S

" Mo metter whet typs of propulsive devies msy be chosen as an aireraft
powsr plamt, we must have a scurce of energy to supply the necessary power
and that source of energy, of course, is the fusl, At the present time ewr
ehlef fusls research emphasis is directed towsrd the study of fusls for
Surbojets, ram Jote, and rockets, Bince the rocket work is the subject of
adother discussion, we shall eenfine cur remarks here %o the subject of fusls
for turbojets and ram jJete,

One of the clilef scurces of energy available to us is petrolews and,
sonsequently, varicus petrolewm fractions are being studied as jJet fuels,
Bxtensive investigstions by many worksrs heve indicated that thers are
Mundreds, and pessibly thousands, of individusl chenicel eempounds in army
c.h-t“-ﬁ. Nest of these compounds are ccmposed of cardon and
lydrbgen arranged in many different combinations,
it tats potnt show molecular models of basic types of hydrosarbens,
Show how as the moleculsr weight is incressed, the boiling peint is increased
-mmpm-m.)

*  One phase of our fusls research 1s to determine if hydrocarbons of
different boiling peint and chemical structure will give diffsrences in
performanoe when burned in turbojet ani rem jet combustors, W have oampared
various fuels on the basis of several paramsters, sems of which have besn
W“- -5 33
Chart listing
: Altitude Operational Limit
e T Fig-43
h-ayy‘p'ev'}‘lm Volvme
Piret 1ot ws discuse combustion efficiency. We have tested s large

*dmwh-umdp“hudh
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general it may be stated that at sea-level conditions of operatiom all of

the fuels gave good combustion efficienciss, However, since airereft narmally

eperate st altitude it is necessary to know how varicus fusls will behave
wnder altitude conditicns, mmu.f:\w-m-a-mru.
Reve is shown a plot of combustion efficiency against altitude fer two fuels,
gascline and Diesel oil. It is shown that both fusls give goed combustion
efficiencies up to about 20,000 fest. Then the combustion efficiency drops
m:«-mmm.mwumn&.ﬂmmm
shown as the blue line, If we wish %o go to the maximm possible altitude
the Dissel of) line will cress thet for the gasoline and at & very Mgh
altitude the combustion efficisncy of the Diesel oil will be grester than the
edstusticn efficiency of the gasoline, This will be discusesd in mors deteil
under altitude operatiomal limits, Bat first to elaborate a Wit more ea
cesbustion efficienay. If we chooss @ peint have at an altitude of 40,000
feot where good combustion efficiency is d1fficult to attain and compars the
canlustion efficiencies of & series of fuels we get a trend shown oa this
mﬁiﬁ--mmommmcmmmmm
beiling point of the fusl and find that as the boiling point ef the fuel is
increased Shet the combustion efficiency decresses. At this conditien
@siline gave a eanbustion efficiency of about B5 percent, kercsens would
be about here on the figare with a cambustion efficiency of about §§ parceat.
and Diesel ofl at the bottom with a combustion efficiency of sbout 60 pervent.
Now to disswss briefly the part the fusl plays in the estadlishment of
the altitude operationsl 118it of a particulsr engine-fusl combination, The
mmmnntuunwi-.mmuu
review briefly, the altitude operational limit of an engine is defined as that
altitude where the combustion procsss will net give emough heat to operate

.
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the turbine. In order to partially determine the part the fusl plays ia
m-uum-n‘-m-—um-mmq-nmmud
gisoline FW-M&-MMMMW :
muMAmmwdmsm This s & bar greph
mm-mmxutmuﬁmm-mm-u !
four d1ifferent cambustors. In every case the kerosens, the higher beiling
fusl, gave the higher altitude operstional limit, The differences varied

frem 2 to 500D fest, £

%o might summarise by stating thet in the standard combustors we hawe
exanined, gasoline will give a better combustion efficiency than kerosens
-u.unm-umu-;mm-munnn'umm
ksrosens will comtinue to give sufficient tempersture rise to eperste the
turbise but the gascline will net,

Tt should be mentioned at this peint that we have known for & long time
that when we change the design of a reciprocating engine we may change the
relative performsnce of fusls in that engine, ' We believe that if we changs
the turbojet oombustor design or the msthod of introducing fuel into the
-u---c'-pshm»mmd,mu-um-m.
That 1s & point which remains o be mare fully explored as we contisss ewr
Mu'u-mu.

The third property which we wish to discuss is flame speed. For certain
Wpes of jeb eombustors 1t is destrable to have fusls which will burn very
repidly and allow short combustion chasbers, Therefore we have started the
systemstic examination of various types of fusls in order to determine what
differences in flame speed might be expected. One method for the msasurement
of flame speed is to introduce & combustible mixture inte a horisontal tubes
fire the mixture from cne end and messure the rete of flame travel aleng the
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tubs. : In crder to demonstrate differences in the flams speed of twe eompounds
w have & cosbustible mixture of progylens axide in the top tube and ssetons
in the bottom tubs. The propylene axide has & flane spesd of eme feot per
m-mmmcmwdudm Ws shall ignite the
m-wunmmmmmmm
the end of the tube when the aceténe has procseded cnly this far, The
M'mdﬁ?iﬂo“moiﬁa‘m}-. This is the
structure of scetcms. It has thres carbom atoss with hydregen atoms stteched
umdmmuqunwuummm
mmmmmmnm.mmummwn-
The ealy difference is that the axygen atom is sttached to Swe carbon atoms
instead of ame, mmn;n—w-cm-/—‘mmu
an-np.lgt-“-/m. As eur research continues we hops to be able to
understan] why these small differences in molecular structure influence flame
speed so markedly. As ocms step i1 trying to understand the influence of
Mm-mlw-mmmmm
with soms paraffinic hydrocarbons. Acetylens itself has two carbom atoms with
a triple bond between the carbon atoms whersas ethane, the carresponding
—mnumhmmum-nu-uhmm-
and the other bonds attached to lydrogen. m-uﬁ;\gmumm
bend will influence flame speed, Here we plot flame speed against the mupber
of carboa atoms in the molsculs. Pir scetylens itself with two carbon atoms
we got an extremsly high flame speed whereas the sthane is low, Now 1f we
remove an lyérogea stem from the setylene and replace it with a carbon atom
and 148 required hydrogens the flams speed decrsases markedly, Then if we
add ancther carbon stom we decrease the flame speed again., If we contimus
hﬂ““uﬂhk“hﬂﬁbﬂmnlm
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rate. By adding carbon atoms to the ethans molscule we find no appreciable
Qhangs in flame speed and even with molscules of six carbon atoms the presence

