but checked:. The latter results are not listed in
ble 67. All of these latter mreparaticns when dried in thick layers were
strong. After reductior in ydrogen their catalytic perfcrmance
wvas deterxined vhich i{s degcribed in the next secticu.

Qsnerally, after 752-932°F muffling in air (or TS2°F reduction in
He) most type I formulation costing materials adhers fa’rly well to sand-
blasted stainless steel surfaces (30k). lcwever, stranger adherence to smooth
stainless surfaces is desirsble; self-stiripping scantimes cocurs even cn
prelinirary air drying., Zarlier it wvas shown with s roughened =ild steel
surface that adherence was improved by first applying and suffling s thin (ila
of type 18 dinder, slthough this was without effect cn coating bonding om
stainless surfaces. Further efforts wvere directed mainly tovards improving

*
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costing adherence particularly %o stainless steel. The Mesults 1re simrarixd
in T3atle A8 which also lists the mmbdrrs of plaiinized granular catalysts
maje fraz the same coating mm'erial.

(1) Type 1, T and 5 prwders were found 4c aihere topether when
=fred with platlimm teiramine di:ydr=xide sclutirn, and on reductiomn lead %o
acifve cataiysts (10060-5iA, B and C, Tatle 68). ‘twmoe powders were of a
cifferent origin than the corresponding cnes reported on earlier. The wet
mate-ial formulaticns had excellent metal application properties but self

st-41pped in the cases of 10860-54A and C, although adherence was fair with
S4Be

(2) An epxy binder ~ardbmnized (in H;) as an undcrcoat led to s
527t, poorly adbering ccating witn nc tiniing adility for Formulation I
coating or type 1 suppcrt (10S60-56 and 0 meries).

(3) A metal salt (21) which wix decomposed to type 1 support was
found ‘o have pocr sihesion $4self {10860-66A and 67A) or for type 1 suppert
(10850-668). This alscaline salt reacted with mmn-catalytic metal 15
{10860-64C) to give a +ype 1 support which, afler neutralizaiion and drying,
sdhered fairly well to sand blasted stainless steel. Hcowever, this repre-
sented no improvement cver earller Fcrmulation I ccatings. Use of a campound
{23) to ald in alkal! remcval from muffled end produst did noct improve metal
adherence. Ancther metal sal* {22) which could be decomposed thermally to
type 1 support decomposed on 258°F heating cn mild steel but not stainless
steel surface. The lattier on hirh temperature decampositiorn cracked snd
1ifted off the metal surface (not shown in Tadle &3).

(4) Several additicnal underccati.; materials were tried (25, 26,
27) and after muffling in air cne of these arpeared to izprove the tinding of
Formilation I coating to sand-blasting stainless steel {26, 10860-T53). Ome
of these gave about the same aduerence as the ccntrol (75C) and the otuer
gsve poorer results (7S5A). On smooth stainless steel, an undsrccat with
compound 27 gave the best surface for adbherence of Formulation I, 26 the next
best and 25 ty far the pocrest; evex poorer than the control.

(5) The effect cf compoment ratio of Formulstion I on adherence
wvas studied, without use of underrcate The 45:45:10 ratio gave fair adhesion
vith both amooih and sund-blasted siainless steel (105860-78A). The LO:40:20
ratio gave fair adhesion with the sand-btlasted metal but not with the smooth
surface (10860-TSB). The 35:35:30 ratic gave poor results with both surfaces
{10860-TEC). Coating hardness increased in ihe order TBABB<TEC

{6) The 35:35:30 ratio Formulation I, retreatment of sand-blasted
and amcoth stainless steel surfaces with 1 M HC1 at 135°F did not improve
adhesion (10860-7T9-1 and 2). Similar resultis were obtained earlier with hot
nitric acid passivated stainless surfaces. Foor adhesion resulied from a hot
HC1 treatment of smooth mild steel surface (10860-79-3 and b, untrested
control surface).

(7) Prior plckling in 4 M HC1 at 185°F gave poor adherence of the
35:35:30 ratio formulaticn coating with smooth stainless steel snd fair
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Iatle o8, SVAICATITN CF MROPEPTIES OF VARICUS

SUPIYRT CCATINGG ON MFTAL SURFACES

Symbo’s: M« Kil4 steel L = Lifted off surfece sponterecusly
35 » Stainlesn steel [30k) P =« Poor
SB « Sand blasted ¥ o Fair
SM » Snooth C = Good
£ * Excellent
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adherence with spcoth :11d steel (10860-80-1 snd 2, resp.). The 40:30:20
ratio coating gave even pucrer sdherence.

{8) unpickles sand-tlasted stainless steel gawe falr adnesicn with
the 40:40:20 retio Formulation [ {oomirel, 10660-80-€).

Ancther lechniqy ' has been: used ‘0 improve tonding of comtings W
setal. This consists of spplying a thin f£1la of type 6 binder % & conting
previocusly banded by suffling to stainlass s‘eel. The occating 1s tden redried
ad remuffled. Scme improvezent vas obained with an overall formulation 3%
fivrcus type 1 supoort 354 particulate type 5 support « 30% type 6 binder
wvhich, however, {s mechanically scf ter than the standard Formulaticn |
(10860-88A and 90, Tadle €9). Excellent adhesion has been obtaloed by nis
technique with the harder Formilstiun [ at cversll type 6 Yinder concen-
trations cf 20 and 30% (10860-94LB and G4C vs 44, Tadle &9). This technigue
vill probabdly lead to ixprcvement of adiesicn for any coating material whick
has satisfaclory mechanical strength and catalytic astivity vhen suitadle
prootede It can easily e applied to the inside walls of astal tubes, or
other gecmwtiri: coanfiguraticns.

A nev type 1 support of {ine particula‘e size sudstitutes {nto
Formulstion I gives about the same gensral properties as the same Forwilsticon
using the standard particulate ‘ype 1 suppert, in general use (10860-107,
1078, Table €9).

Naturally occurring fitrous tyre 16 materials have deen evaluated
as substitutes for the gsyntheti: type 1 support which has given good resul‘s
in Formulaticn I. though ample supplies cf the latter malerisl are o
hend for experizental usage, 2nd 3 wealt: cf knovledge adovt {8 man.laciure,
usel, and properties {3 avalladble in variocus publicaticns, {t is no longer in
Fredictions Two of the materials tested appear to give ccatings of promising
sschanical properties. Further improvements will prodabdly result fram type 6
binder overcoating, as Just desc: oced (10860-1098, 110A, 1108, and 1114,

!. 2 Ig)o '

In Tables 65 and 70 are given the relative dehydrogematicn rates
for MCH at 752°F for 10-20 mesh catalyst counterparts cf mcst of the coating
materialis studied for mechanical preperties. Almcst all of theam are a3
active a3 eference catalyst and mos? are =uch more active and campare very
favorably rith the best granular catalys's made from vericus conventicnmal

solid NW.‘."&., io.o, C‘umu l&&-m, WS‘. 553' sx. 31.8, 81.(:.
8ip, 81, £1r, 968, 9BA.

Coated Metal Tubes

A MICTR test vas performed in vhich empty tude No. 13 was packed
vith steel wool 8¢ as to create better mixirg and tested at the usmal puxp
rate (90 ml MCH/hk)}. This corresponds to LISV 100 vhen used vith the usual
quarts diluted granular catalyst packing. The activity at 752°7 was
intermediate between that of the seme tudbe paciked vwith quarts and that of the
saue tude without quarts packing (2.f. runs 697 vs 696 and €95, Table T1).
Tue pressure 4drop for the highly active quarts packed tuhbe No. vas caly &2
1d q. in. (c.fe rmn 730, Tadle T1).
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!
' Iable T2, RFIATIVE MCH TEHYDHQ TNATION RATTD AT TR°T CY YARIOL3
JldiiNac.s Wi LAY, TANUAES, {N CRNTLAD BUF
Correaper4'ng Coating
Tatalyse e /x a) Materinl
Run M. ¥unter t R (:’52'” Alegim
3 108¢0- ) 10860~ Astirgy
t :?.IT ;:UT
8s5% 5. 2 1.1y 52A 5 G
8% 5SR 2 1.5 b3 ’ P
8s7 55 2 (1.19) Lo r ¥
88 550 2 (1.19) 2D - | r
8%9 598 2 1.0% wE P G
85 S04 3 0.2 50A . -
8%2 %CR 3 1.01 %08 - -
860 Sl A 3 1.05 Sen {5€C) |4 P
853 WD 3 1.08 0D - -
4 862 %N 3 1.06 s (50F) F 14
; 861 “aC 3 0.67 4L { 5CF) P 4
} 906 691 1 1.03 €8¢ . ?
! 907 939 2 1.09 68¢
.t 962 81A 1 1.05 781 F F
; %3 81x 2 1.22 794
: 96h 81¢ 1 1.20 788 L,?P P
, 965 81D 2 1.36 783
: 906 81E 1 1.20 T8¢ L,? P
; 967 B1F 2 1.31 78¢C
$ 92 89c 2 1.16 884 F P
i 943 890 3 1.03 884
i, 9% 90A 2 0.96 90 P 14
! 1001 98) 2 1.25 ol E r
‘ 1012 103 3 1.13 9uC
. 999 98A 2 1.20 Qs £ E
1042 1084 2 1.06 107 r G
1043 108z 3 1.17 107 F G
1044 108¢ 2 1.24 1078 F G
1045 1080 3 1.12 1078 r ¢
1050 1118 1 1.12 1098 r G
1048 111c 2 1.26 1098 14 c
1051 111D 1 1.02 110A 14 F
1052 113E 2 1.22 1104 P r
1053 115 1 1.26 1108 r G
1055 1116 2 1.26 1108 13 G
1056 1128 1 1.19 11 P P
. 1057 112¢ 2 1.09 | 1 r | e
u; See footnote c, 7able )
b)) ™M = smooth surface,
¢) SB s sandblasted surface.
«187-
! \
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The da’a shown in Tatle 71 indicate mt with *he coated 1/k" inch
tche series 20, 16, 15 and 17 (quarts packed) sazimm lelyircgenati-n sctivity
for MCH s 752°F {s reached at 5.85¢ PR lcading {msed cn supprrt comting,.
Thus the adiit{ wal Pt present in Tubes i5 and 17 alfed 1ittle cr mctning W
the activity. Tube 27 in which the fidrous ard pati-ulate type 1 sippirts
vere balli-milled tcgrther %W «btaln better adlwsim of Forrulaticn [ coating
had he same Pt ccntent and activity as Tube i6.

After standing {dle for scaeiime comted tube 16 wves retes%d (n the
MIC™R and waz slightly less active than formerly in run 7). It wvas then
pacsed in the normal catalyst sone vith the usual quartiz diluted reference
catalyst, and the remainder of the tude wma f{lled with quariz. The eparent
conversion {ncreased only abcut 5 unite st constant MCH flovrate. The costed
tube was emptied, heate! in air to 452°F tu burn out sny ccke present,
repackei with quartz and reteated - {t gave yery rearly the sawe actirvity
a8 in the above test {c.f. runs 10k7, 104y, and 1054, respectiveiy, in
Apperiiy Table 133). In viev of the kinetic ccnsideraticns sdvanced in he
naxt seciicn, {t seems likely that although the wvall catalyst can recelwve
beat rapidly enough tc msintain the endothermic reaction and thus cperate
effi{ciently close to block temperature, {ts insulating property probadly
incresses the ususl d4ifficulty of transporiing hest %o the conter cf the
granular catalyst bed vhich is mich less efficient per unit weight of catalyst,
because of the puch lower cperating tempersture.

Tube 2b, coated vith Formulation I and imprecnated vith metal A
alone (Rur 819) wvas very active and formed only a2 little benzens bty-product
at virtually casplete conversion of MCH to tcluene. Tubes 23 and 26 comted
vith metal A and each with s different amount of metal K vere equally sctiive
and formed a 1ittle less benzene at ccmplete MCH comversion (Runs 817 amd 818,
respectively, Tadle T1). Swall differences in activity are atiridutadle to
differences in the ratios of matals A and K (of X salt). The selectivily
sdvantage of adding metal X s much less than with the corresponding granular
catalysts vhere diffusivity is prodably an important factor in controlling
rates of side reactions, relative to the principal reaction (MCH dehydro-
gemation to toluene). Tne results compare favorabdly with Jhose obtained with
similar tubes wish a platinized coating ({.e., Run 754, Appendix Tat.e 130).

Tubes 22 and 25 in wvhich Formulaticn I coating was impregrated with
tvo different amounts of metal B (ca 5 and (4) were reascnabdly active tut
lost tolusne selectivity above €0-TU% conversion to toluens at 752°F, and
vere therefore iess atiractive than their platinizsd counterparis. Tube 18
inpregnated with metal I was xuch less sctive and showed little increase of
activity as the tempersture was raised {ram 752 to 842°F (c.f. Tudle T1).

Val] Catalysts: Analysis of MICTR Operation®)

A brief study has been made of the possible nonkinetic effects
which may be reflected in the experimentsl results obtained using the micro-
scals test rig, MICTR. The normal use of tnis rcactor is to evaluate catalyst

8] This analysis vas dane end the report pripared by Dr. R. V. Rolke, as
part of a training program assigrment.




J v

—

[ ® [ ] ® ® o
AFAPL-IR-47-114
Pert il
Jable [1. MCH PR{ITROINATION ACTIVITT CF YARLWS
LA.:’AL!"(‘ !; 1 ¢ sz‘*'g N'HE
Cocoditions: €62, TSR and 242°F, 10 ats preseure,
90 =l MCH/Rr (no sdded Hy)
TR Cowreln
e . Coralyn B, Tvee B Pormletis wat Pasdieg sn ol
[ ad ey ey
.} K801 789 1 Forenietion IV, 1ef o Bun b8 . » o -
rerus vitut guarsg
-y? 10080 1 98 1 rers with feel woold ” [ 4 -
[ 3 10R90- 1 TN 13 rern vith gearts » kel ]
~ 1RO~ 19T » 1 i qans g% » b aadd rad
weal |
w04 trm 1 supprt, W9 .
5 100608 = 1 yw | apwet, 774 Y & a9 » (%) »
dinder jvarte Jstiag
4 1y 1 suppors, W04
™ 11860-7 14 I vy 1 epport, 208 e 6 s.o4) » » »
tinder gquaris peeking
04 trpe 1 support, w04 0
9 1080-1 19 1 trpe 1 oeupwcrt, 208 ype 6 1.1 L] ™ »
bisder guaris paoiiag
04 type 1 e.ppcrt, W4 )
413 108607 17 1 type 1 supwory, 208 \rpe 6 I X 4 1 [ ] %
Yinder Juartie partiag
w04 type 1 wpport (fidrowe) md
™ 10860~ 18 n 1 08 \ype 1 rpport (pertiensate)l $ » n n
2% Yy 6 binder
08 trye 1 suppore
% 10860-33 2 1 %06 A7 i eagort :':‘:‘ 2 e n*
208 \ype 6 tinder
08 type 1 support
o) 10860-35 » 1 w08 \pe 1 egiort oy » ™ !
X% ype & vimter
204 e 1 suppart
81y 10060-33 F'S T M08 Upe | mpport A » n »
508 type 6 Vinder
3048 ype L agpport )
s wWieo-98 »n 1 0% type 1 mppord » » «© a*
208 type & Minder
0% type 1 support )
9 10860-38 ) 1 08 pe 1 euppors ) » o ut
204 type © dinder -

8) loclutes o small smcumt of benseme.
») Metal: Ithylese ¢issine comples (1.3).

¢) ty emalyels of ecsting; ecsiisg scaied ia {mpregnete scmtaining 4.2 agn M/nl.
4) ty wmalye.s of eceting.

¢) 2y walysis of costing; eosting scalnd txles 12 lapregaate; afer F179% Lpregaetiss ¢soeee silviie Miam ek of Wde et

dried wd mifTled st 66R°F7, then repreted.
£} sall milled toge ey,
¢) Greater samevetreticn of 1 \hen {2 Dvbe Bo. B0,
R) Seaseme - Ader maber \lal emversics.
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mtrrials by measuring e ~onversion of sethyloysl hexwe (M1) to toluene

a8t three {ixed temperature levels, vith & fixed 1l v r<te of MH, and using

a catalyzt suppert of {ixed porodity and partizle aize, ‘Jrvier these
sonditions (¢t {s apprpriate 0 compare catalynts on the bmsis f MCH oruiver-
sicn at the three ‘enreratize leveliz. Diffusi n an? heat tranafer 1izm{taticna,
{f they are present, wuld tend %0 reduce conversicns {n all cases and
therefore would have ro effect on the results of these acreening experioenta
as far as ranking catalysts sccording to thelr scti{vities. The effect of
these limitetions {ncreatses with the activity of ‘he catalyst, however, d
this will tend to cbecure scwe of the guins cffered by a more active catalyst.

It {5 {n eraluating d1fferent wixdes of cperaticn with & given
catalyst that one must wvorry abcut the nankinetic effects menticned above.
Cne would not expect to pot the same performance (o~om a “atalyst vhich s
ccated on the reactor wall as a thin flla compared ¢ the sane smount of
catalys? in the form uf spherical pasking, unless the rate of rescticn is
entirely controlled by chemical kinetics. Scoe recent experimental resul‘ls
ind{cate that diffusive effects, and possibly also heat transfer effects, are
isportant under normal MICTR operating conditionse Ugse of the standard
platinum catalyst in a coated vall reactor shoved a subetantial incresse in
apre gt axtalyst sctivity canpare to the catalys: in the fcrs of
1/16~a3.-1/32-in, particies. Another experimeni showed that s screened
sumple of 10-1h mesh catalyst particles exhidited lower activity than a sample
screened for 1lk-20 mesh particles. This again indicates diffusive effects {n
the measured reaction rate. That diffusive effects would be predicted for
this reactian on 10-20 mesh catalyst will be shown in the following raragraphs.
Vays to increase the apmrent catelyst sctivity will also be <iscussed.

In order to tesat vhether or not a reaction will be diffusion con-
trolled 1t hag heen found that the magnitude of the following group (the
Thiels Modulus, ¢) is Lmportant:

V. W LIFI
it Co Dy,
vhere dN/dt = rate of resction at concentration Co[=] moles/ft>hr

Co = exterior cone of reectant [=}moles/ft?

L « characteristic length, thickness of a fils or radius of
spherical purticles [=] £t

D = effective diffusivity of reectant insiie particle [] £tZ/nr

The sise of this group will be a measure of the relative rates of
reaction and diffusicn of reectant within the catalyst particle. If the group
is larger than & critical value, the reacticn rate will drop because all of
the catalyst surface vill not de equally accessible to reactant. ihis critical
value vill depend on the order of the reaction sinoce the rate becomes more
sensitive to concentration as arder increases.

o@e o
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The rete of MCH dehydrogmistion e given Yy'9)

vhere Keq = ¥ x 20°° +“R500/R¢Ts
Because of the large valus of Xgq e finds that

3
- -
1 %ﬁa—" Teq ¥} except for extremly high pressures

or conversions such in excess of 0% Yeluss of other coefficlsnts in the
rate expression are:

A‘A} - 3058 X 10’
Bx * Ba = <5070

Ag - 4,5x 107®
B2 » S.b x 107

Using these coelficients cne calcylstes the following rervoesnt-
ative reaction rates at B42°F and 650°F, the high 2nd lov iemperaturye of
moet MICTR experiments.

Mole Rate G%/dt,
Temp, Fract., o, 1b wolas/
°F ¥y z 1b molea/rsd by £22 cet.
842 1.0 .95 01107 343.11
842 0.2 1.0 .00210k R.T5
650 1.0 .91 .01356 17.hb
650 o2 <99 002493 .92
MCH concentration was based on the idesl gus equation cf state, i.e.,

(mole fraction MCH)Piotay
C?CH - Rg TS Z

Ptotal » 10 atmospheres in all runs
Rg = .73 ftdata/(1t mole °F)

Physical iroperties of the MCH, Toluens, Hydrogen ak?ma vere
obtained from the Appendix cf the October, 1967 anmual repor+’®/ starting on
page 321. These propecties include the ccapressidility, Z.

From the above table wve see that the reaction rate is extremsly
temperature sensitive and that the rete is definitely not ssro order. The
ooncentration dependence {s much greater at the higher tempersture and is
roughly 3/ order at 842°F.
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Satterfield and Sherwood?t) (p. 61} present a plot of the
affectigenssa fsctor, 4, a3 & function of ‘he Thiele Maulus, (&#/3% 1/C,
t?/Dg)ii2, taren frm the work of Vheeler.?3/ From wals plot (strictly for
4iffusion onto & flat plate) one finds that an effeciivensss factor gres’er .
thai o9 (S0% of catelyst i3 acoessitle) requires s Thiele Mudulus, ¥, less
tan the fcellawing values.
oL & ~b for second order rescticm ’
9 < 7 for first order resctimn
oL € 1.6 for 7o order resction
Satterfield and Sherwood?!) (pp. 16-25) aluc present an squatice »
for estimating the effective diffusivity, Dy, within catalyst particles.
19,0 <2 I
e 4 ’ Gxop M
ware for our alumira catalyst and MCH reactant:
8 .« void frection = .55 ° 9
t a tortucsity factor ® 8
[
Sg = total surface ares = 250 —> 500 ##/g
op » Tarticle density * .52/8 g/cx’ »
T < temparature = T2k°K (842°F)
M » wlscular vwight - 98
(oe finds Dy = 7.5 x 107 ~ & x 107* ca® sec for the adove parwmeters. .
™he authore rresent a Flot of D va 6°/5.0, T/M from the data »
of veiss and Sohwmrtz.?3) Prom this plot we estimate
Dg ~6x 107 > b x 107 =?/sec
Froa thase two estimates ve ahall use Dp ~ 1 x 10™ cx’/sec as an order of i
mgoitode mluwe. This tears the expected 1elation %0 the estimated
: D~1x 107 for MCH diffusian through bulk toluwne. »
}
: The eame valus of Dy shell e used in caloulating @y at 650°F sirce ‘
tais temperature change ocauses only an insignificart 8% change in Dy.
' Ezwing the reaction rate, exierior concentration, and effectiwe ',
distasivity, it ls poesidtle to calculate the maximum catalyst thickness which )
vill result in an effectiveness fastor greater than .9, {.0., ®3 les- than Yy
¥ the stowe limita. This thickwess {s calculated w be: .
s! g
{ i
i |
| |
| i »
; !
; —_— — S -
| e J'
i
t
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Mole
Teup, Frect., Maxirar Cetalyst Thi-ciegs, mils
°r MCH 0O Crder lst Order 2nd Urter

842 1.0 6.9 3.1 1.7
8L2 0.2 S.T 2.6 1.4
650 3.0 33 15 8.3
€50 0.2 15 6.9 3.8

The uncertainty in Dy could cauze changes in the celculated thickness by &
factor of .

The standard MICTR catalyst pellets have a nominal thickness of
1/32" = 31 mils. Ttarefore, it is spparent that only a sgero order resction
at lov temperature and lov conversion would exhitit true kinetics. In all
other cases Teacti{cns arve severely diffusion limited. The above tadle also
gives an 1dea of hov thin a tube wzll coating must be before diffusion
eff22ts ure climinated campletely. It must be remembered. however, that the
caloulation i3 cnily an appeoximate ome.

From this 14 would seea that catalyst activity can be increagsed by
reducing the diffusion path length, i.e., spplying the catalyst as a coating
on the reactor tude wall. This, however, introduces the possibility that the
reaction rate vill bLe limited by mass transfer to and from the bulk fas
stream flowing past the coated wall. Turbulent flov ia required to svold
this.

Due to ths small feed pump in the MICTR apparatus the maximm MCH
flov rate is 90 a21/hr. Based cn physical properties previcusly referred
10,18/ this corresponds to s maximum Reynolds mumber of 429 in a .17 inch
I.D. reactcr tudbe. This 4is far below the critical Reyaclds mmber of 2100
vhere turtulence gets in. In fact §{% is so lov tiat meresly sdding wvall
roughness wili have no affect on mixing in the {lowing streaxz. Tube dlameter
would have 10 bds decreased by a factor of 3 %o fnsure turbulence st this
flovw rate.

It can bs ahown from mess transfer rate correlations that at this
iow Reynolds mmder ons expects a lowver rate of mass transfer to the tube
wulls than the mate of vhich MCH reacts to form toluene. Also a marked
{ncrease in MCH conversion has been observed when the coatsd reactor tude is
Paciked with 10-20 mesh quartz particles. This increased the linsar welosity
and the mixing in the bulk phase.

It is st111 quite pcasidle that the mizing is inccmplete even with
quarts packing. It vas found tiat decreasing the flow velocity by s factor
of two through the standard 10-20 mssh catalyst packing caused a decresse
of"‘joiintuamnttmtosurnummtcmdwtm-xiuﬂm
rate availadble from the pump.2®) Thus 1t 1s canoce/vable that irnoreasing the
flow velcoity would increase the apparent rate constant by pramoting more
repid mass trensfer with the bulk phage. A bighsr flov rate, ssaller tube
diameter, or icwer void volume packing could be used in an attempt ‘o odtain
eaupletle bulk phase mixing. Civen such mixing and & thin enough catclyst
cmtsn&mdnowmmmmmxmmtmeammimot
oatalyst.
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One maight alsc sonsider packing the costed resctor tube with
granular cstalyst. In this way sdditiomal catalyst can be contacied in a
given length of reactor tude. However, $n this oanse heet transfer rvte
might Uimit the resction rate on the packing catalyst. Catalyst costed om
the tube wall can repldly receive heat to mintain the endothermic eesticu.

Same 1solated (and unchecked) 4sta indicates that this say not e
true for particles packed inside the reactor tudbe. One experiment wes done
in the MICTR vhere the standard weight of 10-20 mesh orla » Va3 diluted to
b 2l vith 10-20 mesh quarte particles rether than to z sl ns in the standard
ras. This higher d{lution experiment indiceted an apparent first order
mie constant ~4H4 higher than the standard run., Such an increase seems as
{f 1t could only be due to heat transfer limiteation of the reaction. With
the higher dilution the required heat i{s iwmsferrsd over larger ares.
Measured temperature drops for the MICTR may not give an appropriate indi-
cation of the weriousness of this heat trans. sr limitation.

In sumary, such care must be taken in interpretating the resclts
of any kinetic experiment in order to acoount for nonkinetic effects in the
mtarured rates. It vould appear tmt e coated tude MICTR configuration
vill result in the highest possible specific rutes provided that the ocating
is thin encugh and that the flowing gas is well zixed. It would appear that
{t sbould be possidle to achieve significant test canditions in FSSTR
experiments.

*) Asference 18), pages 122-12T.
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el Jystem Simulation Test Rig

The Puel System Simulatiun Test Rig (FSSTR) has been deacrided (a
detell in the three annmual reporis ecsocisted with the preceding contrast on
this subject,“'}“)‘g) therefore no dessription of the un{i will be {ncludmd
here. However, a {lcw scheme (s repeated as Figure 32 for convenlence.

During the past year the foliowing studies have been conducted (n
the FSGTR:

(1) Heat transfer to Decallin, SHELLDYNE B and F.7L in ainisture
(1/16" 3D + k" and 6" long) hest transfer sectlons (mini .
FSSTR).

(2) Dehyd=cgenation of MCH in catslyst (Pt on Alz03) 1lined rescter
secticns.

(3) Dehydrugenation of MCH and Decalin over Shell 113 Pt on Alp0y
catalyst.

e ?
r Usin

rimentsl Stuy Minlature Heat

Coolins Program, Expe
Iransfer Sections
The study using miniature heat transfer sections to reach rest flux
of B x 10® Btu/{hr.ft?) has been continued. Tests with four fuels 'MCH,
Decalin, SHELLDYNE H, and F.71) have been completed at temperuture levels
where ccke formetion would not be expected to have any effect cti heat transfer.

The preceding Anmal Repor‘tw) on this subject outlines the pr ce.
dures and describes the test equiment used for this study. A photcgrsph of
the rig with a 1/16" 0D x 6" loag heat exchange sectiocn in place {(with
insulation removed) is repeated here in Fi-ure 33. Only the feed and product
handling and pressure control systems of tne FSLTH were used for these tests.
The preheaters and reactor secticns were btypassed.

Reported here are test results obtained wvith Decalin, SHELLIME R,
and F.Tl. MCH data vere presented in the preceding report. Table T2
summarizes the operating cmditions at which heat transfer daca have deen
obtained for these three fuels. Sketches cf the four hest transfer sections
used in these tests are given In Ligg_n_ﬁ_ﬂm%. Note that Reactors
10018.110 and 122 were made using 0.0265" ID x 0.01 wall type 316 S.S.
tubes while Reactors 10018.148 and 157 used 0.034k" ID x O.01%4* wall Hartellay
C tubes.

Test Runs with Decallin

Three series of runs were made using Decalin as feed. The first
series, us the L lcng Reactor 10018.122, reached the desired mexism hest
flux. 8 x 10° Btu/(hr/ft<), before the closing of & product line valve
resulted in tude feilure. The other tests using Reactor 10018.110, a €* long
section, were mace at lower {low rates to broaden the scope of the hwsd
transfer dsta. These tests were made with Decslin recycle. Fresh 10 gal
charges of Np sparged Decalin were made to the system prior to the first
(Series 10018.134) and second (Series 10018-138) series of runms.

Data tatulations for these tests which include recorded as well ss
smoothed and calculated results sre presented in Tables 73, 74 snd 15.
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SECTION TEST STAND

15

© remsmi Mecine v sma

FSSTR - MINIATURE MEAT TRANSFER
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Figure 3.
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Figure M ESSTR - MINIATURE HEAT TRANSFER SECTION:

REACIOR NO. 10018-110
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Scsle: None

Figure 36, FSSTR - MINIATURE HEAT TRANSFER SECTION:
REACTOR_NO.__10018-148
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REACTCR NO. 10018157
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Table 73. FGIR:  DATA STMMAXY SERTFS 170:9-13%

HEAL TRANGFER TO (£CALIN IN MINIATURE HEAT TPAXGFER SECTION
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Vall z 6~in. long; Type 3516 Stalnless Steel
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Table 7S. FSSTR; DATA SUMMARY SERTES 10C18-140
HEAT YPAKSFER TO CECALIN IN MINIATURE FEAT TRANCPER SECTION
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Tegt Runs with SHELLONE.RH

Prior to starting tests using SHELLDYNE.H the systsm voluw ves
reduced by Iinctalling 14" S.S. tubling lines directlyfrom tre feed juxp to
the mini.FSUTR test stand and returning (rom the product cordenzer datk %0 8
new surge vessel (@ 2.f% length of 47 industrlal glass pipe, which .33 mounted
directly above the pump sucticn. An 18" length of 1a1/2° gians pipe,
calidrated at 100 ml intervels, wvas alio Iincluded in the revised returmn aystem,
with eprropriate valving to divert the product {low, to allow spot coecks on
the feed rate. At the end of a rate chack tle product accumulated in this
chazder can be draired tacsk into the surge vessel vithout loss or alir ccatect.
With these mocifications & charge of ca 1 gul of feed in sufficient to sperete
the gystea in s recycle mode.

A single one gallcn charge of SHELIOYNELH, N2 crarged as usual vas
used for all tests on this fusl. Reazcter 10018.110 wes used for the first
three test geries {10018.145,145A, snd 186), for which tests data tatulatiocns
are given {n Tadles 76, 77 and 78. Folloving these trsts nev 4® und 6" loog
heat exchanze sections were constructed usisg 0.0344" ID x 0.0l4h" vass
Hastelloy C tubing. One of these sectlons (4" long Reactor 10018.148) was
used for the remaining two SEELIDYNE K test series. Also at this time a
predbeat sectiion vas incorporsted into ¢he syste: 10 permit operatiri at &
feed temperature of ca 25C°F. This increase in feed temperature reduced the
fuel viscor "ty and this, along with the 2" shorter tude length, permitied
operstion st higher flow rates and a mixi=um heat flux of 5 x 10° 3tu/{nar-0t%)
vas reached. Tables TO and 8GC present the data tadlzilons for Series 1C018.
156 and 153.

zest Buns Jith F.T1

Four tests series were conducted using 7F.Tl vith a mwimm heat flux
of 8 x 10% Btu/‘hr°£%2) being reached. During these ¢ests th» inside tube wall
temperature was allowed $0 reach ca 1200°F and was maintained there for about
&0 minutes with no apparent effect on heat transfer.

Tadles 81 trrough 84 present data sumaries for e F-T1 beat
transfer tests.

Catalyst Lined Reactor, MCH Dehydrogenation

Two test series using resctor 2ubes lined with a coating of
Pt/alumina catalyst rather than teing packed with catulyst particles keave been
conplated. For these tects the FSSIR was adapted as necessary to accommodate
the 1/8" OD x 23" long reactor sections vhich vere mounted immediately
following the 10 't lone Sections I end II which served as aters for this
study. A sketch of the lined reactors is given in Mﬁ‘m

Test Series 10018.164

The first 1ined reactor tested (Reactor 10018.162) vas made using
catalyst lined tube 10860.AT (refer to catalyst preparstion section}. The
tude vas mounted between end fittings equipped vith sheathed thermrccuples
for fluid temperature messurement and had thermocouples spot welded om the
outer wall at 10 lccations. fo provision vas mude for supplying pove™ 0 the
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reactor section for this test. Heat of resctlon vas supplied only by
predbeating the feed stream. Flr.re 19 shows total MCH conversion as vell a3
conversion to Toluene and also shuws prehester exit, feed and product
tecpersture, throcugh the course of the test, 1able 85 1{sts the enalyses of .
1{quld praduct sarples. (No sarples were taken of produst gss.) The course

of the test may De followrd by referring to “inire 233 “nitlel operation st

8 feed tempersture of 9°°F resulted in a total M4 conversion of ca 113 with »
108 ®2{ng converted to Toluene. Incressing the feed temperatur: to 1010°F

increased total conversion to £9.5%. lowewer, it ig evident that this

increased conversion wvas due to thermal reaction rather than dehydrogenation

%% foluene. It appears that, at the long prehester residence time LiSV » 30

for e 10.ft section), considerable thermal resction vas occurring before the

feed reached the catalyst section., Firally, vhen s preheat ‘emperature of

1085°F was reached, sufficient cracked pr~du-~t3 vere fcrmed to deactivate the »
catalyst and on returmning to & feed tamprrature of 350°F total conversion hed

dectlined to T.5% (6.5% to Toluene).

Test Sories 10018.167

The second lined reactor secticn tested had the same generxl
ecnfiguration as the first, 1/8" OD x 0.028" wall x 23" long overall 22" »
catalyst lined) Type 304 S.S. lined to 2s 1/16" ID with 5% Pt on slumina
catalyst. The catalyst support used for lining this tude was abaut twice as
dense® a3 that used for the first sacticn hovever. whizh resulted in two times
as mich platirum teing avalladble. Dus ltars were drazed to the end flstingc .
saking it possible to supply power during this test serfes, Th!s reactor {s
designated 10018.162A ard vas made using .atalyst lined tude 10860.+8.1.)

For this test the feed rate was 19.7 1b MCE/nr LHSV = 3590 based on
metal tube inside dimenslons), and fuel {nlet temperature was maintained st ca
930°F. Reactor pressure was ca 860 psis.

Initial cperation with no additional power gave a conversion to
toluene of 11.5%. Applying power equivalent to i60 Btu/lb increased conversicn
to toluene to 25% and further power Increase to 330 Btu/1> raised conversion :
to 35.5%. The catalyst started desctivating rapidly at this point and power ’
bad to bde reduced as wsll temperatures sere increasing rapidly. Cn returning
to the 330 and O Btu/lb power levels previously supplied, conversions sere .
found to imve decressed to 21.5 and 10.0% respectively. Selectivity for
tcluene vas excellent, being better than 99% throuzhout the series.

Figure 40O shows the fluid inlet and cutlet temperatures at five

sinute intervals and MCH conversion to tcluene for consecutive ten minute »
; swmpling periods through the 200 mimute test cycle. Tabdle 8 lists th»

‘ analyses of the liquid product samples. Cutside tube vall temperature profiles
; are shown in Fizure Ll for the five lined out periods. Note the higher
temperatures found in \h~ last two pericds as compared to the first two (at
the same pover levels) resulting from pertisl catulyst deactivation. The 11:50
(330 Btu/1b pcwer level) profile wes recorded under transient corditions in

that tube wall temperstures vere rising as the catilyst deactivated. A »
maximm of 1300°F vas reached at 1.1/2" length ot 12:21 when the power was .
reduced.
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Figure 39. FSSTR: OEHYDROGENATION OF MCH IN LINED REACTOR
Fluid Temperatures and Conversiom for Series 10018-164
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Table 8. FEITR « DEIFCE S7NATI0 AF MOH IN LINGD -
TIA LR R RINRENINENAD S SN
€ ]
Lined Resctir: 10018-162, 1/83* 0D x 22" Lorg
MH Feed: 6,10 1b/hr
Pressure: 500 peig
Terperature: Refer to sccompanying figure.
< »
‘ scple | Liquid Product Analysis, & v
tIrven ),
p._.z?_..-'-!-'.m.l ) {Cyele- Mothyl-
Erare) - .af Crsciedd’ | ! MG cyslo- {Benzens | Toluene
bexere?
] .
1205§ 1210 0.0 0,2 {97.9] 0.9 0.0 1.9
1200} 125 0.1 0.9 {20.1] 0.3 0.1 a.s
1215} 1220 0.1 1.0 §8.71 o.2 0.1 8.8
® 1220] 1230 0.2 1.4 |79l o.2 2.1 | 101 » ©
174, 1200 0.1 0.9 |%.2| 0.2 0.2 9.4
kel 0 0.7 1.7 186.9] o.2 0.2 10.5
. Ly 1300 1.7 LS {80,8] 0.5 0.8 | 11,6 "y
1300} 1510 3.2 7.0 175.5) 1.7 1.5 9.1
o] 1322| 1.6 5.7 |83.3] 1.3 2.9 1.6 ’
1320{ 4330 0.1 9.7 192.5{ 0.3 0.1 6.1
e 1330 1335 0.1 0.7 192.8| o.3 0.0 S.1 >
1335' 1340 0.0 0.7 | 52.9 0.3 0.2 8.0
Peed 0.1 |99.8 0.1 -
e [ ]
. ) Material lighter than cyclchexsne.
] .m »
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Tadble ¥, ©= . PTHYTOOGFNATION CF MCH TN 11w nrace=rs .
FRUMA . ANALYSIG Pl SPRLS LONI8-1LT
Lired Reector: 10018-162A, 1/8* CD x 22" lorg
MCH Feed: 19.7 1b/hr
Pressure: 160 peip
Temperature: Refer to sccompanyirg figure
Sampl
Xn::f-’v:). Liquid Product Anslyses, W
Start | zna | °10- | ey ?eyuyl. Benzens | Tol
€10~ oluene
hexane hexeres
1210 1020 0.1 98.3 0.0 1.1
1020 10% 0.1 9%. 9 0.1 s.9
1030 100 0.1 8.7 0.1 10.2
o0k | 1050 0.2 | 8.9 0.1 10.8 .
w50 | 100 0.1 | 8.9 0.1 10.9
1100 11w g.2 3r.% 0.1 12.3
1110 1120 c.1 78.3 0.1 21.5
1120 11)0 0.1 7706 0.1 2.2 e
1130 | 1140 0.1 .9 0.1 0.0l 28,8
110 | 1150 0.1 | 65.6 0.2 0.05 34, o
1150 1200 0.1 | 65.4 0.2 0.06 3L,2
1200 1210 0.1 73.5 0.2 26.1
1210 1220 0.1 V.2 0.1 20.6
1220 1230 0.1 T3.5 0.1 20,3
123% 1240 0.1 79.8 0.1 19.9
1260 | 1250 0.1 | 8r.1 0.1 12.6
1250 1300 0.2 90.2 0.1 9.5 .
1300 1310 0.2 90.3 0.1 9.4
1310 1320 0.2 90.3 0.1 9.5
Fead 0.1 99.3 0.1 .
Tadle 19 summarizes the test conditiors and results for the two
test sexries using the catalyst lined reactors. No tests have deen zade using
s packed resctor of these dimensions, howvever, some typical results obtained
using & 0.2T77" ID x 2' long packed section are included in the tadle for
oomparison. Particularly, the high efficiency of the vall catalyst, in terms
of canversion per unit of cstalytic sstsl, ard the negligidle pressure érop
compared to the bed castalyst should dbe noted. These resulits are very en- .
coursging altbough it 48 obtwicus that s catalyst of grester stability zust de
developed. However, it wvas gratifying that ne{ther cstalyst showed ary
evidence of spalling es a result cf the experiment. This work will contimue.
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Tatle 27 urmarize: the tect congliiing and re=glt (r e ‘e
tegt certe- uoirng e Ccelaly 't Lined reactora. Mo tets fave 'wen male 'y ing
A recked preastor of tleze Llmencions, however, some Syvi-ai recllta T Aaled
UE'ne 8 0,077 1D x O long packed s tion are (nclydel [n 4w talle for
comparison. Farticulstly, tre hish eff{tiency of the wall ~stalyse, (% terme
of conversion per unit of catalytic metal, and the negligidble pressure ircy
compared to the bed cstalyst shoull be ncted. Tlese resyultz sre very er.
cousaging slthough it 18 obvicus that a cetalyst of grester stab{lity must de
developed. However, it was grati{fytiry that neither catalyst shoveu ary
evidence of spalling as s result of the experi=ent.