~ of one triple bond in the molecule makes the flame ppeed about 10 percveamt

faster than the molecule with a single bond, This type of study is being
continued with other types of fuels.

The last item I wish te discuss is the metéer of emergy per unit volume
which may be derived from a fuel, As you know, aireraft designed for high
speeds have thin wings and e small fuselage and the space available for fusl
storage is extremely small. Mmmnmnu-;m-maum
the maxisum hest energy per unit volums, .mcmtm‘nuluh-
various types of fusls which will give more emergy release than gasoline,
mlduft:‘ A4 the relative energy relsases of scme hydrocarbons and
metals, mum-pmtmunnmw,obom/nn.
Thsn we have ethylnaphthelene which delivers 1,200,000 Btu/eh ft. This offers
a gain of shout 40 percent over gascline, At the present this figure
wmmmmumuu_mmwm. | ]
are preparing new hydrocarbons which may extend this range and we are also
-uhmmdmammh-mumumwéw
potential energy release will be realised in extended range. Next is grephite
which will give almost two million Btu/eu ft. Then aluminum with 2,250,000
and borem with 3,340,000 Btu/eu ft. These are actual heats of combustion for
solid blocks of metal, Whether these ensrgies can be utilised in aircraft
propulsion rewains a probles. However, this sesms to be the dytsction we must
#° if we wish to obtain heat releases much greater than about this figwre of
1,200,000,

Two problems immediately come to mind when metals are mentioned as fuels,
One problem is the fact that the products of combustion with air are metal

exides which are abrasive solids, The question as to what happems to such
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mnmémwm“tmmhhm:uunnaw
att.hoMtti..

A sscond probles to be considersd as to-the possible use of a metal 1s
inmmmmmhnu-hlhnm”m. One possible
enswer is that some mstals form eampounds with hydrogen and these materials,
called hydrides, in soms cases are liquids, One such liquid is alumimm
borohydride which cn the energychart falls between sluminum and borom. The
msterial 4s spontanecusly inflasmable im air and therefors would present gquite
s handling problem in ordinary fuel systeams. However the spontanscus ignita-
bility might prove to be a very mseful property for certain applications becsuse
no ignition system would be required, To illustrate the inflammability
characteristics of aluminum borohydride we have here & 1/2 gram saspls sealed
into a vial, The quantity of liquid is practically invisible, There is a
eoimilar vial here inside this bex which we shall break with a hammer and you
will see alumimum borelydride ignite,

!bmtmofunupluienofqbatmquuutyorth-urm
indicates the nsture of the energy relsased when it burns,

B believe that some of the metallic fuels offer the miximm energy
relsase which can be obtained without wtilising nuclear emergies. HNowever,
if molear energy can be utilised far aireraft propulsion then the heat: ef
combustion of ary materisl looks extremsly small. m-:tcnftf\h"-:--—
comparstive energy relsases including nuclsar fissien., Here agaim wo-hawve
mxnnﬂthahutermm&m.ooom/nn. Then the best
hydrocarbons we know of which give 40 percent more ensrgy than gascline, Then
boron releases about four times more thanm gasoline and finally wanium fissien,
the reaction utilised in the atomic bemb, which will relsase about 50 milliom
timse more emergy than gasoline, Tbrvisusly if such energles can be utilised
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for aircraft propulsion then ouwr fusl storage space probleas should be
sliminated.

Now in summary we might state that when we test hydrocarbon fuels at
altitude conditions ‘on turbojet combustors shat the higher boiling fusls
tend to give lower combustion efficlencies but will allow higher altitude -
operationsl limits than‘lower bojling fusls, ¥e are conducting research on
hydrocarbons and metal: fusls which we hope will extend the rangs of volume
linited aireraft, :
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COMBUSTION VARIABLES INFLUENCED BY FUEL TYPE
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Combustion Regearch
(Por Tiret Anmual Irsvection)
October 8, ¢, and 10, 1947

by Walter T. Olson

Part of the prozram of engine research in generel at the YACA is
combuetion research in particular. There are two, complimentary, mafor
objectives in the combuetlion research program, one of which ig to learn
the basic vhysice znd chemistry of burning, and the other of which is
to learn the performance characteristics ‘and desizn criterions of
combustion chambers for aircrzft gas turbines, ramjets,.rockets, and
other propulsive devices. We want to find out fust what hampens when
fuel and air react, and we want to find out how combustion charbers
operate, and how they should be designed so that they will operate in

~ the way that 1s desired. In order to indicate.the zenersl nmature of the
NACA's program on combustion research we shall illustrate with a die-
cussion of research on combustion chambers for aircraft sms turbines,
That is, the perticular case for the comtustor of the gas turbine is
being selected from the broad combustion research program to illustrate
for you the natare of that broad progran.

. The combustor is the very heart of the aircraft zas tarbine engine.
S‘lW“ {M _It is here that the chremical energy stored up in the fuel is relezsed
C,e'l'tef Ofas kinetic energy to operate the engine and to drive the airwlane,
= Thig figure that is a cat-away view of the gas turbine nsed 2¢ 2
Fi _‘_‘5'0 +in majeé, can be used to show how a combustion chamber w)rks.’;ir
behwd 18 comoressed by the compressor ané passes into .the combustor, Fart
dewousiralol o o 4o 24r enters the upstream end sf a flame tudbe or basket in the
combustor through small holes {n the wells of the flame tube or basket.
Tuel is sprayed into the air, ignited with 2 epark plug, ard burne
continuously. THe rest of the air thzt has entered the combustor
passes through more holes farther downstream in the basket, mixes with
the burning gmses, puts out the flame, and brings tre termerature of the

gas down to values that can be tolerated by the blading in the stator
and turbine. (Demonstrate.) That ie how the combustor works.

There are a number of requirements on the combustion chamber. It
has to release @ 1ot of heat in 2 small volume =nd in a2 short enace of
time. Heat release ratee in combustors for jet ergines are about
100 times the rate of your cdomestic gas burner. On dienlsy here ie
an example of en anmlar-tyre combustor (1GXE). This is a rings of fuel
nozzles. It is located around the shaft of the ensine which occuples
this position. (Demonstrate.) The flame tube or basket fits on to the
fuel nozzles a2nd the outer casing fits over the fleme tube or basket,
(More demonstration.) Judging from the rate at which I shoveled coal
last winter, this particular combustion chamber would heat about
650 such houses. Not only muet the combustion chamber heve 2 hizh heat
release rate, but the flame must be etable and efficient over all
conditions for which the combustor is required to operate, In other
worde, the fire should not go out and all of the fuel sthould be bturned
no matter at what speed or altituie the engine runs. The temrerature
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distribatisn across the outlet of the combustor must follow 2 desired
nattern, or profile, in order that the blading in the stator and turtbtine
not fail, In other words, the stator and turbine bladinz should not

be subjected to extraordinar*lv hot zonee or cores of gas, The pressure
put into the air streaz by tho= compressor should not be lost from the
air stream ag thé air flowe through the combustor, if the over-all
nerformence of the engine 18 not to be impeired. Anc. finally, of
course, the combustor should bé 1ight, durable, ~nd should operate

free of carbon depoeite, etc, The big prodblem of the turbofet
combuetor ie to learn how it operates ané then to leamn how to design
it to meet the requirements just outlined.

Ac an examole of the sort of thing that the NACA ie finding out
gbout how corbustors operate, let me cite that in the Altituie Wind
Tunnel it wes learned that a turbojet engine would not fly to hisher
and higher altitudes indefinitely. It is not surprisirz to find 2
ceiling on an engine; but it wae learned in the Altitude Wind Tunnel
thet the ceilins on turbojet engines wae imposed by the combustion

process. Immediztely then it became necessary to isolate the combustor
from the engine, to set it up in an exverimental Auct in such 2 way
that the conditione of zltituie 2né engine speed could be simlated
for toe combustor, and to study ite performance in detail in order to
learrn the causee, 2nd thus to learn the cures for the combuetion-
imposed altitude operational limit,

An installation of this sort is behind the panel board on your
left. Yote the large ducting for providing inlet a2ir at wvarioue
temperztures, nreesures, and flow rates, the extenesive instrumentation
at inlet ané outlet of combustor, and the large exhaust duct for
simlating the low pressures of high altitude. I do not know of any
facility in thie country that could have given the complete picture
of combusior nmerformance permitted by the facilities right here 2t
thie laboratorry. leet June I made an extensive tour of the aircraft
gae turbine induetry in Englané and nowhere in England are there
facilities for testing and evaluating and etudyingz engines and
componente of engines that can even begin to compare with those of

the NACA,
Fl'e 51

Thie curvepillustrates altitude operatisnal limite. Shown here
is 2 curve dividing the enzine speeds zné altitudes Ddelow whick an
enzine can operate from those 2bsve which the ensine cannot operzte
because of failure of the combustion nrocess, (Demonstrate.) The
exact noeition of the altitude omerational limit curve with reepect to
altitude is, of course, Ai7ferent for #ifferent engines for different
combustion che-bers, The curve is characteristic, however, of all

turbo jet ensines.
Flg. 52

To see now the combustion process brinzs apbut these altitude
operational limits, refer to this next figuredn which is plotted
combustor temperature rice versus “uel-a2ir ratio, If the throttle
ie opened, fuel-a2ir ratio is increszsed. If the thrsttle is open
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and fuel-air ratio increased, the temperature rise of the zases
rl.lc throngh the cosmbustor should increase along this line called
theoretical®. Let us also show that the engine requiree this much
temperature rise to operate (demonstrate with "temperzture rise
*). If the engine is operating at a speed and altitude
favorable to combustion and the throttle is open, the temperature rise
should incresse slong a curve such as this one which very nearly
ches the "theoretical® curve. (Demonstrate.) If the engine is
operating at 2 higher altitude where the conditions of the air at
the inlet to the combustor are less favorable for the combustion
process and the throttle is opened, a curve such as this next one nay
result. It is noted here that temperature rise reachies a maximun,
In the 1llustration used this maximum is just enough to operate the
engine; there is no temperature rise left over with whick to accelerate
the engine. Now if you can imagine that somehow the engine could be
taken to a still higher 2ltitude where conditions at the inlet to the
_combustor are still less favorable to combustion, this curve wonld
result. Note here that not enough temperature rise can be obtained
to ran the engine. In research with the combustor, it was also learned
how the conditions of air 2t the combustor irlet caused these various
cases of obtainable temperature rise. In short, the conditions of the
air at the inlet to the combustor determine whether or not the combustor
will furnish eufficient temperature to operate the engine. Whether or
pot the combustor furnishes sufficient temperature to run the engine
determines wvhether the engine is below or above its altitude operationz2l
limit,