Dehydrogonagticn of MCH Cuepr “hell 115 Jatglyst

One of tiie most promising of the ladcratory prepared catslysts
{based on bench.scale testing) hes been run throuh s testing program i(n ihe
FSSTR so that ite activity may be compared «ith that of VOP.RS. This catalyst
consiste of 4% Pt on type 1 spheres and s designated Catalyst 1028C.113 (Shell

13).

Tests Using %/8% x 20¢ Reoctor

Three series of tests vere conducted using two charges of Shell 113
catalyst in the */8" OD x .0L9 wall x 2t long reactor secticn. A sketch of
the reactor is given in Figure 42, Fach charge cons!sted of 19.8¢m {za 2hml)
of cstalyst snd wae sctivated in place for 1 hr {n N, at 28 1050°F before
starting the %est run. All runs were made at nominal f{nlet conditions of
900°F and 900psig. lelectivity for dehydrogenation to Toluene was better
than 99% for this entire group of tests.

The first test series 'Serles 10018.177) was made at a feed rate of
62.1 1b/hr (LHSV = 1550) at four power levels. Table 83 summari{zes the run
dats and Figures 43 and bb show fluid inlet and outlet temperatures and MCH
conversion through the course of the test. The first run was made at zero
heat input, then power was increased in steps until it became evident that the
catalyst activity vas declining. At the maxirum heat input {810 Btu/1d)
conversion started ut T7% and deciined to T3% over a 40 min. period. At the
same time ocutlet fuel temperature was increasing from 970° to 1020°F. On
returning to a pover level of 290 Btu/lb conversion was found ¢o be 264 st an
outlet temperature of 817°F where as prior operaticn at this condition had
resulted {n 37% conversion at T91°F outlet temperature.

Befcre stacting the next test the partially deactivated catalyst vas
Ho treated at an 1050°F for 45 min.

The data summery table and teuperature and conversion p'-*s for
Series 10018,181 which was made using the Ho treated catalyst are given in
Jadle 89 and Figures 45 and 46. Comparison of the conversion and outlet
temperatures of this test with those at comparable pover levels of Series
10018.177 shows that the Ho treatment had essentially restored the originsl
catalyst activity. Agaip, hovever, operstion at the highest hest input
resulted in declining catalyst activity.

Following tnis test the used catalyst was dumped and the reactor wvas
recharged vith fresh Shell 113 catalyst.
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Data obtained on some of the catalyst recovered sfter Series
10018181 and on fresh 10c80.113 catalyst follow:

Cpecifie Ha Adsorption
3urfsce Area, 0.500°C,
2 amliz K 8
{Ng Reduced)
Recovered 17 2.2
Recovered 206 25

(Burned fn 1% ()

The final test series {Series 10018.184) in the 21t resctor vas mede
at o feed rate of 25.1 1b MCH/hr (LHSV = 625). Iadble 90 and Firures 37 and L8
present the data for these rune, A maxi{mum conversion of 91% ws3 resched at
the start of Jun 10018.184.1430, However, after one hour operstion conversion
had declined %0 ca 8Tt while cutlet temperature {ncreased from 1006° %0 1052°.
N atiempt was made to resctivate this catalyst charge.

The 2ft reactor developed s leuk st one of the welds duri{ng this last
test and vill have t0 be rebuilt before [t can be used 2gain.

The following tabulstion of smoothed data {ndicates the {zprovement
ottained using the 113 catalyst while dehyirogenating MCH (n the 3,5 0D x 2%
long reactor. {All tests were run at ca 900 psiz and 900°F f{nlet conditions.)

Catalyst MCH Feed Heat Input MCH Conversion,$ Ou;let F}\;id
1b/hr | LHSV] Btu/hr | Btu/1b €xp,
R-8 6s.5] 1610} vo,u00} 620 6 930
R.8 25.11 6251 20,000 197 T 938
113 62.1} 1550] 40,000] 6ul 64.5 900
113 25.1] 625 20,000} 797 80.5 910

The true difference {n effectiveness is not indicated solely by the
increased conversion produced by the Shell 113 catalyst since the exit
temperatures vere lower in tlose cases. The :rue eftect (at ~onstant exit T)
on conversion will be calculated using the reactor computer program.

est Us 8" x 10t Reac

Section II of the FSSTR (3/8" 0D x 0.049" wall » 1174" long) was
charged with 9.3 g {110.5 cc) of Shell 113 catalyst which vas then activsted
in No st 1100°F for . hr. Series 10018.180 was then run at an MCH feed rate
of 25.2 1b/hr (128 LHSY), inlet pressure of 900 psig and inlet tempersture of
800° and G00°F. A total cf eight 1ined out run periods at different {rlet
tenpersture and pover level combinstions wers run wvith e maximus conversion ot
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Inble 20, PSR TROORLGENATION OF MH CVER HELL 113 IN 2-F7 REATIR
Data Sumpary Serdes 1003%-184
Reactor No, 10018-49; 0,277% D x 0.09" wmll x 2-f¢ long Hastellcy ¢

~
Feed: 99.8¢ MCH; 25,1k 1b/hr, 625 LSV, 60,000 1b/(hreft?)
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\“.’/’ 961 telng reacled at & heat {nput of 1,020 Bty/lt, T, 4,2 sumary table J

anc. fuel f{nlet and cutle?t temperature and conversion plots for this test :

serife~ 112 given {n Tadble Ul and Fijures W 20 and 31. It appears that s N

very slight reduction :in catalyst activitly toos place during the highest heat )

» ® input run. )

Debidmaseradton of Decalin (CHN) Over Thell 113 Catalyst

-—

. Tests Ustng 3/8" CD x 10Tt Reastcr

v ———_— a———

The same catalyst charge which was usei {or Series 10018.189 with
» ° MU feed was used without {urther treatment in Jeries 10018.191 with Decalin
LLHN) feed,

A
-

Prior 4o this fisst use of DiN feed in the FSSTR {t was necessary to
modify the {low scheme of the unit by adding s toluene diluent stream €0 the
froduct ifmmediately before the condenser so as to prevent crystallizaticn of
naphthalene, cne of the reacti{eomn products, and consequent plugging of ihe
condenser coil. Thiz expedient, which,of cource, would not be required in

’ ° actusl operation shere reection products would not be ccoled defore being
. turned, worked vell and no problems were encountered during tle test pericd.

The coursze of Series 10013191 can be follcwed by refering to the
data surmary In Iable 92, product analysis in Table 93, fuel irnlet end c.tlet
temperatures and Dili convercion in Fijures 62, 93 and s4, COf {nterest {s the
rapid decline Iin catalyst zctivity found in the run at 900°F {nlet and cutlet

P L I

» @ L] (10018.191.14:50). MNote, however, that the decline in conversion (82¢ to T2%) ' o
was emphasized in this tect since Lthe pover level was reduced to maintain a :
constant 900°F outlet ‘emperature and {n previous testz with MCH, vhere power
vas held constant during a run, a rice in cutlet tempereture partially :
counteracted the decline in catalyst activity. This effect confirms results i
obiained in bench scale equipment which Indicated that DHN had a more adverse i
effect on the stabllity of a varicty of Pt/Al-0s catalysts than MCH. This :
[ ] | . appears to be related tc a lower rate of hydrocenation of coke precursors in .
the DEN case. Isomerizaticn of ~is to trans DEN and high selectivity for the '
reaction to Tetralin at lower temperatures are evident {rom the product ;
. analyses. ;
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Product Analy-es Jerfes 10018.191
Run‘) Product Composition, tw
Nos 14 Decalin| c.Decalin| Tetrulin Nsphthalene
Feed 13,6 €5.9 0.5 o
’ uso| 14 18.8 8.7 0.k
123¢ L34 T 31.6 17.6
1330 66.9 16.5 15.1 1.5
1400 16.6 2.0 2.2 59.2
1425 22.1 3.0 22.7 52.1
1450 .7 3.6 23.2 3.9
. 1610 52.6 10.7 24,2 12.5

1) See Data Summary Table for opersting canditions.
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Thernal Stability
Intraduction

F.el thermal stability has teccrme s fuel property of incresaing
{zportance as engine designera Lave turned to the problems of the JST and
higher Mach N mber aircraft. For years, the ASTM-CFC Piel Coker has been
relied upon to indicate whether or not & fuel hed s passadle thersal sadiliy
reting, but has alwvays been acknowledged 0 have serious prodblems of precisica
and peaning. Despite the mary coker modificaticns and sudetituticne which
have been advanced, the problem of s suitable thermal stability test has #till
not been solved, vhile the need for such s test has become more izmperstive.

Algo, in the development of m.lti-Mmch NMumber sircraft fuels, s
thermal stability test appropriate for research-iype applicaticn is needed.
Ir consirast to the g.alitative nature of the coker test, wvhat is needed {s a
device which will quantitie tive%z measure fuel deposition tendency. Unfortune
ttely, fuel thermal stanility 1s not s physicoechemical properiy, tut is
strorgly related to envircnmental conditlons. It is difficult, therefcre, 0

conceive of a test vhich would yield stability data without some dependence
upon the particular apparstus used.

The purpose of this vork is to delineate a few of the environcental
factors which can influence the precisicn of coker rotings. Some of these
are controlled variabies such as ‘coperaiure, pressure, test duraticn, and
fuel flow rate; but other factcrs such as Zetal exposure, history of the fuel
and tube surface preparation may play s significant role.

Finally, ve are concerned with the subject of ccier tube depcsit
rating, which is probebly the most serious unresolved deterent to repestadle,
reproducible, and meaningful coker deposit retings.

Experirental

The thermal stab{lity work referred to in this report has leen
performed with @ fuel coker sinilar in principle to the Standard ASTM Coker,
but modified for research puspoce to operste at temperatures up to 950°F
and pressures up to 500 psig. In its present form, it operates cn 150 ml of
fuel, and rormally on the recycle mode, It will be referred to herein as the
SD/M=T or the SD F.el Ccker., A detailed description of the basic apparstus
can » fourd in Reference 10. The present modification utilizes the puap anly
for fuel cirsulation; static pressure is imposed by gas pressure.

FPactors which Influence P.el Coker Deposit Ratirgs

Although the coker test i{s simple {n concept, in practice it i{s com~
plex. Smzall changes in controlled varisbles and fuel purity can end do
{nfluence test sensitivity, which explains the difficulty coenonly experienced
in cdtaining good repeatability and reproducidility although rigorous atten~
tion to detsil at tue hands of 8 skilled cperator csn produce bdetter results.
Tezpersture and pressure are of caurse controlled variables, and tempersture
inaccuracy has been {dentified as a source of poor test repeatadility detween
laboratories. The effect of pressure has received little attenticn.
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Trzperature and Presaure

Wr have {nvestigated the sensgiiivity of the 5C/M-7 Ccker test ‘c
tenperature and pressure varistions with three fuels: »rcalin, SHELIDYNE,
and SIELIDWE-H. 1In these test, temperatures vere varied sg widely sp 275 to
850°F, and pressures fram 150 10 400 psig. Both tempersture and pressure
were varied simuiltaneously, and the regulis vere gudjected %0 regression

analysis.

No correlation vas found with pressure, even though both pure
liquid state and boiling opersting conditions variously exi{sted. Both ihe
maximum deposit code and total code ratings could te expressed as simple
linear functions of temperature, with s precision generaliy as good as the
reproductidility of the test. Egiations 1, 2, and 3 are the expregsions for
predicting the maximim code (MCR) ratings for Deaalin, SHELLIYNE, and
SHELITYME.H, respectively, at torperature T (°F) while Equations 4, 5, and 6
are the corresponding expressions for the total code (ICR).

Decalin: MR = (T-503)/38.7 (1)
SHELLDYNE: MR = (7-571)/12 22;
SHELLDYNE-H; MR = (T-585)/42 3
Tecalin: TR = (T-3%5)/15.4 (»)
CHELIDYNE:  TCR = (T-575)/1.6 (5)
SHELIDYNE-H: 1TCR = (T-575)/7.3 (6)

Fron these relaticnghips, 1% i3 interesting to note that the
temperature errors required to produce a 1/b maximin code number difference
vould be 10° for Decalin, 10° for SHELLDYNE-H, but only 3° for SHELIIYNE.
Ta2.s breskpoint temperatures (the temperature at which the maxim.um depcsit
code {3 2,.5) for the three fuels, predicted by the equations, are 600, &0,
and 690°F for Decalin, SHELLDYNE, aad SMELLDYNE-H, respectively. Since the
deposit retings are considered good to 11/2 code nuzber, these ratings might
then be given as 600 & 20°, 600 ¢ 6°, and 690 £ 21°. It is evident trat no
correlation exists between the thermal stadbility ratings of these fuels and
their teaperature sensitivities (or thermal stadbility tempernture

cveffizients).

The agreement of pr¢ licted values with the experinental data from
vhich they were derived is shown in Tables 94, 95, and 96 and in Figure 55.

In connection with the correlation siudies wiin tempersture and
pressure, the test fluids from the ocker runs were, (n some cases, sudjected
to light sdsorption messurements at 500 mu. The increase in light abscrption
cver that obtained vith the original bease fuel was determined, snd an sttespt
wvas made to correlate these increases with coler tube ratings. However, this
attempt vas & complete failure, as vill bte seen by the data in Igblg ¥: o
correlatiocn vas found for either maximm or total tube retings.

However, the spread in A percent 1light sbeorded values vas not wry
large. This wvas a consequonce of choosing & vavelength vhich would put the
Ut adecoptions for Decalin, SHELIDYNE, and SHELIDYNE-H all on the seme

scais, Wiile this selection spread the readings for SHELLDYNE and SHELLDONNE-H
the resdings for Decs'in were coxprescsed into the 0-10 percent range. A walus
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® Taklc 24, COMPARISON OF S0 FU¥L CCTIA RATINGY VIIN VALDZS ®
’ v TRIDICTID BY CCPREATICH FRLATIONS ’
X Recslip N\,
Prebester Tubn ») i
. o | e, | ferl
Ixperinental | Predicted
? si| 10 |sso i/ss | i .
52 10 | ss0 1.3/ 10 1/ 13 -
b 1350 | 550 1/ 5.5 1/ 13 - i
J ‘ 196 | 250 | TS0 (dofling) 6/ 15 |6.5/.8 - |’
21 | 250 |80 (50 6/ 19 | 8 % -
22 20 |80 (c0) 6.5/ 33 &/ % - k
27 250 750 (bdofling) €/ 35 |6.5/%.8 -
3 ‘ 228 250 757 (boiling) 6/ W | 6.5/A.5 - )
. 232 250 725 (boiling) s.5/ 21 |s.5/ 23 -
233 %0 | 675 s/ 31 |ss/ 20 -
2% 0 STS 1.5/ 12 2/1h.5 - L
252 250 215 3/ o o/ o - i
» ) [ 262 250 625 3.5/ 20 3/ 17 - ?' PY
63| 50 |62 M9 3/ 17 -
. 63| 20 |62 35/ %6 | 3/ .
26 150 | 650 (botling) 3.5/ 26 s /18.5 -
285 150 600 3/2.8 | 2.5/15.% -
> ( ) 286 150 600 2.5/16.5 | a.5/15.5 - )
320 150 | 675 (boiling) s/ 28 |85/ 20 |- 1.3 ;
35 150 | 600 3n1.8 | 2.5N1s.8 - |
M7 150 600 2.513. |2.5/15.% 1.,
NS 10 | 600 2/10.8 |2.5/15.5 0.6 _
» ! 352 150 | 600 2/ 15 |2.5N1s.8 1.9 cq
. 353 150 600 2.5/ 12 |2.5/15.5 1.3
% MO | 5% 2/ 1 1/ B -
. 370 400 600 2/ 13 |a.s5hs.s 10.1
) = supereritical. Continued)
» ( b) 500 miilimicron wevelength.
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. Torie g9, (Cored). OCOMPARISCN OF SD FUTL, COIOA RSTINGS WITH VALTLY x
NS BRI DY CORRISATION ERATINS NaY
H .
Prodwater Nbe
Pereent
[ 4 R Pr;::\:'v. Tezpereture, *p Oode Ratinge Lan )
Trperisental| Predicted | ADSTO
i se | 150 | sso vés | v 3| uo
| 37S 150 $%0 2118 o 13 L6
1 ‘ 316 500 550 1.5/ 9.% J 1 (WY )
B 381 150 700 (botling) 6/21.3 8/21.5 1.5
& 150 700 (doiling) 6 21 $/21.5 2.9
519 150 600 2.511.% {2.5/ 15 10.%
i 32 150 62 2.8/ 19 3/ it 5.9
N ) ¢ 37 150 600 2.5/13.5 | 2.5/ 18 0.9 '
330 150 600 212.s 2.5/ 18 1.0 :
b) -3 150 600 2/ » |as/ 13 1.0
i b3 150 600 3/20.¢5 | 2.5/ 15 3.5
| ) 338 150 600 2/ 11 | 2.5/ 15 -
’ o ¢ ) %o 150 | 600 2/ 12 |25/ 15 - ' o
? | 150 |60 s/ 18 | 2.5/ 15 .
% h2 150 600 2/898 2.5/ B -
g 389 150 600 2/ 12 |2.5/ 15 -
§' ) « 350 150 | 600 2h2.s | 2.5/ 15 - .
i 351 150 600 2/ » 2.5/ 15 -
; 379 150 600 2/h.8 | 2.8/ 1% -
38 150 600 3/ 13 |25/ 15 -
) (]
‘ L]
) (]
!
> ] 220
;
§ - - -
3 ) ‘ 2 . : ) : - )
} ‘w—-——-—-—-——&
® o q ® ® L ® ® o ® [ ] ® o

@
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Table 95. COMPARISON CF SD/M-7 F'''1 CCKER RATINGS VWITH
YALUES PRECICTED BY CORRIIATION EQATIONS
SHELLOYNE
. e)
Pressure, Tmpex:a:ure, Tube Code Ratingz Mgzjf”
psl F Experivental | Predicted | Absorbed
150 5795 0.5/ 3 e.s/ o .
150 600 3/ 21 2.5/15.5 -
150 625 3.5/ 26 s/ 5 -
10 650 6/31.5 6.5/86.5 31.1
1 675 8/ 64 8/ & .6
a) %00 miilimicrot wavelesgin.
.m.
v
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Tadbie 96. COMPARISON OF SD/M-7 FUEL COKER ATINGS WITH
VAIUES FREDICIED BY CORRELAIILN EQ ATIONS
SHELLDYNE
.u)
Pressure, Te-psu'axre, Tube Code Ratinga APZirc@e?.

ped ¥ Experimental | Predicted | Absorbed
150 625 L3/ 1 Y 1 -
150 675 1.5/ 8 2/ 1k -
150 T00 3/R.5 2.5/ 11 -
150 700 2/12.95 2.5/ 171 3%.7
1% 700 2.5/19.5 2.5/ 11 T2.8
%00 ‘100 3.5/ 2 2.5/ 17 31
150 5 b 23 M 5/21.5 -
1% 75 5/ 3R b.5/27.5 95

e) 500 my wvavelength.
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600 700 900
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Figure 55. SD/M-7 FUEL COXER RATINGS OF DECALIN
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of 3% mu vould probably nave given Tetler sensitivity for Decalln, and
perhaps deae=v2s another lock before the hypothesis of a poeafdble correlatice
of tude rating with lighv sbsorption i3 tcssed out. The oullook is not cpsi-
mistic, however, ~ince fa{li.re was also experfenced {n o.r sitempt %0 relste
ey igtent gum feom Decalin ccaer sarples with tube ratings. The agreement
between light sbsorption and exisient gum was also poor, as shown in Tatle 7.