The foregoing illustrated the sort of thing that the YACA {s
finding out about how combustors oper=te. Now let us illustrate the
pmature of the design criterions that are being learned for combustors,

On display here are the annular combustor already described and a
ean-type combustoy. In an engine such a2s the J-33, or I-LD, engine that
you say displayed this morning, there are a mumber of can-type combustors
placed around the axis of the enzine between the compressor and turbine
instead of the single anmlar combustor. Research on a number of
combus tors both of can type and anmular type and of both U,S, ‘and
German origin, indicate that insofar as can type versus anmlar type
1s concerned there do not appear to be distinct advantazes or dis-
advantages accruing directly to one type in preference to the other,
That 1s, in the present etate of the art, the can type and annular type
combustors show equal potentiality for future development. That is
an example of one-design rule that the NACA has learned.

One of the immortant thinrcs to Imow is fust how to permit the air
to flow through the walls of the flame tube or basket, that is, just
how should the air flow be distributed along the length of the flame
tube or dasket] Systematic research on this point has been done by
w ing different series of combustor baskets. In each series the air
flow into the combustor basket was varied systematically from basket
$o basket, On display are three baskets taken from one of these’
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geries (24C-UWa), In thie particuler series eleven baskets in all were
‘involved. Trnese three illustrate tze nature of the work, In the firest
bagket it is noted that air is digtribnted rather uniformly from the
inlet end of the basket to toe ontlet end. The altitude operational :
limits for this basket are shown in thie figure of altitade versus ﬁ?, 53
engine speed, (Demongtrate basket 4i.) This next basket shows some

of the 2ir blocked of? at the upstream end of the basket. The

altitude limite for this bask-t are glightly higher. (Demonstrate
pasket B.) In trhis third basket ie illustrated 2 design mle learned
from this series and from other similar series of baskets investigated.
(Demonstrate basket C.) The design rule illustreted here is that

about 25 percent of the air flowing into the combustor should be
admitted rreduslly, and in about hzlf or more of the combustor length,
Note how the progression of emell holes from the inlet end of the

basket down to the middle of the basket followe this design rule. The
altitude limits of thie basket are, of course, the highest of the

three examples selected.

Theee other three baskets are further illuetrative of design
information thet ie evolving from YiCA research, These baskete eare
60° gesments of the f11l anmlar basket shown on your left (16XB),

A segrent ie used becauce in many cases it isg more convenient to wrk
with 2 emall unit, In the firet example selected from 2 lerge number
»f sesmental baskets investipgated note that 2ir flow is fzirly uniform
from inlet end to outlet end of the beasket, In thie next example the
air flow ie still uniform but the holes are smaller, resulting in

more pressure drop and therefore more turbulence and mixing inside

the basket, This example has slizhtly higher 2altitade operational
limite than the firet one just shown. The trouble with thie second
example ie that we have increased the pressure drop, 2nd it will be
recalled it is desired to keen pressure drop low in order that the
over-all performence of the engine not be impaired. Thie third example
from the szme eseriee showsthe design rule of admitting 25 percent of
the 2ir in half or more of the basket length applied. The holes in
thie basket are sufficiently large 20 that its pressure loes is low,
about the same er for the first of thege three gegments. The 2ltitude
operational limite are the highect for thie basket of the three.
Interestingly enough by delayinz admiesion of the seconfary or
dilution a2ir to the basket we h~ve rushed ourselvee intc another
problen. There ie in thie basket (examnle 2) no lonzer mfficlent

time or distance for good mixing of the zases leaving the combuetor,
and the terperature distribtution at the outlet of the combustor is
guzite nomniform and may be detrimental to the life of the stator and
turdbine blading. That meens that we must investigate ways and means of
admitting 2ir throush the basket wall so that it will miy well anéd

w1l produce & preferred outlet temverature distribution. Such a
vrogram ie currently underway.

To learn further the nature of the entire chain of processes going
on in the combustor, the individual processes of the fuel spray and
the evanorization of the fuel epray, the combustion iteelf, and the
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mixing of the gas streams are being isolated in basic research

: experiments for individual study. (Demonstrate on figure of jet

O engine.) All of these individnal studies are required ir order that
the entire phenomenon of combustion can be understood more completely
and thme better utilized for flisht propulsion.

We have now illuetrated for you the nature of the ecombustion prosranm
at the FACA by discuseinz in some detail the performance characteristics
and a few of the design criterions for the combuctor for eircraft gae
turbines. In order to show you what you would see should you look into

, "a turbojet combustor while it is operating, ¥r. A, 0, Tischler will
» present a colored motion picture. -Mr. Tischler,

11/4/47, rwh.
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Combustion Research
(Por First Annual Inspection)
October &, 2, and 10, 1947

by Adelbert 0. Tischler

In order to illustrate the appearance of the flzme in 2 turbojet
combustor as tre altitnce of the engine is increased, colored motion
pictures of the flame in the cgmbustor were taken over a range of
similzted enzine speeds anc altitudes. The combustior setup used to
obtain thaese photogravhs ie that in the adjoining test cell (Ccw-54),
The camera position was downstream of the combustor looking upstream
through tne exnszust duct to see the flame in the combustor basket;
consequently, the combustion arpears in the photographs as an anmular
ring of flarxe.