! Since heavy tude deposits wo:ld reduce the existent gum and reduce
also the increase in 1light steorption due to oxidation, it is nct .inreascradle
to find a lack of correlation between thege deasurements. The gun molecular
weight and state of sgglumeration voild of course infiuence sll three aeasure-
ments, end conceivadbly in different ways. An additicmal factor is the depceit
fallout in the cooler zanes of the coker, which would effect light trensis-

sioh and gum determirations, but not coker ‘u.be ratings.

Temperature and Tive

The correlations of Equstions 1 through 6 apply only for S-ho.r
tests. Ve have also investigated ‘he tinme-tempersture tradoff r-latioctship
of thermal stadbility in the SD Coker, using a hirh quality Jet fuel
(MAF 159-60; degcribed in Table 98). Time was varied over a pericd of 1 o & R

hours and tempers ure, from to 675°F.
: Regregsion analysis of data oblained from these tests provided

: Zquaticos 7 and 8 for maximum and total code ratings, which are seen to
cantaln ‘atersction terms detveen time and temperature.

! MR = (T-573)/1b
TCR = = 0,078k T + (0.04OM T = 24,75) t + 59.9 (8)

T = Preheater Temperature, °F
. t = Test Durstior, hours.

As may de sxpected, code retings increase with doth time and

temperatire. The agreement of (7) ¢ 3 (8) with the experimental data is
shovn in Tadble o~d Fipure 56. 1If the ressonable liberty i{s taken to
R

-

polate (T ) %0 § hours, ve then obtein expressions of MCR and for
. RAF 19960 similar to (1) through (6):
} ! .
) MR « (T-573)/14 9)
(10)

TCR » (T-516)/8.1
If & constant ‘emperature of 600°F is assumed, Ej.ation (7) becomes
Hl( - (t - 10‘)/3.5} (u)

We see, then, from (9) and (11) that vhen the prehester temperature is
constant, the maximum code rating is linear with time, and that wvhen the tinme

i{s omstant, maximun code 1s linear with temperature, This {s true cver the
ranges of time and tempersture used and for the fuel tested, dut might not ¢

hold for lang periods of time, &g suggested bty the tine effect comperison up
%0 20 hours shown by Shayeson, <5/

Howerer, analysis of (7) suggests that for small changes, time snd

tespera‘ure xight de meaningfully interchanged. For example, with the present
fuel, if the test time vere ghortered fram 5 to 2 hours, the cozpensating

-21h~
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Lwllin Base Stuck

Poct 1l
S LXISTINE C QIR _EXTIUENT DECALLN

Cmaser | Tompeature, 7 | Retings | Lignt sbeorbed | s

319 00 2.5M1.5 10.5 »s

30 ors S/ 8 1.3 25

325 @s 2.5/ 19 3.9 15

37 5% 1/ 6.5 11.0 M

P 100 s al a9 0
. . ! 0.0%) 0.8

e) Obtained by Stems Jet Gus Methcd, ASTh D2Bi-ob (450°F)
D) Te frish Decaliu stock wvas used ss the refarense liquid; thevefuss,
1t {s defined as ser\ ligat sdeurpticn.
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.5/ 1
2.5/12.3

3.8/ 12
2/ 9.3

ar

o swren e

¢




[ 1

———— -

e Ao+ (A SIS SUPII R DIPTPD A SIS

AFAPL-TR-47-114

Part 11}

RAF-139-60 JET FUEL

S
-

0 1 [ L l 1.

) 2 3 4
TEST DURATION, HOURS

Figure 36._SD/M-7 COKER RATINGS AS A FUNCTION OF
TIME AND_TEMPERATURE

-218-

@

@




@

&

AFAPL -TR-47-114
Port 111

tezperat.re incresse required wald te from &8 to 6%0°F, or 22°, to give
the same zax., code rating. it is (nterestiryg %o lock st (7) ssemirg that
a 1% oxde number act.al frange Sight ~hange the beerved relirg by 172 mar.
cude, trer (ldit g oe lrdependert variadble corstant st sore ariitrery val.e
wveile tgerviie Ve rate f cnarme f the ther. wlan this is dre, we find
that for the RAF 197 fuel ad U 'F, tre wminima detectadle Lise ctaunge i
S omir.tes, L4 this lecreages t. 12 -.rites 8t TOO'F. Similsrly, when i

tize 3 held cnstant 8% 9 hours, e ninimum delectable tezperature chanye

P

{s ¢°, wiich chargegs to 13°F st 1 =our.

s\lthough applied to only three f.els, this stdy suggesis e
sportant concl.zion that the sane res.its =izht be sbtained frum coker tests
y sicply muaning for a fraction of tre present S hours, btut et & slightly
{cher tempersture, Ry 80 doing, -0 r.is per shift Instead of coe aight be
pssitle. s an exazple, {t was fo.nd trat Iocalin, wvhen run at ¢€73°f, gwve
the same Tax. cude rating at 2=1/2 rars as it did at 600°F and 5 hours.

Y ¢y eoe

lat “1low Kat

Flow {s rn.t & critical fact.r n coker .perstion, butl we have
explered 1t In the D Coker witn beth Tecalin and methyicyclohexane (mCH).
The results we repcrt and the ccrnelosiong drawn are sumevhat peculiar w0 the
recycle fl.. systex used, and the size of the fuel coxplement enters irnto
the resulis, as will be ghown,

when Decalin was run {n & 12% 7l amunt for 2172 hours et 600°F,
a 2+1/2 1b/nr flow cave s more gevere retiny: tian did the gtandard € 1b/ir,
as shown in Jsble 1.9. Alsy, the depusiis tended te be ghifted further
toward the inlet end with the lower fluw rate, s wu.ll be expecled due to
heat transfer rates. Tnhese resulis shcw that the flov rate could be in error
as much ag 0.5 1b/hr before an effect cn =ax, code would be d{zcemidle,
wvhich {s to say tnat the flow rateg could be set at 6.0 1b/hr 3 8 percent, or
2.5 1b/hr & 20 parcent.

The total effective residence time {in the preheater tude Is adaut
the sare for both fluw rates [n a recycle system, since although the regie
dence time per pass {s 15 seconds fcor 6.0 1b/hr Decalin flov and 36 secands
for 2.5 1d/hr, the same particle f f.el gces thro.gh the prereater 36/15, or
2.4 as many times at 6,0 1b/hr. Therefcre, for the present case, the resgis
dence time per pass {& mure [mpcriant than total residence time. In & cnce
through system such as the Standard \O7TM Coxr |, the total and per pass
residence tirmes are ldentical, and depusit code rating would again be
expected to show the same relative relati.nship to flow rate. VWith fuels
which contain trace amounts of very lov thermal stadility matserials, the ance
through flov system can have the effect of having acre unstable caterial
exposed per test at the higner flow rate, wheress unstadble materials i{n such
e fuel tend to be reacted ot in a fev passes {n the recyclo mode.

However, with larger fuel complizents total residence .:me may
beccme controlling in the recyclo coker, as vas shown by the following tests.
Here total test time was doubled to S hours and the volume of Decalin
increased by s factor of three (Jable 10]1). Under these conditions, the
effect of flow rate over the range of ca 3 %0 12 1b/nr disappeared. A sgizi~-
lsr result was obtained with MCH st 3 and 6 1b/hr.

29

e Ar o s -




&
L) . Part 11}
o | .@
®
¢ ®
%)
\-.../ 6}
¢ ‘
N Juble 100, JYPECY OF DPCALIN FIOW BATE ON DEFOSIX RATINOG
Prebeater Twpersturs: £°90°?
¢ Run Tave: 2-1/2 mure
Decelin: 129 a2
Now, | Tude Rating, Deposit Rating Profile ty Inches
. /e | mr /ot Foy BT ool o] vlsf « [vfs] 212
6.0 2.5/15.8 (o jo jo o .310.8] 1.0} 2 4———2.5—-—;-0
it
6.0 2/ 11 {o.s}o0.5|o0.5in.5].811.0]1.5]e z’ >
2.% V2.8 Ji.012.810.82.cfj.5)a.0 8.0f00.0}3]3]3.0]2
o « 2.% 628.5 |o.s 0.573.5{2.0].5]3.003.5{8,3.5{3|s|335]2 °
¢
¢
}
°
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Jakle 1le KT CF DECALIN 21D MOH FLOV RATES QM LERQCIL EAUNG A
Prebester Twspersture: $30°F 3
Run Time: $ hours
Decallr: 365 a2
»
Nov Tube Depceit Reting Profile by Inches
/e | Rating,
Ma./Total| 13112 f11 {0 9T8?6 ERB IR
* Decalin
3.0 3/ 2 f{o.5]o.5}0.5] 1.0f10}1.0]2)2.5]2.0}3.0}3]3]2.0 >
) 6.0 3h8.s fo o Ja.of10l1.0f1.0f1}1.0]1.5}2.0{313]s.0
1.7 |35/ 19 jo 1o Josslo.stroft.ef2r]r.0]2.0fc.5]3)3}3.8 ;
M
r » o
3.0 2/10.5 Jo jo Jo je.sjo.sjo.s)a)is)i.0i1.5)241)1.0
6.0 2/ wjo jo |o Jo Jo jo }1f1.0}2.0f2.0}2]1410
1
i
4
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»
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From the corparisen shown in Jetle 102 at low el vilume, !t ncw
becumes evident that ar_ther trade=uff rrov.iing »j.al Lo matings (s ‘e
simllanecis red ction .f 1w rate and total tesgt time., This is 80 u.
least vih tre very pure Deculin flel and e recycle sode of cpersiion.

Meta, Brvirorowert

Regideg .mrediete Fuel COker cantrol Jactors, handilirg and prepe=
retion of e test fucl are _portant, and can be dominent factore in reting
precision and reproducidility. Regardless of the care that is taken to
avoid «iventitious materials, however, ncrmal cantart of fuels vith metal
environmento can nave {rportant effects. ‘;ectrophot.cwiric analysis <f
fuels in our laboratories nas shown that (run and copper eontents of f.els,
as recaived, may be as N{gh ag 2D and 100 ppt, regpectlvely. Tre letler
amouit Of coprer {8 more than sufficient 0 reduce thermal u.ability (n scoe
fuels. The coker purp {*self can be a scur-e of z&lal cuwitaiminat.on, ard
w have found, for exazple, large differvrces in wear rates of the Zenith
puxp {n the SD/M=T Puel Coker with fuels of different vigcosity and lubricity
properiies.

To determine the extent of this problez and the effect of particu=
lar metals, & series of test were run in which Decalin wvas first percolated
through & silica gel colum:, and then ghaken with a powdered metal for a
ainim.m period of 7 hours. The ratio of metal to Decalin wvas ca 3 grers/
liter. Ihe powdered metal vas then flitered ocut and' the Decalin introduced
directly into the coker. In addi{tion, some tests were run {(n vhich the f.el
vas alsgo canstantly recycled through a bed of the same xmetal throughout the
test. In all cases, a tvwin run was made in which 240 ppm =metal deactivator
(MA; N,N'~disalicylidene=l,2=prepanediamine) was added afler filtratiun.

The metals tested [ncluded Fe, Cu, Hi Cr, 2n, P, ard 316~stainless
steel. All runs wvere at 600 or 625°F. Results are shown in Jatle ]O3.

3 As shown, only copper gave & clearly deleterious effect, amountirg

! to an increese in max. code of 3 numbers. (Ratings above & were obtained
using & scale extension comxnly applied to lacquer rutings on pistaon skirts.
Although not linear vith the ASTM color code, it gives & tetler ldea of
relative depogit umounts than simply calling all retings above b, 4s.)

The sddition of MDA in the 240 ppm azount (0.216 g/liter) !mproved
Decalin max. reatings by adout 1 nucber In some cases, {.e., clear Decalin,
and Decalin plus Cu or Zn, but this was only {n the &00°F runs. Nc benefits
from MDA occurred at higher terperstures, and with clear Decslin, MCA was
harmful at 625 and 675°F.

Apparently, the chelating acticn of MDA with metal (s responsible
for the imwowments {n Decalin retings a. 600°F, dut this must largely
occur during the early cycles, since MDA {s not stadle above adbout SWO°F.
Rowever, the MDA chela%es would te expected to be stable at higher temperw~
tures. As teapersture ls incressed, the DA wonild eventually be expected
10 deccmpose and actuelly coniribute to thermal {nstability of the fuel,
vhich seess t0 De in harwny with the 625 and 675°F ratings shown i{n

2ble 103, At high tempersture, use of & more stadble chelating compound is
indicated.
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Tuble 102, JRADE-CYP IN FLOV RATE AND TEST DURATION POR PQUAL RATINGG
Prebester Temperature: &Mn°p ;
Decsaldin: 125 nl P
?
Tube Deposit Rating ProCile by Inches )
Sent Rat ’
Conditicns | Max.
X mtg13121110981655521
2.5 1b/hr;
2.5 bw' hm.s 1-0 2., ‘s 200 .s }-0 koO ‘.0 ~o° , ) 3’0 2 %
‘/2805 0.5 (Io, ts loQ v, 3-0 ’Os ‘.0 }‘, ’ ‘ ”s 2 : ' .
6.0 1b/nr;
S houre - | ¥/ 0.5]9.51.51¢.5].513.5]2.0} 2.5]3.0]3i3]3.5]»
* )
'a
i
;
)
)
)
® ® ° °® ® [ ) ° ° o
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Tadie iCH.

FITICTS CF METAL PVIDCIMENT ON TIDRMAL "TATILITY OF

CECALLY (F-1 T NID{ D «Iul UT METAL UFACTL/ATCR

- ——— A—

. o s i

~———————n - e mar < -

a Tive, | Hiter,
| T fprevequis rZ‘.fQﬁJ e, | ] | et
285, 285,
31, 315,
316, 36,
352, 355 | 600 - - - fasAar 1.0
%%, a2
2631,263b| ©25 - - - 3/23 0.0
2% 650 - - - |3.5/% 2.9
320 (1] - - - 5/28 0.2
287 6co - - 0.C0M6 | 2.5/12 0.0
2% 600 - - 0.21% | 1.5/0 0.8
208 €25 - - 0.21% s 16 0.7
2% 615 - . 0.214 | 6.5/16 LRY
288 600 re - - l2.512 0.0
349, 350 | 600 Fe Fe - |a2.5Nn6 n.0
30 600 Fe Fe 0.216 | 2.5/ 8 0.0
351 600 Cu - - j2.5/11 0.0
353, 358 | 600 Cu Cu - |s5.5P7 0.0
291 600 (o 1) Cu 0.21% s f2 1.%
327, 336 | 600 wu M - 317 0.0
317, 333 | &0 rs M 0.21h 3/iv.5) 0.0
38 600 cr tr - la.5/21 0.8
310. 600 cr cr c.21k | 2.5/18 ».38
319 600 2n 2 - 212 RY
&R, 318 ] 600 & n 0.21% 1/1n 1.5
313, 325 | 65 Zn 2n - 3/23 1.3
256, 301,
2, 31,
329 65 & 2n 0.2l 3/13 n.6
338 6m m ) - la.5/21 0.0
3T 600 ) » 0.21% | 2.5/21 0.0
2 600 31688 | 316SS - |2.5N18 0.0
| 331, 321 &0 31688 | 316SS | 0.21% | 2.5/13 2.0
224~
[ - = deigutiin
® ] ° ® ® o




@

&
® Pert 311 =

®
Y IC

» PY Tude Syurface Preparetion

The occasionsl cdeervaticn that 3 scratsh an the tube surfa-e -my
KT, lemd to heevier deposits alcng tral 1ine led w to wonder how critical ’
gurface preparetion provedures tight be. Mcreover, s verua, wiari™ts o e .
prejamtion of JFTOT tudes that d-y sbrasives s gr.ficaLtly (ncreesed tesre.t *
1’ miings over those obta ped with the rlandard A-1l wolish [uctber plgad T
inte est. ?kctmpoli:.hing has 2.50 been repo.ted 1O INCTwase [relmmler ude
» deposits. <7

e

sees what ~{fect the degree oi polish.ng =ight have on coker ratings. TwoC
fueis were selected for theue tests: Ulecalln, for 60C°F, and SHELISTRZ-X, '
; for TOC°F. A jarge backiog of 13t ngs was aiready avalladle cn these fueis :
with the A-1 polish, which increasec their relfadiiity a3 reforence staniar.s.
’ L Polishing agents investigated included two dry abrasives, two liquid polilsces, )
ocom waxy poiish contain.m: an abrasive, an, cne dry adresive made plo s :
paste vith Decalin. These are shown together with test resulls (nx I:dle (oA,

We decided to lcok at the «ffec’. of polishing agents, and alsc %o i

Overall, the d!fferences {n Decalin ret.rgs were nct large. The
two d-y alumina abrasives did produce higher retings (3.5/26-27) : 2id
A-1 poiish (2.5/12.5-1%), and both of the aluzina poilshes produced surfaces
» [ ] vhich were not Qquite as <irror-lixe as can be cbtained with A-1. However,
the latter fact may not de izpo-tant, since the rather coerse Rayosol pollish,
‘ : wvhich p~oduces & fresh surfiace resezbling code 1, gave ratings (n exceli.ent
agreeaent vith A-1. The larger total code cdiained vith Bayocol vas dme W0
the diffuse appearance of the metal subgt:ste in low deposit or deaposist-{ree
! areas.

> o ® Sinllarly, no significant effect wvas found dwtween nev tube code o
ratings of "C" and "0.5" with the same A-1 poiish. However, ligquid polishes
gave generally lowver deposit ratings.

In contrast to Decalin, SHELLDYNE-H prodused a distinetly lower
depos.t rating for & highly polished tube (code “0") then for the less
polished surface (code "0.5%).

Thus, different fuels may have different sensitivities to surface
roughness, and {t s clearly izportant that the tube surface de carefully
prepared Yy a reproducidle method.

-~ o TS A
-

Depoeit Rating Methods

> °. Besides the inherent wealnesses of the coker test .tself, the

; strictly quulitative nature o. the color code rating wethod often casts

i coxplete doubt on comparative ratings. Depnsit colcrs soaetiaes do not

| . correspond at all to the yellow-tan shades of the ¢5lor corparstor; soretizes
the deposits are transparent, sometises they ure opaque. One pever reelly
knows how thick they are.

ag
-

v

The necessity of having a thermal stability test tor reseerch

’ 14 purposes vhich will provide quantitative relativ: measurecents of the depos.its !
lajd down bas led us to explore seversl different asthods of deposit reting. '
Included among these are: 1) direct beat tinusfer :0efficient aecasurement; Yo
4
3
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Iable 20b, INPIUENCE °F POLISH SYTY AND FRESH TR

FINISY N TVRE FATINGS
*Presh® Tube | Deposit, | Temp,
Faed Polish Reting, Code | Max./Motal °7
Decslin | A-1 0 2.5/12.5 | 60
Decalin [ A-1 0.5 2.5/15 &0
Decalir. | Rayceol 1 2.5/21.5 | &0
Decalin | Siliecn Carbide/Decalin 0.5 36 600
Decalin | Tripoly (fine; roug» 4is- .
persed in a waxy base) 0 3/:6 600
Decalin ! Cesme Alumine Mo. 3 (dry) ) 3.5/26 600
Decaiin Zi;§m No. kO=Gu30AB 0en. 5 3.5/27 6oc
RI-5%) a2 ¢ -3/ 8¢ | 10
r-50) a1 0.5 2.5/18 00

—
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2) ocabustion of the Jeposit, followed by adsorptics of the product gases;
3) redlative sethods; &) .olvent dissoiution and gum determipatics. Tiwee
will be revicwed briefly reistive to their sirotg wod wak polots.

virect Keat Tranafor Coeffizlent Measyre-ents

The advantage of %his method is that {1t gots righ' 3% the oroterty
of interest. In.eed, all other wethods m)y be repardad a3 sip .y belcg
{ndicative of whit the relative recuct.on 'n hedt transfer coefllc.ect night
de.

In our efforts to measu:e heat trunsfer coefficient charges due O
coker deposits and srtificial scrylic lacquer “"deposit® (ilms, we found that
comtings abo e Q.1 mil and edove code & were pecessary. Only if the severity
of the coXur test were greatly increased would [t be possible to prectically
apply this appromch directly to coser tubeg, which wouid alacet certsa .oy
invoive & higher temperature or a longer test tran the standard 5 bouss with
the ASTM Ccker. The cleverly designed Minex 1I tesler |g purported 0 de
capable of accomplishing this in a iC %o 15 hour t28t,#3/ (More recectly the
tize for a test hes been lovered %0 5-6 uours. but at e higher tezpersture.)

Complnte Coctustiocn of Tube Deposi

The cocbustion method (rnvolves comvers.on of the deposit to CC, and
Hz0, followed by either absorption and weighirg, or by gas chromatographic
detsction. It is assumed that sulfur and nitrcgen can generaliy be neglected,
and that i{n fact, CO, determiration will be sufficlent. In our own tesis,
wve have messured Hy0 as well, since this procedure perajits us %O deterxzire
the C/H rat.o of the deposit.

Figure 57 shows schematically the apparatus used for deterziratica
of deposits on coxer tubes. The coker tube (s piaced in a leated shell 50 as
40 form an annuiar space tarough which air is passed. The offluent from tlhe
combustion sone {3 passed through a cupric oxide bed which operates at 1600°F,
where con.ersion of CO to CO; cccurs. CCOy and H,0 are then separstely
adsorbed and gravimstrically determined.

Polystyrene “depceits” vere used to determine the precisicn of the
method, as shown in Table 1CS5. HRecovery was generully found to be within
S percent, provided sdequate oxygen flow rate and time (s provided to ccaplete
the reaction.

The comdusiion method was found adequate for the reting of coker
tube depcsits; however, certain drawdacks do exist.

First, the athod {9 not rapid in {ts present form, comsideradle
time being required for handiing and weighing. while these faztors can de
improved, a further disadvantage is that the approximately 1000°F te=persture
required for combustion dazagus the tude, possidbly remdering it unsuitadle
for further coker runs.

Sensitivity of the method is lizited zainly by the adility to avoid

contamintition »ia the air or from other adventitious organic substances. All
truces of fusl and rings solwvents must cf course be remmved.
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DEHYDRITE
DRYING
COLUMN
(-H0)

L ® ®
ASCARITE :
DECARBONATING
COLUMN .
‘ b CO} )
g_________‘ OXYGEN,
‘NITROGEN

cn”y s {ns y/l - .f"l) Oz - (x-8) CO) « (@ CO - (,/)) f‘go

(max T = 1000°F)

CUPRIC OXIDE FURMNACE

co+Y%0, &L cq,
(T = 1600°F)

WEIGHING
BOTTLES

.

NITROGEN,
EXCESS OXYGEN

DEMYDRITE
(-M,0)

ASCARITE
(~COy

Figure 57. COMBUSTION TUBE RATOR DESIGN
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Tadle 103. OOMSTION MATINGS OF POLISTIRRNE °PRFOSIRY l
bty e Depoet” tst. inx. | Percent?)
Terp Nov Aversge Cole Deposit I
g I ield °§' wt, g| Thtex- | Mating | Recoveres
1000 | 350 |77 |.cH8] .83 8 100 i
100 | 250 |28 {.0lk |- .c¥ 3 % .
. 100 | 250 |28 | .00k .01 L] plof § »
100 | 250 |86 |.010% -, 1 3 plo-
1100 | 250 (M6 | .01A2 0% 8 100
1000 | 200 148 |.0365 087 8 (2
"8) Calculated from CCz ant HgQ recovery. [ ]
I
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A variant {n the conbustica aethod which circumvents the tude “amagw
prodlez is the subeti.qtlon of vzune for part 2f the cxygsn. Lowever, Wis
ajproach haa not et pioved cocpietely successful. The difficulty has arisen
fros the aaount of Sine .equired to rescve e deposits, end the stringent
requiresent of almnst perfect purity of the oxygen necessary o avoid error.

A critical factor appears t0 e texgersture. [f the teapereture (s
too high, the ovscne decomposes 0o faat; {f the texperature 1s too lce, he
reacticn rate with the deposit (s 00 siow. In our experimental setup, & tude
tespersture of abcut 200°F sppears %0 be near optlmua., At t3is tempersiyre,
boweve: , neurly two bours flov, vith flow conditions of 0.025 (t%/ain. emd
80 ag Oa/1ites, are required to cospletely remove a code b deposit. After
this exposure there still emmins & whi‘e powdery filam, delieved to & amtal
ox.des, tut not proven., The oriyin of the oxide film (s uncertain, since ¢
extends (ar leycnd the s~ea of vis.ole depos.is observed prior to the csote
treatnent. The zaterial could, of svoursa, origipste from the fuel a~« the
pusp, dut in two tesdts vhe'w a druss thermocouple shield vas inserted through
the outer wvall of the oxidation chavnber, co,jar vas transferred 0 toe muface
of the cchker tube. This suggesis that otone (s capahble {n some vay of voia-
tilising &« Dotal and then depos.ting it aguin, perhape after criticel partical
sitel Dave Deen attained. Thus, the mets’ {ilx observed cowld partisily
result from transfer frum other zetal parts of the deposit removal syrtiea.

At the flow caeditions cited above, sbout 85 liters of oxygen con-
taining a total of adout 6.8 g ozone will have passed uver the coker tube.
Parbaps & design vhich would provide greater turdulence would result in & more
efficient uvilization of the vzone and & shorter time to accompliish the depo-
3it removal, sinc. this amount of ogone (s =iy tines greater than {s neeced
to durn of. & mexiz m of perhape 0.2 og of deposits (at code b). A reduced
tiae and total flow (s of course desired. For exarple, at the flow comditions
descrided, impurity levels In the oxygen which wvould cause & mting error
equivalent to 1/2 code number or =more wvould only have to excees 0.6 ppa COa,
1.5 pom B0, or 0.5 ppm CHy. If the equipment design can be suitadly altered,
the importance of gas streez impurities zight de greatly reduced by reducticn
in the amcunt of ozygen required. However, the lizitation may de & very slow
reaction rate of cscne vith the deposits, in vhich cease csone say simply prove
%0 be i{mprectical. Some further investigation of this approech is warranted.

In eddition to the use of coxbustion with the SD Coker tudbes, we
bave also experimented with the comdustict method on the small (Aicor) JFICT
fuel tester tubes. Here, although the amounts of deposiis are smller, *le
entire tube can de combusted in a closed vessel and the COp determined dy
either infreured or grevimetric analysis of the product gas. Sensitivity in
this instance is even more favoredble than that with the larger tubes since
the axount of oxygen required i{s coaparstively small, and ispurities in the
oxygen are of negligidle importance. Moreover, the smaller tudbes are less
expensive and can be expended after each run.

Ve bave rated the deposits on a series of five such tudes wvhich
were odblained {rom the ALCOR Corporution. Each had been run on a turdine
fusl and Mad & max. code rating of & or over. Ve ratea these tubes visually
slong sach ca of its total § ca length, recording doth the max code and the
integreted vis:al reting. INHo tudes vere then reted by the beta-back-
scattaring technique discussed in the next secticn of this report. Fimilly,
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vach tube vas sactioned ‘nto 1 om lengthz 1°% She Semnc’l ‘i, i Yeterwined
Yy the cosbustica aethod. Figares 59 throgh 62 show the comparisan of tde
visual and cosbustico reting profiles, whers the maimms depoeit level vus
Sx8igned & value of 1.0 on & relative deposit levw] scale. [t cen e ssez
that the visuml profile generslly follows the coobustion quite well, eltbough
tubes Ko. 1 and 4 shov some marked dissg eecents and dexrgtrate Dow the
visual nethod can give scre Tislea'ing resulte. This sssumption et the
combustion rating {3 sore correct than the visual is intuitive, dut alsc is
in agreement vith the results frow the beta-backscatiering method, es sbhown
in compariscn of the total deposits of the five ALCOR tubee (Iigpgre 63).

Here it may be seen thet the combustion and bets-deckseattering ssthods
alveys sgree sz to the relative total smcunts of deposits, and that the
visual ratings zay devisle (n elther directicn from the trus quentitative
azount. These date {llustrate the deficiencies of the standard visual method
of reting tubes. QOn the basis of the sgreezent betwveen the comtrstion and
back-scattering m thod ve have designed and rereived suthorisation for the
canstruction of & prototype S-ruy back-scstiering device.

Padiative Methods

Tvo methods of rediative depcsit ratirg have bdeen cuneldered.
First of these i3 the bdeta-radiation back-scatlering technique, which wve
bave already mentioned as being effective iz the rating of the asal! ’T0?
tude deposits.

This methcd [nvolves placing the tude in & partial vacuum and
frrediating it vith a soft beta source such as 53Xi, vhile simultanecusly
teesuring the back-scattered beta particles. The tube was scanmed longi-
tudinally along reprr -ntative sides, and the back-scattering cocpared with
that fron the clean tube. Calibration {s achieved by seeans of s fila of
novn thickness of polymeric mmterial. Details of the method are eladorated
in the Appendix.

Sensitivity of the method proved adequate to detect the equivalent
of balf an ASTM code nunber, dut revealed very poor correlation with viswal
retings, as vas shown in Figures 58-63, and as is shown again now ia Tadle 106,
This fact provides additiooal evidence for the great meed to quantify coker
deposit rtings. Cozxparison between the three methods of reting coker tubdes,
viswal, combustion and B-ray, are shown in Tadble 107.

Infrared offer s further possible method of dipowit rating. How-
ever, inquiry sade to ma: _jacturers of {nfrared equipment has led to the
corclusion that light coker deposits are too thin for detection Yy infrered
adsorption. There ic the possidility that d{fferences in enissivities of
the bare metal and film coated surfaces might provide s bdasis for infrered
detection. i

Our anly wttempt vith {nfrared involved heating the coker tude to
sdout 600°F {n & totally dark room, and then photographing it with typs A1)
Folaroid infrared {ilm. At this temperature, & 3-minute exposure was
nquindtomordwkindotminpnm,butwdcpauu‘_-em
2ot be distinguished. Ve are informed that more sensitive detectors are
svailadle, dut this approach appears very expensive.
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1.0

0.8

0.4}—

Reistive Deposit Level
Y

Cambustion

/ Visvel: Tuberator

Tube No. 1

]

3
Tube length, cm

Figure 53. COMPARISON OF DEPOSIT PROFILES

Combustion vs Visual Retings
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Figure 59. COMPARISON OF DEPOSIT PROFILES
Combustion vs Visvsl Ratings
45848 -2~

¢




—

[E———

AFAPL-TR-47- 14
Pect il}

1.0

o
>

Rslstive Depasit Lovel

0.4
0.2
- Tube No. 3
0 i | 3
0 3

Tube W’*.a

Figwe 60. .'APARISON OF DEPOSIT PROFILES
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Tube Length, cm

Figure 61.  COMPARISON OF DEPOSIT PROFILES:

Combestion vs Visal Ratings
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«
e
Combustion
0.2} Tube No. § .
0 N
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Figwe 62. COMPARISON OF DEPOSIT PROFILES
Combustion vs Visual Ratings
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3  Total Viwael Rating
[0 Totel Carbon, Determined by Combustion
{3 Totsl Deporits, Determined by Bete-Backicatrering
i (o Deponit Dermity of 1.0 wer Awemed)
1 [
* %
‘ 2
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17 | ! ¢
| 2 3 4 S
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Figure 63.  COMPARISON OF TUBE DEPOSIT RATING METHODS
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e e O T s P R
y _LBE RIPOSITY
Maxiwum Visual
Beta Count wWiith width
Tube | Decresse, |—LUSKDESS |, acta, e Visual, p——Sde
Countsbes | 1 |{mils ca om Max | Avg®)
1 8s 5000 | 0.02 3.8 6000 3.3 |5 1.3
2 T 4500 10.018] &.0 . | T000 PO 2.0
3 20 1200 | 0,005 3.5 1500 $.8 I\ 2.3
[} 50 3000 | 0,032 AN.O [ Yoo ) 5.9 6.8} 2.6
s 12% 800c 10,0321 2.3 6000 3.2 16.5] 1.b

e) Veightad average.
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THERMAL JTABILITY TECT RIG BY CCLCRATGR,
COBUICTICN AND BETA-BACKOCATIZR
Relative Aating
Totel Deposits Relative Ratings Order of
Tube No. - Tubes »
’ Visual® | Comb. | Beta-| Vicuel| combd.| Beta-| Visual] Comb.] Detd
1 T2 58 ™ 64 29| .96 3 313
2 58 108 8o 52 .52 97 b 2 4
! s 12 27| 6 | 1.0 A | .56 1 U I N ‘
5 T2 | 00| & 6 1.0 |10 3 1 (1 !_
8) PFor comparison purposes, color code ratings were assigned the
following values: Code 1 » 45 ug; Code 2 @ 90 ug; Code 3 = 135 ug
. the basis of best present knowledge. The code ratings are weighted
averages for the entire tube aurface. - D
b) Beta-backscattering thiciness measurements vere converted to wveights
bty assuning e deposit density of 1.0 and calculating s veighte”
average for the entire tudbe surtace.
|
.
i
i
i
§
. !
o
:
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Sojrent Deoxwil [wmowml

Cokiar dojoslss xight scnoeivadly Yo reooved axd we . ghed, 2t are
Sifficult 40 scivpe Off weihanically vithout reacving cooe mtal & veil.
¥ thersiore thought of tryng the (dee ¢f dlssniving tbe Zepoeit iz 2
suivaiis sclvent, ard ther deterzining the i2pceit ievel By rucning & o
dete-simmtion ou the sclivent,

8iice pagt experience lad showen tat coler tude depnsive are
gecarally oot very saludle, perticularly if they are of ibe resinoc.s, sdlerest
type- ve usid 2 hoated shell into which the coger tube could de {oserted.
Abdout 50 al of sclvent was required to sulxwrge the tude, axd Yw tezpsrature
¢l the solvent vas reised %o 100°C (or less, if the pressure resched 200
pe o).

Az vill he seen from uwhe summsy of results sbown in Tadle 1708,
mly ¥, N-diasihylformanile cume even cliae %0 doing & carpiste oo of rexoval.
A second treatnent with [MF sometimes conupleted the deposit rezoval, 35 Dearly
a2 could be detected visuwaliy, but more often lef? s patcyy light stala.
Again, the method was found time copauzing, adbout 2 hours being required for
best results.

Surmry cf peposit Mmting Methods

Several additicial apprcaches to quantitative depcui{t reting mve
been comsider<d, utilizing such techniques as easuring capacitance or ccrliuce
tance: measuredent of tle UV, Visiple, or x-ray al:rorption; oxygen plasos
Yburning; axi microwave spectroscopy. Some appear %0 be prahiliditively expen-
sive; others, irsufficlently sensit{ve.

Of those tried, the combustico and teta back-gcattering approecktes
appedr mcst promising. Tadle 109 sunxmrizes tle estimted miniwm deposit
dete~tiom levels for the zethoda discussed, wvhich shxws that all except direct
beet tranafer coefficient deterzinaticn have sufficient sensitivity for ~cker
tude deposit sapplicstion.

Peta back-scattering appears to be the simplest and quichest lest,
and {% appears that the assuwmption s safe that the depoait consists alxos?
entirely of carbon snd hydrogen. Most oiher elereuts which are likmly to de
found in the depogit will tend tn cause & slight error in the directico of
indicating that the filn is thinper than it really is. Thus, elemenis such
as 0, S, Fe, Pb, Cu, atc., vhich are commonly found in fuels, If they become
part of the deposits, suld increase dack-scatterirg and zvke the deposit
look a 1ittle thinmer t0 the instrument. This effec’ is roughly proporticeal
{0 the estomic number and the concentration of the element. Although every
tube metal - even different aluminus 2lloys « wvould require recalibraiicm,
this could te done Yy cleaning a small sectiom of the tube defore rating.

dlv 110 gives an estimated frdication of the extent of the effect of Lmpu~
ritise.

2% would prodadly be woriwhile to have availadle film approximating
in ccmposition and “aiciness & typical deposit Jor calidraticn purpowes.

o ——— . reamy e s A s e - = e




ASAPL -TR-AT-114

Port I}
Tadle 308, SCLVENT PRICSIT AMOVAL IWOTS
Solvart f?o Press., | Tine, Tube Tating
peie | B | petore | After
Morpholine ) lan F44 2  $A 7.3
2-Nitroproepe-e s 200 1 3.5 LYY ]
Tetrahydrofuran (THF) 100 1710 3 5.3 3.5
Bexylene Glycol Discetate 50 190 1 3.8 b.S
¥, N-Dimethyl Formamide g 3R 3Nh ] 3.5 3.3
DM (2nd Cnoreeoutive exp.)| 170 25 1 5.5 ¢
|* 4 10 28 1 t W} 1.0
P (2nd Corsecutive) plasy s 2 1.0 )
e, 3 w2 18 1 b0 3.0
13 0 + 2/3 TP ™ 190 1 3.5 3.3
1/2 DMP + 1/2 Mcrpiclire 10 9 1 k.0 7.%
w1l Solutiser Solutfon®) | 100 2 |1 2.0 | 3.5
Sulfolane 100 6 1 2.% 2
Solvents vhich had no effect: Cimethyl sulfoxide, Phoronw,
Piperidine, Diacetone Alcohol, Am~-. Acetate, Propyl Alcohcl,
sec-Butyl Alconol, Methylene (hiloride, Acetone, Methyl Dthyl
Ketone, Toluene, Frecr=1I, Mesityl Oxide.

Te) CNKH, SONKE. TTTTT
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Dadle ‘.g% TITIARTED MDNIMM D!';!L‘HCN LXVELS KR FIVR
‘L ] A

Aversge Total Apsren Mz

el = ey

ASTM Color Code 0~ 0.2 1.0

Heat Transgfer

Coefficient 0.25 26 8

Cosbustion 0.003 0.3 1.0

Beta Baokx-Scatt.ring .09 0.3 1.0

Solvent Removal 0,003 0.3 1.0

a) Maximum deposit thicinesses are usually several tizes
he sversge thickness.
®) Aseuming Mcx Code @ 2 x Aversge Code.
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Table :'" ESTIMATED DOARS T4 BEIA

Irror in
Composition ol Deposit

cH “0) _.l)
Clie YR | 2.0

CHO, »s 2%.5, 0 2.5
CHS, 08 1.0, 8 3.9
WO.Q; 5.1, h ’205

mo 003 10‘, 2 ] ’,1 1

8) CH wvas taken 28 the refersnce
ecmposition,
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] Stadilisy of Dimethancdecalin & vy

As & part of a continuing progrea of rmting therzal stabilities of
candidate rodothermic fueis, d{methancdecalin snd RJ-s fusl { Tetruydrooeulyl-
cyclopentadiene dimer, cbtaired {rom Esso Aesearch wd Inglneering Toepany,
and designated TH Dizer Raznjet) were tested in the SU/M-T coker. Resulls
of these tests are coxpared in Tadle 111 with sialler results for SHILLCTME-A
and Decalin.