The motion pictures were taken 2t inlet-air conditions to the
comtustor which eirmlated operation a2t 2 fixed engine speed and over
2 renze of altitudes, 28 indicated by tne dots on tne altitude
operating limit chart., The first scene will show combustion at an
altituce of 25,000 feet and succeeding scenes will show combustion at
altitndes increzsing in stepe of 5000 feet up to an altitude of
L5,000 feet. Tne seconi last ecene will s ow combustion at an
altitu‘e of L7,000 feet wnich is ‘ust below the altituie limit of
operation for tuis perticilar enzine and tne last scen:c will show
operation above tne altitude limit. '

At 2n altitude of 25,000 feet the flame in the combustor is very
eteady -nd its color ie oranse-yellow, similar to the color of a maten
or cancle flame, “he combustion efficiency at tais altitude, well
below tne altitude limit, is 99 percent.

The large rods whica appear to cross- the flame radially are suvnort
strats for tne exnaust cone of the engine, The nencil-gize rods are
exnaucst-gaes thermocounles and »ressure-tube instrumentation.

At 30,000 feet altitu’e tze color of tne flame is yellow. The
combue tion efficiency has descreased to %0 vercent.

At 35,000 feet altitne the flare, thoush still susstantislly
yellow, is tinged witn flecks of blue flame. .he comcustion efficiency
is now only ©1 percent.

At ~0,00" feet toe combustion efficiency is 85 percent and the
blue colored lame is predominant, Yote that =g tne altitude ie
increased tne flarme appears progrescively more Dlue 2nc tre eommetion
efficiency crops off, Tnie is characteristic of tarsojet engirne
comeucstiion tat fl=me color is not necessarily an incication of
conbustion efTiciency.

At 45,000 feet any yellow flames are almoet entirely absent: thne
comcruetion efficiercy is 70 vercent. -ne olue color i similar to that
of 2 well-adjusted domestic g-e-ourner flame. More and more intencse
flickering of tre flame is roticeacle at eacn of tne sicceesively

" nigner altitudes.
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At 47,000 feet, just bDelow the altitue limit of operation, the

flame is almoat entirely blue and flickering, The combustion efficiency
is ©5 percent,

At 18,000 feet altitude the air passing through the combustor
cannot. be heated sufficiently to maintain engine speed regardles= of
the fuel flow. At this altitude the engine hre exceeded the combmetion
imposed altitude operating limit. The flame is blue ané very unstable

and pulsating. The photograrhs show the fleame leaning down the
exhaust uet toward the camera.

11/4/47, rvh.
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demonstrated 1s one now in use on a service turbojet engine.
The variable-area nozzle is an experimental type designed and
built at this Laboratory.

I bave now adjusted the flow rate to each of the nozzles
to a flow of 50 pounds per hogr, which is the minimum employed
in actual service on the fixed-area nozzle. The difference
in atomization between the two is readily apparent. You will
note that the pressure to the fixed area nozzle is so low as
to be scarcely indicated by the pressure gage. The pressure
to the variable-area nozzle, however, is now at 50 pounds, a
pressure high enough to produce good atamization., I have now
adjusted the fuel flow to each nozzle to 150 pounds per houi-.
You will note that the atomization of the fixed-area nozzle
has improved but that its pressure bhas risen sharply to
70 pounds an hour. The pressure to the variable-area nozzle,
however, has risen only a few pounds. ' I have now adjusted the
fuel flow to the two noislu to a flow of 500 pounds per hour.
You will not'o that the pressure to the f_ixod-u-ea nozzle has
now risen to 150 pounds per square inch while the pressure to
the vamﬁlo-mu nozzle has again only risen a few pounds.

The advantege of the variable-area nozzle from a stand-
point of ltgrovod atomization has been known and recog:i:zod
by workers in the field of jet-engine development almost from
the beginning., However, the inherently poor characteristics
of variable-area nozzles as metering devices have stood in the

way of their epplication.
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The importance of good metering characteristics can be
seen by referring to the panel on which we have the essential
features of the fuel system currently used on all types of jJjet
engines. The fuel flows from the throttle valve to a manifold
from which the fuel 1s aistributed to the several nozzles.

The flowmeters connected in this model would not, of course,
be present in an actu.al fuel system. The manifold supplies
fuel to all the nozzles at equal pressures and it is the
function of the nozzles to control the rate of flow at each
pressure such that the flow through all the nozzles 1s equal.
The nozzles must therefore all be matched to give the sames rate
of flow at equal preasurou.. This requires close work even with
fixed-area nozzles and is relatively impossible with variable-
area nozzles because of the difficulty of matching spring rates
and flow coefficients over the wid; rang§ of areas.

We will 1llustrate this point on the panel where we have
three variable-area nozzles connected to the manifold and a
fourth line running to a needle valve. The needle ;alve will
be used to study the effects of variation in nozzle resistance
during operation.