Table Jui, DAL SIILITY OF DDETHICTECULN 49
T, 3{M-T COKER AT 159 PSIQ

Prehester Tube
R Mo. | Test Fusl ;’7:‘2%5.” Pre healsr Tezp., i}:g?éwr:.:/
%7 | Dimethano- 1.0 600 3.8/27.5
Decalin
{ composite)| Decalin 0.87% 600 2.5/1%
39 |R-b 0.918 550 2/12
¥0 {RJ-b 0.918 600 2/12.%
WK1 |R-b 0.918 650 3.5/20.5
(composite)| SHELLDYNE-H 1.0T2 750 2.5/15.5

From the data, RJ-4 has an estimated breakpoint of adbout 625°7,
vhereas that of dime 2calin would de about STS5'F. By camparisom,
SHELLDYNE-H and Decalin®®’ have breakpoints of TSO and 600°F, respectively.
Howvever, the result on dimethancdecalin is on the basis of a smll, old
sazple wbich, though refrigerated, could have letericreted in the ten ysars
since it vas made. It will therefore be necessary 1o confirm the present
rosults vith a {resh sample.

E{{ect of Decalin Impurities on Coker Ratings

When 30 drums of RAP-161-60 Decalin were purified recently,?®) the
silica gel treatzent removed appreciadble amcunts of color bodies and produced
e wvatex vhite product frox the original materisl wvhich had a strong yellow
treatoent prior %0 treatment. Existent gun and particularly fuel coker
retings vere improved.

Following the silica gel treatzent, the gel ves drained, wvashed with
n-herane, and eluted vith acetone. The recovered extract was then water
wvashed and vacuum flashed to remove the acetone and bexanes. VWhen the product
was cooled to -2°F, a crystalline substance separsted out, leaving a dark
brown-dlack liquid. 7he crystalline phase by itself melts at a tempersture
adove T0°F, however.

Ve wure interested in learning wvhat the active ingrediert responsidle
for the poor coker ratings of the untreated Decalin might be, since its pre-
senoce at & cancentration of 1000 ppu or less wvas swprisingly harmful. Erdco
Coker ratings of Decalin bdefore and after silica gel treatzent are showa in

2M~




*@e o

AFAPL -TR-&7-114 1
Port B
{
i
- — 5
Cuker Fuel ".‘,"" P:t"" Tube Astings ‘
Irdec | Decaliu, "es 300 2% 2/ s
received” »00 2% b/23.%
. Decalin, silics RS 2% 3/ 2
..1 trested
SDM-T | Decalin + 1§ $%0 150 212.9
Xylane oesurdate
- Decalin o 17 $%0 1% 2/ 1 '
11quid desurdate
- Decalia « 1), 550 1% »/e3.5 :
tvtal desurbate !
Decalin, silica 60 1% 2/
[!91 treated 2% 1% 5/ 1
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SD Ccker runs vere made an .econstituled dlends of purified Dwcalin
with the *-tal extret, the crystalline plase, and he 1iquld phase. Resulcs
of these tests &re 8.1s0 shown {n Tadle 112. Curiously, neitdar the crys:al-
1ine por the 1i3:id Jhase vere very harzful to coker retirgs separutels; Wt
the total extract vas harmful,though less so than expected {rom the origimml
“ac received” Decalin retings of the Irdco Coker.

Tvo explamations seem possidle for the spparently lighter reocm-
stituted retings. Firet {s the possibility that some barmful impurity wves
adsorded froa thy Dezalin vhich wvaa nct descried by the scetone. The second,
and more prodadble, i3 that ve are seeing & true difference in the wvay the 30
Coker and the Erdco Coker rate a fuel vhere the deposits are dus to an alics?
trace coopooent. Thus, the deposit in the Erdco test derives from adout 6.3 ¢
{rpurities (3 1d/hr x 453.6 ¢/1b x .001), whereas the deposit from the 3P test
ccaes from caly about 0.3 g Lmpurities (350 al z .683 ¢/al x .001), However,
when the pare silica gel treated Decalin {8 deing tested, the Irdco and the
SD Cokars sgres very well indeed (see Tadle 112). This compariscm is in
agreemnt vith uj'licr predictions concerning sizilarities and differences of
the two cokers.%¢

Ve are unable to expla.n the apparent sypergistic effect of com-
dining the 1liquid and crystalline {mpurities remcved from the Decalin; however.
Scme wvork vill be done in the future, involving further separation of tw
impurities.

Nev Iguipment for Thermml Stability Testiny

To droaden the scope and understanding of the thermal stabdility
prodblems of endothermic Jct fuels we have recently purchesed {roa ALCCR, Inc.
s Millip's S-al Bomd Agparstus Assesdly. This equipsent hes nov deen
assesbled and will be used for occasicmal correlation tests vith the Trico
and SD Pl Cokers.

Ve have 2120 constructed ancther s.all stainless steel bomd for
developaent studies on a nev thermal stadility test. The cancept of the
test is to accumulate deposits o fipely divided mmtal or catalyzt pariicles
of very high surface area. It is hypothesised that, among other factors,
the deposition tendency is dependent co surface ares, surface roughness, and
1t should bs possidble to reduce both test tinze and saxple sise. The hope
would de to develop & thermal stadility test vhich would be repid and sirple.
¢+ would reflect the deposit forming tendency of the fusl as reflected by
cocker test, or better still Yy the engine itself.

g3

¥We propose t0 accoxplish this Yy adding the suitadle mstal and fuel
t0 the domd) expose it to texpersture in tha presence of oxypen, then reoove
the metal particles, vash and dry them, and determine the deposit weights.
The latter zight de performed either Yy combustion or gravimetricelly.

Tvo previcus bosbs wvere duilt for this purpose. The first, oon-
ted of aluminum, failed by seisure of the threeds at the exd of & test.
The second, made uf stainless steel, had an {nadequate seal vhich leaked
under pressure. The present boamdb i{s els0 constructed of 316 S3, but is
equipped with a crowvn seat. A nickel dursting disk also aerves as & soft
gusket t0 insure & perfect seal. The dursting disk is designed to rupture

i
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et 1206 pel and S00°F. Total volume of Cw Domd {2 3.%% ml. The bcad (teelf
1s 1° CD x 2~%/8" long; overall length incluling the deed is 3". In operetiocs
the bomd will de 2rcpped {nto a snugly fitting bole in e previcusly hested
alxinue dlock & in dlameter and 2+1/2° thick., After somw tiaw (jerhajpe coe
har) the bumb will be pulled out of the block, juenched and cpened. The
domb will also cantain & snell Teflan=coated stirring sagnet which will be
rotated during the test.

In & typical projected experiment vith Decalin, for exsaple, the
followving situation =ight exast;
Initial contents Gf the bomd:
0.79 g Decalin (= 0.89 ul)
0.1 =1 of finely divided metal stirring mgret
cs 2.15 al of Oy at 1 ata pressure

At S00°F the liquid Decslin will canstitute 9.76 g (1 ml) of e
total amcunt, and the total pressure wvill de 89.1 peig.

The apparetus {s completely set up for testing, vith suitable
teapersture controller, and candidate metals and/or catalysts are being
prepared for {nitial tests. FPowdered metals including Fe, Cu, 304 ard 316
stainless steel, NI, and Zn are deing recuced in & hyirogen blanketed furmace
and vill de tried firss.

Modifications to the 30 Fus) Coker

As was previously described, the Zenith pu=p in the present SD
Cokor system serves cnly to meter the fuel and to reecirculate {S. Since the
=D {s of & volumetric type, the flow rete {s determined with an electromic
counter vhich reads in tenias of an rpe the rotation of the puap drive geer.
(Total pressure {s supplied by the sparge gas.) With the present Type=@
Zenith pusp the speed {5 ca L) -pm for delivery of 6 1b/haur fuel flow
(depending upon the exact fuel density), which zakes possible the comtrol
of flow to within 20.5 percent (2 counts in 4320) cnce the proper count rate
has been established. This is dcne for escl pev flel at the beginnirg of &
run by measuring the time required to collect 50 ul (s.nce the pump is
volumetric, the number of counts {s always the same: 429431 cpm). The
precizion of the flow contrcl system thereafter {s dependent cn the assuapticn
that the preswurs drop acroes the pump remains relstively canstant, which is
true unless sdn.rmally high filter plugging develops. When there is no filter
plugging, the rressurce develope by the pump is Just the smell systes flow
resistance aacunting tc & fewv inches of water pressure drop. Generally, toe
soall build-up of pregsure drop during & run has an ins!gnificent effect am
pump slippage o> efficienzy.

However, vith the electronic aanitoring system alome, once the run
is in process {t has been impossidle to get & direct flov arasurement (beceuse
the entire recycle flov system is unier systes pressure). On rare occasions
wvbere extreme filter plugring occurred, redvced fiv became spparent woen
reduced prehester powver requirczents wvere observed, in which case the rvn s

Qimrum.tdmmmwmmmwnnouw”r
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10 reasdy thie protvles wo have now (ngtelled o Fipohear-Porier mudel
MOANGESA Rotamster with & stalnless sleel Dall. THhe "Ob0er wrals wre
replaced vith Teflon, and all surfaces (n cantect with Uw el sre elther
stalnlesy or Teflan. [he rtuwtur can de saflely Opereted to %0 peig ard {9
equlpped «ith a sefety shield, AlRhouch the 3cale can bo read tc¢ .0% o0 o
0 t0 ¢3 mprwad, we Gilly Lae Wa rotlaueter a3 & vigual flww scitor. If iMwm
flow were 0 deviate significantly from the control settirg, pump speed warld
be varied 0 restore {t.

o i , 1 a

T™he present SD Fuel Ccler requires adout 1% ul per test. This
r~juiresent is largely due to Lhe Faxburo 1/p cell used for seasuring fllter
pressuce drop. Since eaperimental fuels are f(requently in short suply, w
have decided W reduce this requirement to an alsciute mini=zus Uy replacing
Ahe d/p cell with a Model FLRB0TC19=350 Stathas Cifferential Pressure
Transducer. The present double pen Pristan AP wnd P recorder will de replaced
wvitl, & Model URS Statham Analog Readout and O0=¢00 peig Dursgare. All setals
are stainless steel. The trunsducer ls good for 1000 peig static pressure
and ranged for 15 peig saxisum differential press.re. There g provisiom for
@ large differential overpressure safety margin.

Iquilitretion gus sparging will de eccomplished In & sepairute
sparge and disengegesent tube. (Currently, re-equilitration (s bLeing
sccamplished vis a tuddler in cne side of the d/p cell.) But even with txte
tube {t {3 hoped to De adble L0 get by wvith as little as 1295 al per test.

Mecent vork by R. M. Schirmar®®) has shown that deposits form
preferentially at the regred edges cf scratches on the tude surface, suggest~
ing that surface roughness may not only affect the sppearance of the tude
wvith respect to visual reting, dut the actual amount of deposi’a formed as
wll. We bave therefore delermired tO exercise increesed care in the prepar-
aticn of the tudbe ourfaces, and have (ngtalled a nev lathe in the lad W
assist in the accomplishment of this aia. The convenient locatiocm of the
lathe will also result i{n tise savings over the use of shop lahes ss wll
a8 reducing tne possidility of contasminatian. '

Soker ube J,rfuce Jezperatury Mesgurecerty

The formation of the tube deposits !s telleved t0o be moTe cloeely
related 10 surface tesperatures tham to the liquid bulk tempsreture. IhCre~
fore, as & further aid tO the {(nterpretation of coker data, ve have begun
ordering coer tudbes with a chromel/slusel thersoco.ple installed on the
ioper surface of the tube wvali. However, presently this {s just for
obeervatiaon purposes, and the preiwater texperature cantraol {a on the
preheater fluid effluent, (n the canventional way,

Wmmmmmm
Pecsuse of their purity, almcst asune of v, cendidate endothermiae

fuels are limited in thersal stadilily bty filter plugging. Anctder resscm
for this abesnce of filter plugging is that often the texparstures in e
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srenester and fll%er arw dove the ofling point and tre Cual pasews turugh
Lhe {llter &3 & vay<r.

wten f1it%ar pl.ziing does ocour, there {3 ftan euem 4alt as %0
wheiter (e teat Lol g tre poumve .f e #7113 metier, or whether Vs [al
1 verred 3ok debris Lr deposils (rom Lue systen rt revowmd i ciearing.
ALs., Shere 13 & ;uestl ok a3 Lo wreller l.gRing (s d.e W el cxldatium or
te sdvertiticug laxpurities introduced witi the fuel.

UV

ye vere gtim.izled Ly the excellent work <f R. M. Schiroer an e
sorphology of fwel depusits™d/ to sean & cokar filter under the eiectrun
niervsecpe {n search of cluwes [or fliter plugiing. The filter (s 8 canven=
tizral % micron {noninal) pore size, sirtersd stalnless zteel constiuct!-a.
FhotogTashs were taker of & filter from & run with TELISONE at 42%°F ard
10 psig where the 5P had increased 0 ca X" Hgp trat (s, e {iller was
alncet complelaly pluicged.  .nder these condit.me the SHILISTNT would de
mlnly in the 1iui{d caedition., e (nsirmument wsed {Ur this wrk vas &
capen Electron Optical laboeratoriss Soanning Tlectron Microaccpe, snd the
sacple wag CJirst given & thin golil overlay befire soarsring. Photographic
res.it3 &fe snowWn in Fl.re b, 3=e 2% zagnifications of 1071, XCx, 1>Xx,
3200, and 10,000, 2/

.

The large rowd aounds in the center of & and 3 Fli.re a4, are
granules of the stainless steel fllter, overlayed with an izparenily sone
fealed depcsit., An enlargement cf (he structare of thisg deposit (s stowa
ingand 2 oof Fioure 1y, Tne shol in g at 12,000x {8 %he ed 2 of ore cf
the hcles ghown in ¢ ard 4. 1t was t.e ~wilen deposit which alzost totully
segled cff the filter, The lare resinus locking churiks of mlerial in t
jpear Lo be broken off from sxne place « 137 (n the systom ard tlen ~arcied

in ine stream (e the filter. (tler firmg .f detrie and unidentifled pare

ticles are chrurvadble {n 3, prodadly partly froam Yhe original fuel.

a} Protcgraphs were taken bty R. G. Meisenheizer of the Analjtical [epartzent.
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Vodel of 8 Jepenarative Heat Fxcharpsp for Misa{la Arplication
[ovelcpment of A Yral Trw gfer Correlaticn

0ne of the nenr term appllications of Alr Force progrems un vspore
{ziny and endothermic furls {nvolves utilization of supersinic cusbustion
raz el engines for pcwring misslles, Presant plang contemplate using wnly
the latent and sensiile heat capacity of the fuel for cecling the engine,
Under the currenti cuntract tl» behavior of candidate fuels are deing investi-~
gated both analytically and experizentally.

In order tu arrive at the optizunm design of experiuental equipment
8 cne~di{mensicnal eczpuiter mcdel has teen developed to be used in predlicting
the effect of geometric and experimental variables on hest transfer and
profiles of pressure and temperature. Fuel 1s sssumed t¢ flow through a
c¢ylindrical heat exchanger and abscrd heat prior to {nlection into the
comtustion chamber. 7he romp.ter progranm predists the pressure and temperse
ture profiles of the fuel. Past calculations’®’ nave snown the re.d for an
i{zproved correlation {n predicting fllr heat transfer cuefficlents in the
liquid phuse and critlcal recion. Current work {s directed toward developing
& correlation based on data {rum the FSSTR.

Experimental f{lm heat transfer coefficlents were determined in .
the following manner. Data from the FSGTR ccnsisted of the initial pressure
and temperature of the fuel, fuel mass flux, heat flux profile slong the
vall, and ocutside wvall terperatures at various points. Inside wall tempera=
tures were determined from the ccnduction equation throuch a eylindrical
wall. The fuel pressure and bulk temperature at varioug points were detere
mined by using the cozmputer model for the heat exchanger. The temperature
differences between the inside wall and bulk fluid were used along with the
heat flux to determine the experimental heat transfer cosfficlents.

Regressicn analysis was used to deterzine the effect of different
variadbles on the heat transfer coefficient. The heat transfer coefficient
wa3 cast as & Nusselt number based on fluid properties at e‘ther the bulk,
average film, or wall temperature. The variables were cccbined into dimene
sirminry vemas:  Reynolds m=“~r, Prandtl nuzber, an® ™4tios of viscosity,
da.cl:;;, il temperature. c e SR

—— o . -

The eaperimental data ccrrelated wvere recorded during the high heat
flux runs with MCH in the 26.5 mil diameter tube. Heat fluxes varied from ‘
2 x 10% to 6 x 10° Btu/ft2=hr and mass Jlow rates from 31 to 77 1b/hr.. MCH
canditions were 628 to 955 psia and 80 to 636°F (mostly suberitical). Inside
vall temperatures varied frecm 162 to 813°F.

The only significant variablee were found to bc the Reynolds and
Prandtl numbers. The fluid propertles at a mean filn lemperature provided
the best correlation.

mt = 0,000%95 mtlaolltO-Oth’t « 72940027 : (1)
wvhere Nu « Nusselt number

Re = Reynolds number
Pr = Prandtl number

an-  Best Available Copy
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Jutpeript f refers to fluld pruperties ut the oean flln terperature

&

Tp - (2) ¥
£ 2
whers? Te « meen filn temperature
Ty r mean bulk tetperature
Ty = inside wall temperature '
The viscosity, density and tezperature ratics dié not {mprove the -orrelation
significantly. The effect of axial distance wis negligible.
The correlating equation {s plotted :n Figure 65. The data have
very little ac?‘.:er sbout this equation; m.ch less than sbout the standard
correlations®®’ shown {n finres t& ard of. '
Nup = 0.025 Geg’* ir " ¢ (3)
L u Osde
Bup = 0.023 Re0+9pr3 —-‘3) (u)
Uy
where y = fluid viscosiiy
and subscripts b and w refer, respectively to the fluid properties at the .
mean bulk temperature and the ingide wall temperature. The errors associated
with the correlations are ltsted {n Jable 113. The derived correlation has
by far the best agreement ..th the experimental data and their slope, The
Dittus=Boelter correlat{™ is not far from the experimental data, but ) )
Figure 66 indicates that the slope for the correlation, which {8 a combina=
ticn of the exponenis on Rer and Prp, has the wrong value, For the Sieder=
Tate correlation both the curve and its slipe differ appreciably fron the
experimental data, Hence the derived correlation {s mure suitable for
estimating heat transfer coefficfents. Current heat transfer da‘a for
Decalin and SHELLDYNE-H are baing analyzed to check the correlation for '
other hydrocarbons and aodify it if necessary. )
Jable 113, HFAT TRANSFER CORRELATIONS .
AXD ERFORS
Correlation Log Standard Error
Derived 0.0%2
Dittus~Boelter 0.235 )
Sieder~Tate 0.372
Reaction Kinetics of Decalin Dehydrogenation
pgevelopment of a Kinetic Model
Dehydrogeration of naphthenes is the most promising endothermic . )
resction for fuel cooling. Currently MCH and Decalin are the fuels studied
post extensively of these fuel candidates which undergo dehydrogenation.
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Tre denyiroperatiln reactlion for MCH haa been (nvest’ioated gufficiertly tnat

ta kinet{c beravior can be predicted.?® vore recertly an analysis ras teer
attexpted on dench ecale data for Decal!n denyirogenation {n crder 10 detere
mine a kinetic modn»l f2or this reacticn.

The dehydregenition of WCH {8 4 single reactlon atep, MCH forming
toiuene and hiydrogen. However, the denydrogenaticn of Decalin is more
cecrplex. Decalin {s composed of two igomers of cise and trans~form., Thece
{somers bcth dehydrogenate and {somerize st significant rates. The dahydro-
genation proceeds by two stepe from each {scmer to form the intermediate
tetralin, along with hydroger, and the final product naphthulene, also witn
hydrogen, A diagram of the reaction svsten {s ghcwn below:

m(:o 2
P S o= QO
tm@ 3 He

Reiction System for Decalin Dehydrogenation

Beriche=scale data were available for pressures cf 1C to 25 atm and
temperatures of 667 to 791°F. Feeds were composed of Decalin and tetralin
and varied in compositicn., Some feeds consisted of each {sorer and tetralin
in almogt pure form. Other feeds were mixtures of these corpcrents in
varicus retics.

A kinetic model with steps first order in the hydrocarbon was
applied to0 the data.

dc on
———— oy e W 2 ~ 3
at u vRRIC s Wy o KeaPy?Cr (5)
dct
= n © )} 3
"qt = Nalep = (kalyp ¢ KaCypl + keapyCy (6)
4
- - 3 3 Y 2
t = KaCop + KaCyy = (keaP® o KeaP® + KaiCp o kogpy®Cy, ()
de
3 * KOy = ka2 (8)
wnere C « concentration of species I
kJ,k. J* r::c; coefficlents for forwvard and reverse rates cf step J
=t

and the literal subscripts indicate the following hydrocarbans:
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a0 s clgelecalin
L2« traug=lecallr
T - tetralin

N roraptralere
4

r rairocen

Rlrce the tnerwodymazics of e systes are well wnown, the reversille reacs
ticn steps can be included !in tre giretic parazeters. Also, tre deryirogenas
ticn 10 raptthalene {8 equilicri.n limited at tne lover reacticn tetpersiures.
ArThenius (ype rate coefficlerts were assumed for each forwvard step:

k,eAJexp(\-ﬁ) (9)

-

rate parateters
universal gag constant
absolute terperature

BN

The rate coefficlent {5 tnen given by

Kt
. ot b
KJ (29)

where X, = equiiibrium constant for step §
v

and
(11)

R

X SN
J:exp R_;_b

vhere the equilibrium pirameters are

t

AH: = entralpy of reascticr fcr step !
ASJ = enthropy of reacticn for ~4~v j

The model was fitted by regregsior analysis. The four reactions
@ iale equations reduced to tnree frdependent cres. Errors in predicted
converricns for the turce independent reecticns were used to determine an
errcr sun of squares; this was minizized tc determine the kinetic parazeters.

The results of the regression aralysis are given in Jable 11k as
kinetic ptrameters for each reaction step. Fquilitrium parameters for each
step are also given. 7Tle temperature coefficients for stepr 2 to 4 are high
if these are congidered as activation energies. For tne dehyirogenation of
tetralin ihis is m:h higher than wnat would e expected for such a strained
awlecule. An explanation for these high values can be found in the fact that
the minirum error sum of squares was not well defined. The two kinetic
parameters for each step were highly coupled and cculd be varied such that the
sum Of squares was scmewhat ingensitive to the change. The degree of
coupling between each pair of parameters can be reduced if data could bde
ottained over a wider terperature range. The coupling {s also due to
inaccuracy in the data. Calculated parameters for & klistic model are always
sensitive %0 errors in the experimental data. However, conversions predicted

.257.

)




AFAPL-TR-67-114
Part 1il

Iabie 114, ECUILTSRIUM AND KINETIC PARAMETERS
! E {

[ITIEY TAvia e
Leedd /it M

Equilibrium Constarts: Ky = exp(= &Hs/RT + 8Sg/R)
Rate coefficient of foward step: kj = A; erg(- EJ/P.T)

Rate coefficient of reverse step: Kkaj = KJ/KJ .
Equilidbrium Parameters Kinetic Parameters )
Units
Reaction Step J | or ¢\ [10°3 (aii/R)] 1073 (B
- /R)
J el (854/R) | Ag, br Bt L
1. ¢ 2 ¢t None 2.8 ~0.31 323 0.k
2, D2 T+ 3Ha| AL L8.33 52,20 272 67.9
5. tD 2 T + 3Ha| Atr® 51.15 52.51 110 57.9 ‘
b, T 2N+ 24, AtoR 26.91 28.93 2840 27.7
|
!
.‘& :
1
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moxie]l are ratier insemaltive tu orrcrs 1n he model, Lf e
: Wl e e U8 experioental curditius Lsed Tl
rd CLr i Lidel. I view U nls, the adbove xdel fir smwiln
mgnnation should only be used for prossures and tezperatures ln o lhe

£ thise Lsed In the experizrrts wrd snoull not te extrapclated bteyund
tnose swditione, It is intended tu apply the zodel here develcoped 10 the
aralysis of FSSTR results on Decaiisn usir: the packed bed reactor =x«el
develcped for MCH by substituting the apprepriate Decalin physical properiles
for those of MCH and writing subroutires for the Decalin kinetlc mocel t0 be
s.bstituted for the MCH kinetic oodel sutrautines. '

SIARELIRIT

[J
-

frysi~al Properties Ceti-2tion

C.rsiderable {zprovenent a3 teer zade ir the physical priperties
calculaticn. Properties fcr Decalin anc JP=9 Jet fuel have been calculated
and are listed In Jatles 137 to 144k <f the ippendix.

Tne Decalin properties are thocge for an 2guizolal mixture of the
two !{scoers. Properties of the zixtiure and the pure {scrers are very sizilar
witn the createst exception baing the liguid viscosity at low tezperaturcs.
Z.7., zatle 135 shows that transelecalin has 2 viscooity 2.4 tizes that of
clis=Decalin at ~40°C. Howeve=, trne =ixture is nct far frour eitrer pure
cczporernt vistosity. 7These converge rapldly as the texperature irncreases,
and therz i{s very 1ittle difference at rnizher terperatires. 3ecauce c¢f the
close si=zilarity in properties, the 2guizclal zixture prcperties protably
can be used for those cof any cixture cr pure cozpanent of Decalin.

AL RAT-D
{scosity, cp
Tezperature,
°C Equisclal - ‘
trans-Decalin Decalin Mixture cis=Decalin

=40 9.98 15.30 25.5 .
=20 5.38 7.57 10.66
o 3.25 L.30 5.08
20 2.1 2.70 3.b1
L0 1.50L 1.833 2.2%
&0 1.11% 1.328 1.584
80 0.861 1.008 1.180
100 0.688 0.795 0.9186
120 " 0.565 0,647 0.T40
10 0.u47S 0.540 0.614
160 0.40b 0.459 0.522
180 0.342° 0.393 0.ks2
200 0.290 : 0.340 0.399

Pseudocritical methods were uged to calculate most of the physical
properties. First the vapor pressure and enthalpy of vaporization were
determined at suberitical tempersture. Then ideal gas properties were calcue
lated over the full range of temperstures. Next correlations were used to

~ Best Available Copy
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rcrrect [7r the effect of pressure to cllai{n real gus projertisp., L1iQuid
prese and dense prase currelations: scw cf these were senithecretical,
Ctlhers were esrirical and required experimentsl data. Suffliclent datas were
avai’atle [(n the scientiflc literature to deterzine Decalin pruperties.
nta for OP=S were furmnlished by the Flor{la Research and Developmer.t Center
v Pratt ard Whitrey Alreraft.  Equations ured for estimating properties
are Jascrided lelow.

Sae Propertie

1. The ressidility {actor vas cdetermined by the RedlicheXworg=
Ackersan equatfion of state:d -

Z-ZHKOZ; --G;. (12)
where ¢ e compressibility factur

Im - cocpnnlbluw tactor calsulated by the Redlich=Kwvong
equatiaon cf state
-centtic factor
Z,,29 = generalized functions of reduced pressuse and tecperature

‘the RedlicheXwomng equaiian of state 19%)

[o*. ](V’b)-m (1’)
Tiv(v « b)

vhere P

= abgolute pressure
T = absclute texperature
¥V = volume

R » universal ges eonaunt
a,d = functians cf critical prescure and tezperature

The Redlich=Kwong=Acserman equstion of state {s & gereralized correlstion
viiich gives an accurste valus for the compressidility factor.

2. The gpecific hest 8% congtant presgure for en ideal g3s vas
deterxired M °*a group contribution method of Rihani=Dorsiswvemy:d

ep"-nob‘toe‘l"ﬁﬂ‘ ‘ . (ik)

were ep° = 1deal gus specific hest
8, t,c,4 « parameters determived by the addition of group eamtributions
and correction factors

The effect of pressure on specific heat wag determined dy differentiation of
the pressure effect an enthalpy.

S. mm;vtormidodmmtmwmhmimotm
ldeal ,.a specific hnt.

L ] )
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vhere HC « {deal gas enthalpy
T° « reference temperature

The preggure effect ymg calculated by 8 modified form of the Redlich-Xwong
ejuation of state:32

HeH o« (= H),, (1= .F) (16)
where H » entnalpy f real ;a8
e » enthalpy of {desl cas

(4 - }P)m » presgure ef{fect o enthalpy as ~alsylated bv the
RedlicheKwong equasion ¢l gtate
¥ « generslized functlan of reducel temperature

The RediicheKwong equation uf state for enthalpy (s

v
(Hei) _ » PV = RT » -2 m(,,jx ) an
RK BX Zmi !Rx + D

vhere V,, = volume cslclated by fquation {12).

b, The entripy of an ideal gas was calculated from the spreilic
heat by

-

I

- T
0 - » ¢.0
S jxu (-&-) qT (18)
where SO « {deal gas entropy

The real gas entrovy was determined fram the enthalpy and 5ibbs free energy:

where S = entropy
G = Gibbs free enerzy

5. 7The Gibbs free erergy cf an ideal gas was deterzired from the
enthalpy and entropy by rearrangement of Equaticn (19). The real gis free
energy was calculated by

G=C° = RT j: (zl:;l)dP (19)

vhere GO = Gibbs free energy of an ideal gas
R = universal gas constant
P = pressure
Z = compressibility factor
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&, The 1at ~ _f zrectff{e heats ar! e gre~iflc heal af conetant
v.).me were detorzire. Ly
XYook

A S‘}: (2(3)
v
-~ :"H’T (}D)
o 22 4T |- «d» (21)
v (“/? NIt
vare 7 « ratio of specific hesls
e « gpecific heat at canstant volume

j ) (-;") » derivativea delermined from the PedlicheKwong »quaticn
AN of state

H
o v[-3(8),] )
! T

vhere u_ = sanic velocity
“” 5 molecular weight

8. The Joule=Thomscn coef{ficient was calculated by
S (gx
“n cp F I (2))
were Hyp = Joule-Thameon coefficient

(%lg) = derivative determined from the modified Redlich=XKwonig
T equation of state

9. The ideal gas ﬁscosi"x egtimated by the Stiel-Thodcs
corresponding states correlation.32 :uyu

w2 = 3.40 x 107% a T -9 T, < 1.5 (a»)
W = 1.778 x 107 a(4.58 T, - 1.€7)%/2 T > 1.5 (25)

' wvhere ,.© = ideal gas viscosity, cp
Tp = reduced temperature

: 20 2/

‘ o o BLEREE, %ﬁ'ﬁ;ﬁ (26)
: Tt/ K

' The Jossi-Stiel~Thodos correlation,32)30) baged on reduced density was used

t0 determine the viscosity of a real gas:

b

— o — = B pe—— - e mA ¢ ——— S S——

S Yy
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uoew© e 1,10 x 10°€ afexp(1.84 op) = 1] pp < 0.26 (27)

w e+ 10°° a[2.312 exp(1.079 o) = 2.5] 0.26 < pp < 1.53  (28)
pow w0 s 10% a(0.10230 + 0.023364 pp & 0.058533 op*
0.m758 Ora * °°w9352h Dr‘) 1' 55 < or < 3 (29)

where u = viscosity, ¢
op ™ reduced demfty
a = parameter defined by Equation (26).

10. The thermal conducti. ity of 4n icesl gas wvas estimated {rom
the jdeal gas viscosity by s correlatior that inclides & polystocdc
comctim;“)

Pl iMl?- 0,0234345 (%ﬁ) + 0.013(55 (30)

where X% « idesl gis thermal conductivity, cal/cmegec=°F
u® ~ ideal gae viscoeity, cp .

The presgure effect on the thermal ccxgducuvity wvag determined by the
. StieleTncxdios dense gus correlation:®”

k=« % » 1.0 x 107 ("Ea'c-’) ex3(0.535 op) = 1] op <0.5  (31)
- <

a o
k ] p +* 13.1 b 4 10.3 (mc ) exp(0.67 Dr) - 10069} 005 < Dr < 200
=

. (32)
-
X=X +2.976 x 107 (,‘é-g) exp(1.155 Pp + 2.016)] 2.0 < pp < 2.8
"2~ J |

(33)
where k = therral conductivity, cdl/cmmsec=‘X

Ze = critical compressibility factor
a = paraneter defined by Equation (26)

Liquid properties
The 1iquid properties were egtimated only for a satursted ligquid

1. ‘fm yapor pressure wvas calculsted by the Frost-Kalkwarf-Thodos
correlaticn:>®
. 4
lnp'-lo%ocln'ib% (38)
| 263~
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where py « VRPOr pressure
a,b,0,d = paraneters deleimined by linesr regression of experimental
vapor preossureg and the critical pressure,

2, The enthalpv of vaporizai{va waz sstiz:ted by the Watein

equnticn;”)“’)“)
My = o{T, = 1)0°3% (35)

wvhere A, = enthalpy ¢f vaporization
a8 « parametcr detammined by linear regression of experimental data

At high temperature the en&halpy of vapurizetion nay be astimated by the
Pitzer=Chen correlaticn:42

%:1 . Ir(7.90 Tr « 7.82 = 3,088 1n Pvr (36)

1.07T = Tp
where AHy ¢ enthalpy of vaporization, caldgmole
Te « critical temperature, °X
Psp = reduced vapor pressure

3. A cnoice of equations was available for calculating the density.
The Francis equation can be used for low tempersiures:

p-a+bT+-é-—i—i: (37)

vhere o,b,¢,d = parameters determined by multiple regression of experimental
dengities

AL higher temperastures where experimental values ar» not available the
dengity can be calculated by the Guggenheim equaticn:>?

bp =1 +8(1 =T34 b(1=1p) (38)

vhere a,b = parameters determined by equating densities and their first
derivatives from Equaticns (37) and (38) at some temperrture.

The Bradford=Thodos correlation®®) is an alternative to either or both of
the adove equations:

pr=l+8(1eTp) ¢d(1eTp)®ec(l=T)0032 (39)

where 8,0,¢ » parameters determined by miltiple regression of experimental
data

M. The specific heai at congiant ssure vas determined by
differentiation of Equation (36) and subtracti.a from the spescific heat of
the ssturaied gas:

cnﬁcm-—ﬁ—— (w)
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5. The enthalpy was found by the difference between the enthelpy
of the saturated gag and the enthalpy of vaporization:

H = Hy = o4, (b1)
6. The yjscoeity was calculated by the Giri alco equtlon“) at
lov temperat -us:

]J\ul.#%b% (u)

where a,b,c = parameters determined by linear regression of experimentsl
viscosities

Equation (42) gives substantially the same correlaticn as ASTM D3Ll~35
viscosity=tempersture chart., At higher terperatures the Jossi-Stiel~Ihodoe
dense phase correlation, tquations (28) and (30), was used to prodict
‘tiscosities,

7. ,The thermal conductivity was estimated by the Robbirs-Kingrea
correlation*®) at Tow temperatures:

10" ¢ o
Ky = -—Zs-.—z (88.0 = 4,94 K) (-:ﬁ) od/2 (b3)
‘r

vhere K; = liquid thermal conductivity, cal’caesec=*K
cp = 1iquid heat capacity, cal/gmole=’K
o = liquid denzity, gmole/em®
H, N = Robbins=Kingrea parameters
AS* = madified Everett entropy of vaporization, cel/gmole=’X

w-g%‘hnm(?%) ‘ (kb)

vhere AHyp = enthalpy of vaporizaticn at the normal doiling point
Tp = normal boiling point, °K

At temperatures nesr the critical point the StieleThodve correlatian,
Equations (32) to (34), vas sometimes used,

Jhe Prediction of Autoixi:ition Temperatures of Jet Fuels
and of pure Naphthenes

A fuel property of interest to aircraft engine designers, but one
which is frequently not available, {s the spontanccus fgnition or sutoignition
temperature (AIT), defined as the lovest temperature at which the fuel wil:

autogenously ignite.

Unfortunately, this temperature {s not a pure physico=chemical
property of the fuel, btut is influenced by the particular experimental
apparatus employed in ite determination. Most generally, this is dane by
introducing the fuel dropwise into a container at a controlled tezperature.

-265~
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In addition to the physical and chemical properties of the fuel, the AlI1l i3
{nfluenced by pressure, type and candition of the wall surface, and size and
ehape of the combustion chamber. However, AiT'2 determined in the same or
sinilar apparatus serve as a useful index to corbustion performasnce,
re=ignition characteristics, and flame~cut tendencles. Perhaps because the
AlT's of Jet fuels f211 within reasonably narrow limits, tney are not
included as & part of standard fuel specificatione.

The AIT of a fuel may be expected to depend upon both its volatile
ity, which influences the formation cof a combustidle rixture, and upcn its
reactiv’ty with oxygen. These considerations led to an sttempt to correlste
AIT with Flash Point (FP), which {s gensrally taken as a meaguce cf volatile
ity and vith the lower 1limit of combustion, defined as the percent hydro-
cardbon in the limiting {gritable fuel/air mixture (LL).

To test this relationship, a regression analysis of AIT with §P
and LL data for geveral jet fuels (JP's) and fuel oils was attempted.
SHELIDYNE-H was included because of a gpecial interest {n this lLydrocarbdon,
and t0 gsee if a material of this type would correlate with other commercial
fuels relative to AIT, FP, and LL projcrties. The following equation vas
found to give an excellent fit of the experimentsl data:

AIT = 1625 (LL = 0.6659)2 = 4,065 x 10® (FP = 144.5)2 4 L6k.T (4S)

As shown in Jable 116, the agreement between experimental and
predicted AIT values is excellent. {nfortunately, rowever, LL and FP duta
are not always availstle for fuels and hydrocarbons of interest., We have
therefore endeavored 10 express AIT in terms of other properties whizh might
be more availabdle.

Since FP and LL can be estizated®®) from such properties as heat of
combustian, qn, (Btu/ldb), molecular weight, M, normal boiling point, t, (°F),
and ASTM 10 percent slope, s, it was decided to substitute the expressions
for these estimates directly into (45):

AIT = 1625 (1.87 x 108/q, x M = 0.06695)2
86.5 .
o r m.s) (46)

212

0.142 & m

Predictions based on (46) are also tabul-ied {n Toble 116, but were
found generslly less satisfactory than those from (45), and is some instances

to be rather poor.

In a third attempt, a correlation of AIT wes :un directly with tp,
Qns M and 8. This regression yielded (47}, fram vhich estimates of AIT were
found to be as good or better than those from (45) {Isbi. 116).

AIT = (1/q,)(10,700 = 296,300/q; + 105.% x 10%/M) + 0.9863 t,, = 7.817/s
(31)

- 4,065 x 1072 (‘n -

where g, is nov net heet of combusticn in Btu/ld x 1073,

Jadle 116 summarizes all the results plus the experimental dats
from vhich the correlation equations were derived,
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An sttempt to find e siz{lar relati{cnship to predict the AIT of
pure naphthenes has be-n only narti{ally successful. In this instence, s
regression analysis study relating AIT to boiling point, net heat of
combugtion, moiecular weight, and the lean limit of cosbustion resulted {(n s
standard error of estimate of 33°F, vhich is & magnitude error of adbxt 6
percent. In ccustirast, autoignition terperaturms for vide boiling range fuels
abuve wvere gud tc within 1 percent. 1le best £id corieiation equation for
naphthenes is as followe:

AIT = 8.388 x 10°4(Q, = 18,321)% + 1638.93 LL® = 0.01TCk M® & 2,076 t, = 111.33

(a8)

vaere Q, = pet heat of combustion, Btu/ld
LL = lean combustion limit, percent fuel in air
M « molecular weight
t, = normal boiling point, °F

The agreement of the estimmtes fror Equation (48) are shown in
200 o

The regression vas run a the first twelve corpounds, all dsts
being from tha litersture,47)$8)4?) SUFTIDYNE-H eutoignition tempersture
wvas predicted rather poosly, indi~ating thet it does ot behave 1like s
typical naphthene. The experimental value for SHELLDYNE=H vas determined
at Essryville.