The throttle valve will now be opened. You can readily
see the unevenness of the fuel distribution. We will mark
the flowmeter position for future reference. Now, let us see
the effect of a variation in nozzle resis tance. The needle
valve has now been varied very slightly. As you can readily

see, only a slight variation in needle-valve position results
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in a very great change in ths distribution patterm. If ;he
resistance of ocne nozzle should became very low through an
operational defect or through a severing of a fuel line, as
might ocour through battle damage; the fuel pressure in the
manifold can drop so low that the flow to the remaining nozzles
will be stopped. e can readily see this by opening the needle
valve to full open. From this dem&nstration, it can be seen
that the variable-area nozzle, while being desirable from a
standpoint of atomization, could not be used in a fuel system
similar to that currently in use on jet engines.

In order to use variable-area nozzles, therefore, it will
be necéssary to control the rate of flow to each nozzle, thereby
eliminating the requirement for good metering characteristics.
This can be done by substituting a flow-controlling device,
which will take the place of the manifold. We have designed
and built such a device at this Laboratory, which we will
demonstrate shortly. This device, which we have called a
fuel-distribution control, will now be installed on the panel
in place of the manifold.

ihilo the change 1is boiné made, let us refer to this

Figure 55
charu.A Here we have the pressure-flow relationship of the
fixed-area nozzle and the variable-area nozzle that you havB
Just seen demonstrated. For the fixed-area nozzle, the
pressure increases rapidly as the flow rate increases. This
rate of pressure increase is actually proportional to the
square of ths increase in flow rate; that is, 1if the flow

rate is increesed to twice the original value, the pressure
\ ;

0S5
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is increased four times. If the flow rate 1s increased to
four times the original value, the pressure 1s increased

16 times. Some projected engires will require flow ranges
of 100 to‘l. With a fixed-area nozzle, this would require a
pressure rise of 10,000 to 1.

The varisble-area nozzle gives us a flow-pressure relétion-
ship which is a straight 1ine, as shown on the chart. This
enables us to cover wide ranges of rual-fiow rates not only
with good atomization but without going to excessive pressure.
With the fixed-area nozzle, our system must be designed to
operate with the highest pressure required at the highest flow.
This highest rate of flow, however, i1s encountered only at
sea-level operation. Because a jet plane 1s designed primarily
for operation at altitude, the engine 1s operated most of the
time at considerably lower fuel flows. Thérefore, in spite of
the fact that we mmst carry with us a high-pressure fuel system
with all its difficulties and dangers, we are operating for the
most part as though we had a low-pressure system with all its
disadvantages fram the standpoint of atomization. With the
variable-area nozzle, however, it is possible to enjoy the
benefit of high atomizing pressures at low flows without running
into excessively high pressures at high flows. To fully take
advantage of this, the slope of the pressure-flow line must be
small, somewhat as shown on the chart. Because of this, any
s8light variation in nozzle calibration, for example, as indicated
by the light-line curve, results in very uneven distribution

when the nozzles are connected to a manifold which supplies

4
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equal pressures to all the nozzles. This has already been borne
out in the demonstration that you have just seen.

The fuel system on the panel has now been changed and the
distribution-control device has been substituted for the man-
ifold. The throttle valve will now be opened and the position
of the floats in the flowmeters will again indicate the
evenness or unevenness of the distribution. As y'ou can see,
the distribution has been vastly improved, and it is apparently
perfectly uniform in spite of the uneven resistances of the
various nozzles. Referring again to the needle valve to
simlating changes in nozzle resistance, you will note that the
needle valve can be adjusted at will without any change in the
flow in that line. You will note that as the resistance of the
needle valve increases, the control automatically increases the
pressure in that line in order to maintain the distribution
uniform. In full-scale operation, a model of this control
in cambination with the same nozzles used in the demonstration,
maintained the distribution to a jet engine with a maximum
deviation from porro.ct distribution in the order of 2.5 percent
over the full range of sea-level-static operation. Lluring
these tests, 1t "ll found that a pemarkable ease of starting
was obteined with this system. In addition, it was found that
the improved atomization resulted in a reduction in fuel
consumption.

Anot_hor very interesting phase of ;:ontrol that has grown
from our work with this device is in regard to protection against
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1line breakage. It was apparent from the earlier part of this
demonstration that with fuel systems of the type currently in
use, the breaking of a single line such as might be caused by
batt]l.e damage, would put the engine completely out of operation.
Connoct;d to the distribution control at this point 1is a small
valve which operates on pressures supplied to it by the control.
The purpose of this valve is to shut off thse flow in this line
in the event that the pressure drops below the specified ﬁlno.
It 1s possible to hook up such a valve with variable-area
nozzles because in usual operation the line pressures are

always at a reasonably high value.

I will now break this line by pulling off the rubber
section. You will note that when the line is broken the fuel
flow in that 1line was immediately shut off. The flow to the
remaining nozzles remained undut_urbed, and the engine although
deprived of the operation of one of the burners would still
be capable of maintaining flight.

This concludes the demonstration, and I hope that from it
you will have gained some idea of what can be accomplished with
sutomatic control in improving the operational efficiency of
aircrgft-propulaion systems, and of increasing their safety.

H., Gold
9-29-47
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&omhbnluurch nbou-tt.ory, October 8, 9, and 10, 1547

by v'm, FRICTION, 4D MR EROIE(S 1N GAS-TURGINE
i - INES
“ by E.E.Bisson

b you know, the principal pert of the gas-turbine-type power plant

’md#ummhu-mm-wmmmw Because of

u-emm staplicity, umu-mmi% assumed that improvesents in
op.ﬁbnmnbonqlndthatﬂuromhmbhammttoomona.

' acriral years of experience have prond this assumption wrong; in fact the

ruurch problems are both numercus and serious.

¥ are concerned here with research on lubrication, friction, and
:ur in the gas-turbine-type engine. The problems in lubrication, frictiom,
and wear are 211 complicated by high speeds and high temperalures. These

problems include, among cthers, those occurring in high-speed bearings,

* reductiocn gearing, and sea.ls. Fortunately, from a research standpoint,

21l these problems could be broken down into basic factors of:
(1) pure sliding
(2) sliding and rolling
(3) pure, rolling
(k) high-temperature surface fatigue

For example, in the high-speed anti-friction bearing, pure sliding takes
place between the roller or ball and its separator; sliding and rolling takes
place between the rol.nng element and the races because the rollers do not

 roll at their wun rolling speed but they partially slipgand finally

mﬁe:fmn.mapheo. The high-speed journal bearing in normal
o_pc:tlon resalte in pure sliding and, for a very zx.wrt period of time during

, #4 g
_ the starting process, ami.nz and rolling takes place. Similerly, in re-

duction gearing as we consider the location on the tooth surface we cbtain
<~>5,*. ] hah . Y & .'._":

. ii 9 vr’g’ - . —i-
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almost pure sliding, sliding and rolling, or pure rolling. Again, in glands
and seals, we have pure sliding and this under conditions of very low
vqiocity or very high velocity. >

The NACA research is concerned then with these basic factors with the
M objectives of determining the fundamentzl mechanisms invclved in
the failures in order that the knowlsdge of these fundamental mechanisms
can be applied by all to the sodution of their individual, practical prob-
lems.

To illustrate, let us take the condition of pure sliding. The KACA
research on friction in pure sliding has been done with siné].e apparatus
consisting of a rotating disk on wmhich was pressed a spherical rider or
steel ball.. It was obvious at the staft that it was pecessary to work with
fundamentals in order to resolve the disagreements and contradictions in
the field of friction. ‘he work at the lzboratory was made fundamental by
the wtilisstion of tocls such as el ctron and Iray diffraction and the
electron microsccpe to positively identify the condition of the surfaces
under investigation.

in analysis wes mede of requirements of gag turbine power Dlants,
particularly where conditions of high temperature would be encountered and
materials for use as surface films were extensively studied in crder to
determine their worth under these con@itiana. A large mmber of materials
of all types were included in the research investigation'and only a limited
number of’it.hen will be resented here. The results are presented as plots
of coefficient of fricticnBgainst velocity and it mist be remesbered, in
the interpretation of all data at variable vofocitha, that an increase in
velocity corresponds generally to an increase in temperature zt the con-

tacting surfaces. This point is important.,

4
4
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. Preliminary investigations here at the laboratory have indicated that solid
surface films of the various iron oxides can be associated with good or bad
Srictional properties and, in consequence, films of this type were included
in the experimental investigation. It was found that a natural film of the
black oxide F03q4 formed on run-in or“well conditioned surfaces; red oxide
Feg0z was found on non-run-in mtaf:es, téat is, on surfaces which had shown
incipient failure, The first c&rﬁ.}{s'h{fs the result; o;:n' dry steel aﬁd these
two oxides of iron. The dry steel curve shows that friction ;lecreases as
speed increases. The frictional loss in HP increases slightly over this same
range of speeds. Comparison of the curve of steel and _i'erric'cxide (Fe205)
shows that the Fey0z3is not, in gemeral, beneficial from a friction standpoint
over the entire range of velocities and definitely not so beyond approximately
LOCO feet a minute. Ferroso-ferric oxide (Pe;Oh), on the other hand, shows a
very beneficial result in comparison to both dry steel and Fe203 over the
entire range of velocities. Ihese results agree with those of the preliminary
investigation.

As previously mentioned, the conditions of high temperatures in the jet
engines will require a supplenentai. or a dry lubricant which cculd be test
applied in the form c.f solid surface films. A study of the possible lubricants
was made and theit_- plxysiqalsa_;xd chemical properties of most interest are indi-
cated in this next charf.l/”\"rhe items of most interest are the melting point
because cf high temperature conditions, the hardness of which shear strength
is a function, the c;'yst-alline structure, the form, the orientation, the
solubility in both weter and acids, the chemical reactivity and the tenacity
for steql; On the basis of some of their previously indicated low temperature

friction properties the following materiale were considered: molybdenum-disulfide,

7l

Tl

- . = ‘



vy -

tungsten-disulfide, graphite, lead iodide, and silver sulfate. A review
of their physical and chemical properties shows that lead iodide and silver
sulfate might be unsatisfactory because their melting points were too low;
they were therefore eliminated. Tungsten—disulfide is very difficult to
obtain and it was therefore eliminated.

The only compounds left were molycdenum-disulfide end graphite and it
‘will be seen thet these two, besides having high melting points, showed
excellent charzcteristics with respect to properties affecting the friction
process. <+hey both had low b;.rdness and consecuent low shear sirength; they
both had the laminated form qf §tructure and both were generally insoluble
in many fluids. ‘he molytdenum-disulfide had a decided 2dvantage in that
its chemical reactivity was higher than that for graphite which means that
under conditions of incipient surface failure some chemical activity could
teke place and might delay this fallure. Also another very important property
difference was that the tenacity for steel was high “or molybdenum-disulfide
and it was low for graphite. This-characteristic is very impcrtant in film
lubricants which are ineffective if they are wiped from the surface.