It 1s most prodedle that the agreement betiween experimental and
predicted AIT values shown in Jable 117 is limited more by the incansistency
of the experimental data than by an actual inabflity of the selected varie
adbles to predict ignition texperstures, the data having come from a variety
of different scurces and experimenters. However, we had wondered if
systematic errors, such ss vith increasing mclecular weight, might de
i{nvolved. To the contrary, the AIT Residuals (prediction deviations from
experimental) showed no cansistent pattern when plotted versus M, and the
scatter about the 45° line for the plot of experimental versus predicted
values qave a random pattern (Figure 68).

If data in sufficient quantity could de obtained from a single
apparstus, no doudbt & good correlation could be odtained. Ve hope to do
scme further work on this probles in the fi.-.ure, extending it to other
hydrocardban types.

Cosbustiop Studjes
Zayipmeot Modificetione

In the last annual report we included a cansidersble amxunt of data
of high molecular possidle fuel candidates such as SHELLDYNZ,
SHELIDYME=H DMD axdd o0 £ + In order to get sufficient hydrocardon into the
reaction sne for these high molecular wight materials it was necessary to
heat the tube and the storage dottle eto. up to 80°C, vhich wvas the limit of
the heating systea that we then had on the tudbe. This was
scmsvbat margingl from the standpoint of the vapor pressure of the components
of interest. When the heating systeam durned cut, we took sdvantage of the
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{
Autoignition Temp, °F
« Naphthene |Q., Btu/lb|LL, ¢ M, =0l wt]ty, °F ) ¢
Experizental | Estiuvate ’
Cyclo=Cy 18,2% |2.41 $w2.08 |9 %8 9h1 ,
Cyclo=Cs 18,825 1.5 T0.13 121 T25 650
< . Cyclo=Cq 18,676 1.2 84,16 1176 518 sT2 ] ¢
Ft=Cyclo=C, 18,516 | 1.2 84.16 | 159 alh M5
’ Me=Cyclo=Cs 18,768 | 1.33 84.16 | 161.26 61k 55
Me=Cyrlo=Ce 18,62 | 1.20 98.18 | 213.68 545 S :
) ¢ » 9 ¢
B‘CYCIO'CQ 18,661 0095 1]2.21 269.5 % 519 .
Decalin 18,328 Jo.7% | 138.25 |38 82 ASS ’
[ 3 H
« Di=Et=CH 18,650 | 0.75 | 140.27 | 34s u68 »87 3 e
. Ei=CH 18,400 |0.65 | 1663 | ug0.u LT3 181 !
Di=MeeDecalin 18,238 0.69 166.3 kSS b2 Al6
SHELLDYNE=H 17,983 | 0.56 | 184 510 133 83
¢ s) From Equation (48). » q
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sttustion and improved tha thermal csjatility of the system when we re-worked
it so tnat we could raise the amtient tesperature to 150°C. DBecause of the
thermal expansicn of the tube under these candiiicns, {4 wag necessary to
"ficat” the downstreas end of the tube along with the (nfrared detection
systez and the pressure pick up in order tc avcid wisalignment as the tude
heated up. It was also necessary, for ciher reascns, 1o replace the indius
antimonide infrared detector. We also have had the tube re-rated from a
presgure standpoint £o that we could investigate ihe prescure region up to
100 psi. Although scme test runs have been dcne with the nev systexd,
completely satisfactory operation has nct yet been achieved, and we have no
pew data at the higher temperature and presrure canditians thst can be
usefully discussed.

Oxidati{ve Reacticn Rates‘)

One metter of ccnsiderable interest is the rate at which fuels
combust in a supersonic fiow field since this will affect engine dimensions
eritically. Accordingly the data we have obtained in the past an two hycro~
carbons of widely different characteristics, n-octane and SHELIDYNEZ-H, were
analyced from this point of view.

In the examination of the post-izniticn appearance of CCp it wvas
found that the initial rate of appearance (cver at least the first 100-300
usec) following igniticn may be descrited by: .

R = x(c"-c)

where C* is the ultimate (total cczbuation) concentration of COp and C, the
current value. The rate constant, k, was fourd tc be relatively insensitive
t0 temperature, with an sciivaticn energy of about 7 keal/mole or less; and
has a value of 10° sec=? in the middle of the temperature rarge studied

{ca 2000°F). No significant effect cf axygen cancentration an this rate wag
found. Dats obitained tor COp formation from peoctane are shown in Figure 69.
The moet significant observation here is the low activatiaon energy for sost-
fgnition combustion. The indication is that combustion proceeds at a rate
nearly independent of texperature, after ignition, and that a matter of
several milliseconds will be raquired for relatively complete ccrbustionm.

. It should be pointed out that these results are limited t0 quite lean mixtures,
however; hence the conclusion may not be safely extrapnlated to near stcich=
jometric conditions. Also, the effect of pregsure in the reaction nas not
been adequately sxplcored.

Similar, but more limited, data are shown for SHELLDYNE-H in
Figure 70. Aithough the data points are quite scattered the rate of combus~
tion ard the temperature coef{icient appear to be of the same er cf magni-
tude us for n~octane. This suggests tha*, as thought by Orr>®) and
' Levinsan,52) the initial reaction of both hydrocarbans involves thermal
erscking to olefins and hydrogen. The rate determining step for axidatiom
4s caongidered to be

’ HeOp ==> OH +0 (s0}

a) We are pleased to acknowledge the assistance of ocur colleagues, Drs. B, E.
Anghus ard J. O. L. Wendt, In comme:tion with this and the subsequent
section,
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with the M etons being produced either directly from crecking of t&s hydro= » 4
cardon or by Wna seactiams of

e

Mo ¢ O =—> 2 OH (s1) .
OM o He ===> Hy0 o H (52}

The rete :anstant for (50) {e quoted to de § x 10° sec”? at about 1800°FY [ P
which 1s reascnably cloae to the cobeerved rate of “uidaticn of the hyiroe

cardons. Since the hydrocarban c-ackate would {nfluence the ralo bty reasing

vith free H {t seemg reapmadle that two hydrocarbons of such éiverse struce

ture could erack t0 fragments of similar charscteristice. Ve plan to do scawe

additional work an this and sizmilar systexs with izproved {nstrumentation

and under extended pressure conditicns, cbtaining dats aiso under s grester

variety of conditicns and with cxidsticn catalysts presgent, » q

nuat n the Shock Tube

Decause of the dexanstruted sengitivity of ignition delay correla-
, tions on the assued attenuation confficlent, and since wve hed no dasis for
’ the assuzption other than vhat others had measured cn other shock tudes, 3t
it vas decided to measure attenustion an cur shock tube so that a reliadle . > «
' sttenuation rete could be established.

: The shock tube wvas set up vith three tlin film heat gages st points .
, A, B, and C of Figure 71 to measure two velocities. Timers were wired o
| read times for shock passage from A t0 B snd fram A 10 C vith the distances
between these points wvere eccurately measursd. The velocitles of passage
from A 20 B and from B t0 C were then calculated and fitted {nto the
exponential sttenuation model3!’ to caleulate an attenuation zcefficient » o
A'. The model says that

(H'. - 1).
TI=T, = ol - A ,

vhere M, is the Mach nusber, X is length from point 1 to point 2, and D is ’ ¢
tube diamster. v

An experimental progras ves designed to gain information sdout the
scatter in replicatiocns and the effect of shock strength and tude pressure
i ca atiemuation coefficient. Three replicaticns were dane at each of five

‘ Py, P¢/P, positions (for nomenclature, see reference 50) to gain the neceseary

. inforsation. The results are tabuluted in Jable 118 almng with the values of ] L]
A, the sttenmuation coefficient based on hydraulic radius of the tude. ViIth
this data a correlation of sttemuatin coefficient versus P, and P./P; may »
be made, but it should be kept in xind that the influence of the varisnce may
be quite significant. The correlaticn {s A' = 0,00836 = O.0000MST P, «
0.0000698 (P¢/P;). Scme experiments measuring doth ignition delay azd shock
stienuatiou have been made Dut the data has not deen reduced as yet. ¢
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Inkle 258, RERTICATION CF ATIINUAZION MEASTREMENTS
P, = initial jressure {n shock tude
Pe = initial presswe in driver
VA = cosfiicient of vwrisrce
.
P |, P Experimmntal Caleulated,
mE ] Y g0 | Waee | AX
M 0.7 2.718 33.7 0.70
o e W | 100 6.25 131 1.%
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Rregent Statyg end Future Projectiong

I. A recent calculation of the amount of ecoling required by e
supersonic cocbustion ranjet engine at Mach 8 indicited & requirement of ca
1900 Btu/1b. Although this was on the dasis of simplifying sssuzmpticns the
resuit does reinforce our conviction that useful cooling should de availsdle
for engines operating into this speed range through endothermic reacticns.
we will continue t0 generete or accumulate data dbearing an this aspect of the

prodlen,

I1. Varieties of reactiuns of fuels and catalysts have been examined
using the rmcently developed pulse reactor. This resctor has * nusber of
advantages, ircluding practically iscthermal conditions and muck gresisr
flexidility with respect to the time required for carrying % an experiment
and the nature of the reaction environment. Since the amount uf fuel
required for carrying cut an investigation is trivial (1 ul/evoeriment) it
allowvs us to examine ezotic fuels without any substantial mom *ary expendie
ture. Present studies have indicated that the rate of resction of Decalin
in the pulse reactor is greater by a factor of appraximately 200 than 4= the
bench scale reactor and probably thus comes closer to the rate that might bde
expected with a very finely dispersed catalyst. The much smaller difference
observed between various catalysts in the pulse reactor sugges:is that 1t mey
be possible to greatly Teduce the amount of catalytic metal in the catalyst
and still achieve equivalent reactivity. .

The pulse resctor has also been used to study the possidbility of
increasing the rate of thermal cracking quantitatively under low temperature
conditiops. A large number of possible free radicsl generating ccopourds
have been tested and rate increases of several fold have been cbserved at
ca BOO'F. Since these also are "integral" catalysts this type of investiga=
tion will be cantinued.

I11. Mditional information on the relation between pore sise of
catalysts and thoiv stability has been determined with respect to the MCH~
Pt/A1204 catalyst cystem. Results confirm those previcusly observed with
Decalin and ind{:ate that generally speaking greater catalyst stability is
asgociated with ;mll pore diameter. The Gne excepticn noted may de
associated with pore size distridution. Since cne of the important problems
ve must face in the future ig the development of ‘catalysts of high thermal
stability, observations of this sort are important in pointing the direction
t0 proceed.

IV. Laboretory facilities for the study of the thermal reaction of
candidate fuels have deen improved to include the possidility of operatiom
up to 1500 pel. In studies up %0 1000 psi the observation that tle rate of
thermal reaction of MCH and Decalin is independent of pressure confirms that
the reaction is first order to this pressure 1limit. There is acme indication
of changes in product distridbution as a result of increasing pressure,
particulerly coke formation. Further experimentation will de required to
isclate the effects of the pressure and contact time.

V. Examination of bicycloheptane under both taermal and catalytic

eonditions points up the desirability of utilizing this dridge ring type
structure decsuse of its high thermal stadility but also the prodlems in
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achieving high heat sink availability. Both B8CH and T™D are less reactive
thermally tut apparently will not dehydrogenste over the present Pt/Alg04
catalyst used. Since upwards of 2000 Btu/1b ere tLzoreticully possible by
endothermic reaction of thie type of compound, the poes.bilily of utilizing
different types of catalyots will be examined.

¥1. Continued fruitful experimentatiun has proceeded in comnectian
wvith catalysts for the dehydrogenation of candicate fuel materials. Areas of
experimentaticn embrace three types of catalysts: canventicnal bed, reactor
tude wall, and dispersed phasge.

Vil. The pcasidility of achieving an i{mproved catalyst of the
conventional form has had consideradble sttractiveness since this would allov
& reduction in the aaounts of catalyst used for the dringing stout of the
reacticon end hence reduce both the weight and preassure drop occasjioned ty the
presence of the catalyst. Under the present program we have now cbtained or
prepared and generslly examined 827 catalysts. For the first time we have
achieved a non=platinum cantaining catalyst which seems to be the equal to
the reference catalyst in reactivity and selectivity although the particular
catalytic element involved in this case ic somevhat restricted in availability
and high in price. The fact that this improvement was achieved by pretreat-
ment of the support lends cnrouragement to ths idea of making some {mprovee
ments vith catalysts having cheaper catalytic elements. Similarly, improve~
ments in platinum catalysts by modification of the support have deen achieved.

VIII. Activity in the area of wall catalysts is cantinuing to be
focused on the problem of frncreasing adhesion. Methods here {nclude pre=
treatment of the tube wall dy sandblasting and acid treatoent as well as
precoating vith various materials and by variocus means. Although no evidence
of spalling was encountered in FSSTR runs with two different catalyst lined
tudbes, the runs were not particularly long. Initial tests of the two lined
reactor itubes in the FSSTR indicated that this mode of application indeed has
ecnsiderable praomise. Operation was possidle at a space veloeity of 8,590
vith 354 conversion of MCH to toluene without significant pressure drop. Ixper-
iments irdicate that the stadility of the catalyst could be a prodlem since,
even though praduction of toluene per gram of platinum per hour was about &
times that in a comparsble packed bed reactor, the catalysts showed signs
of deactivation towards the end of the experiment. Methods of improving the
thersal stadility of the cataiyst under these application conditions will
ontirue to de studied in the future.

IX. Results achieved with a variety of {ntegral catalysts have
been enoouraging in that scoe activity has been cbserved with quite a nuxber
of materials tested even though canversion and selectivities have not deen
high. The implication is that this sort of catalytic activity is not a
unique property of a single element and that the activity of the catalyst is
8 function of the particular structure in wvhich the element exists. This
suggests that continued experimntation will have a reagonable chance for
success and that it may be possidble to tailor additive molecules which will
have sufficient activity. Because of the possibility of achieving a great
;:-xzuﬂeltim of the mode of applicstion experiments in this direction will

oontinued.
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X. One of the most active grurular cstalyrie to de protuced under
our catalyst development program (Shell 113) has bdeen directly caxpared in
the FSSTR to the R-C catalyst usually ezployed. Under similar opersting
canditions, with MCH, ylelds were 3-1/2 percent higher at 30°F lower exit
temperature, Indications cf deactivation which occurred at the higheot
tezperatures again suggest the necessity of cantinuing to work for the
izprovement in the thermal atobility of cur catalysts.

XI. Decalin has been dehydrogensted for the first tise in the
FSSTR, again using the Shell 113 catalyst. Based on present snalyses reactive
ity vas carparadble to that cbserved with MCH and, on that score, Decalin should
prove 10 be a satisfactory endothermic fuel candidate. As cbeerved in dench
scale experiments Decalin caused more rapid catalyst deactivaticn than ¢id
MCH.

XII. We are in the midst of the study to deterzmine the nopreactive
cooling capability of four different fuels of widely different properties:
MCH, Decalin, SHELLDYNE-H, F=Tl. While this study {s deing done i{n anticipa~
tion of the poesidility of utilizing a fuel of one of these types for cooliing
uissiles, the information will have applicadility in other types of spplice~
tions vhere nonreactive fuel cooling {s utilized and also in tho prelixinary
portion of an endothermic cooling system. The first portian of this study
under low severity conditions (i.e., high heas flux but relatively low wall
temperature) has deen completed and all four fuels vill De tested under
conditions of high wall temperature as well as high heat flux. All of the
heat transfer information being gathered in the operatian of the xini-FsSTR
is being utilized for the cunstruction of the regenerative heat exchanger
model. Data obtained uttlizing MCH as a fluid has been correlated st heat
fluxes up to 6 x 10° Btu/hr/sq ft. Exceilent corrzlation vas obtained with
the equation Nu = 0.000595 Rel+O9% x pr0.729 being much better thap with
either the Dittus=Boelter or the Sieder=Tate equations. As more information
1s obtained in the operation of the mini=FSSTR, both with different tule
dismeters and different fuels, {t will be examined in a similar way. The
correlaticns are being made availadla on computer.

XIII. After attempting for scoe time, without success, to adapt
the kinetic form representing the reaciion for the dehydrogenation of MCH %0
the similar reaction with Decalin, we have developed a kinetic aodel with
first order steps in the hydrocarbon. Coefficients representing the rate
parazeters in the equation have been calculated from benchescale data by
regression analysis. The kinetic model has been reduced %o o computer
prograa vhich will be fitled as a subroutine into the existing packed-bded
reactor prograa vhich will then de utilized to snalyse the data cbtained for
the dehydrogenation of Decalin f{n the FSSTR.

XIV. We continue to study the thermsl stadility of {nterestirg
fuels in & manner related to the custamary (coker) method of rating fuels for
thermal stadility. We recently derived correlstions for Decalin vith respect
to temperature, pressure and light transmission changes. We found by regres=
sion analyses that our SD Coker data correiates well vith temperature but
pressure vithin the range of experimentation had no effect and the changes of
color during the t1st were not correlatadle with the rated thermal stability.
We have found that titanium apparently i{nduces more deposit formati{on than
does aluminum. This coupled wvith the recent cbservaticn of the dependence of
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thermal cracking rates on tude compesition pointe out the necessity for .

glving oritical attention to the mterials of canetruction of heated fuel

systeze. Furtler demmetration of the complexity of this phenocenon (if

such be needed) {3 provided by the otservatian of the smergy exhitited by .
4w fractions of depce{t inducing materials separated from Decalin.

Ixparinents desi{gned to improve our understanding of the gernersl Jhencmenan

of thermal stadilily and the reliadbil{ty of the ejuipmwnt that we bhave

availadle for stud; will be continued.

XV. The possitility of schieving more si{gnificant dats vith
mspect 10 hernal stadi®lly for differvnt endctherzic and miseile fuels bas
hinged an the poseibility of estadlishing a more critical and significant
riting sethod for tudes used {n the SD Coker and the CAFSTR. Varicus methoGs
of deteraining the amcunt of deposit on the tudbe have been evalusted both
analytically and erparimentally. At the present time, we consider the more
proeising methods to te comtustion, utilizing efither pure axygen or ozone,
and deta~ray beackicattering. On the basis of {ivorable results with s "bdread
board”, model of the deta~ray backscsttering syparatus we proceeded with thre
cesign and have recaived suthorization for the cnstniction of a prototype
mel. This !{s intended to accept tubes eitler from Erxdco or SD cokers, the
CAFSTR or the small Alcor or Erdco JFTOT tubes.

XVi. Ve maintain e ccntinuing effort to sccumulate physicsl and
transpart properties for sll fuels and products of {nterest in this investi-
atiocn and to improve the methods of arriving at sucn data. An improved
versian of our method of calculation is given in the present report together
with the properties derived from a 50-50 mixture of the two iscmers of Decalin,
JP=5 and prelixzinary values for SHELIDYNE-H. Similar values vill de calcu~
Jated for other fuels in the future,

XVII. Not much .dditional dats on combustiion has been obtained in
the current year but worg has gane forward an the upgrading of our snock tube
10 enadle {t to handle fuels of higher moleculnr weight. The entire tudbe can
now be thermosteted to 150°C and the operating pressure can be raised to 100
pei. The higher temperature of operatian necessitated the provision of a .
sliding platform for carrying the free end of the tube and its associated
inetiuments. In an attempt to achieve greater precision $n our measurements
an experimental value of the attenuation coefficient was determined. .

XVIII. By utilizing the slope of the C0p concentration versus time
carves from shocking axidations we have been able to get some indication of
the rate of axidation of hydrocarbons in the shock tube. Comparisan of thase
values between norscl octane and SHZILIDYNE-H {ndicates that the rates of
axidatian are sdbout equal and “oth have similar lov energies of activatian.
This exphasizes the desiredility of studying %he effects of additives for
increaging the rate of axidation under such conditions.
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