The next cmﬁ,’\%hgrse the structure of graphite as determined from the
electron diffrzction pattern indicated. The pattern as showmn indicates very
highly preferred crientation. The structure is laminated making it easy for
surfaces to slip with grarhite between them because of the slip planes in the
graphite. As indicated carbon atoms are lined up layered form and an -inter-
pretation of the electron diffraction pattern enables us to draw a sketch
of the graphite on the surface of the steel. The diffraction pattern tells
us that the layers are lj;xed up parzllel, in general, to the surface of the
steel. in important point to be observed is that there is no bonding of the

carbon atoms to the steel,
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The structure oé molybdemm-disulfide, on the other hand, is shown in
the next chert. ‘ Again the diffraction pattern positively identifies the
material and shows random orientation. The molybdenum-disulfide compound

occurs as layers of molybdenum-atoms flanked on either side by layers of 3
sulfur atoms. The sulfur to steel bond 1s very good, whereas t;:.e sulfur to
sulfur bond is very poor. The nolybdm-;nsulfidé perticles arrange them-
selves as shown so tﬁat we will have m}m bonds at the steel surface; after
that we have a random orientgtlon. However, since the sulfur to sulfur bonds
are very poor, slip can take place between these atoms and resulting friction
is low. Sl

Fig. 60 :

The next ctnrt/‘shon the friction results with these two high-temperature
lubricants, Again dry steel is included for comparison., Graphite is shown
to have an initially low friction but shows an increase in friction with
speed, whereas molybdenun-disulfide also has an initially loy friction and
decreases in friction with speed. The curve for boundary-lubricated steel
is also incicated for comparison and it can be’ seen that molybdenum-disulfide
is mearly as good as the steel lubricsted with one of the best polar type
compounds., It .i.a probable that the increase ‘n trend with graphite may be
explained by the fact that the absorbed water in the graphite which contri-
butes to :I.ta. low ﬁ'iction is being driven off by the high surface temperatures
resulting from increased speeds..

So mich for the fundamental research on fricticn under conditions of
pure sliding. The results of this research have provided basic information
on friction which can be aprlied by all to the solution of practical prob-
lems. Just as an illustration of tho manner in which supplemental luiricants
enld te ntiliud at high teapcaturu, we will now have 2 d-onstration of

ﬂn effectiveness of molybdenum-disulfide as applied to a practical bearing
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surface. We have two bearings loaded by weights in the form of wheels and
% dh:%n a";g:r:gai't which is coated with 1&032 at one of the bearing
‘1bcations only. For demonstration purposes the rotative speed is low.
Both flymiecls have cords wrapped around their periphery leading to the
weights indicated. These weights serve as restraining forces to keep the
wheels from turning with the shafte As the friction torque increases to the
point where the restraining tcquue is exceeded the weights will 1ift. FHeat
will be aprlied to the two bearings by means of ga-s burners and the cordinary
hydrccartor lubricent which is pow present between the surfaces will be
driven out and decomposed. bBecause of tl_xe lack of adequate lubrication
then, the bearing at the untreated location will start to fail. A4s the
failure becomes more and more promounced, the friction torque will increase
and the restraining weight will be 1ifted until it strikes the stop. When
selzure or weldiag of the bearing tc shaft takes plac_e, the cord will break
and the wheel will rotate with the shaft.

While this bearing at the non-treated location is failinz because of
inadeguate lubrication, the bearing at the treated location is receiving
supplemental lutrication froxz the film of Uo3) in spite of the fact that
the oil is driven out by the heat. As previou-sly shown, the 3;082 is unaffected
by temperatures up to epproximately 110C° ¢ (200C° F) and it has low frictional
properties at high speeds and loads (which corresponds to high surrace- tea—
peratures). This bearing then will -cont.:lnue to run smoothly in spite of

continued heating,
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is not to be construed as ammwm
these conditions. . : '

In summary, the lubrication, friction, and wear mbh- in the ” ‘
turbine type engine are broken down into the basic rm- involved. m- * % :
NACA research is ccncerned with these basic factors and ﬁtm ob- b ; ‘)

~~ ‘r\!“'

Jective is to determine the fundamental mechanisms o!'

.‘.’ oo,

this mndammtal knowledge may be ayplied to the wm;t :

problems. In the pas-tur’ine engine, since we are mﬂ “ m
in the 0"‘3rati'1¢ conditions of speeds, hm, mﬂ, M'

nished by solid surface films composed of lltn'hh inherent],
the job. 4s was demonstrated, results of basic analyees @nd experimental
ﬁvesti;atbns can be applied to the solution of problems ofmhm .; ;
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PHYS“‘AI AND CHEMICAL PROPERTIES OF SOLID LUBRlCANTS

MOLYBDENUM  TUNGSTEN | GRAPHTE LEAD SILVER
DISULFIDE  DISULFIDE. 34 JODIDE | SULFATE
Mo 2 WS2 PbI2 | Ag2 S04
MELTING PT.°C 1185 d1250 3521 402 652
HARDNESS (Mho)  L0-25 FRIABLE _ 1.0-20 -
Cs'}‘,'fl}g%'R"EE HEXAGONAL  HEXAGONAL HEXAGONAL HEXAGONAL ,?HRJ,L*E‘,}C
FORM LAMINATED * ﬁmmm - -
ORIENTATION ~ RANDOM  NONE  porerocc  NONE NONE
SOLUBILITY:
IN WATER INSOLUBLE  INSOLUBLE 'INSOLUBLE ~ SLIGHTLY | SLIGHTLY
IEHAECJP& : Hz S04, Ag. Reg. HNOs + HF INSOLUBLE ~ KI  |HNOs. Hz S04
CEACTIVITY MEDIUM  MEDUM ~ LOW  MEDIUM | MEDIUM
TENACITY *
FOR HIGH MEDIUM = LOW - -
STEEL ' gesae,
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PHYSICAL CHARACTERISTICS OF MOLYBDENUM DISULFIDE
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