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INTRODUCTION 

The conference on Fuels "Was organized by the NACA to convey 
the latest programs in progress in this field to those involved 
in the development and evaluation of fuels for aircraft propulsion 
systems. 

The technical discussicns are reproduced .here"With in the 
same f orm in which they were presented at the conference in the 
interest of effecting prompt di stribution. The presentations in 
this reccrd are cons :,de:red as complementary t o, rather than 
subst'itutes f or, the Committee's system c f complete and formal 
reports. 

A list of the conferees is included. 
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CORRELATION OF ENGINE CONDITIONS AT INCIPIENT KNOCK 

By Leonard. K. Tower and Louis C. Gibbons 

Flight Propulsion Research Laboratory 

INTRODUCTION 

Eva luation of the knock-limited. perfornance of fuels in 
reciprocat ing engines has been complicated by the fact that engine 
operating variables influenc;;e both the relative and absolute per­
f ormance of fuels. Three 1mport ant operating variables are fuel­
air ratio, inlet-air tempera t ure, and compression ratio, The 
well-lmown effects of these three variables are shown in figure 1: 

1 

At the top of the fi6ure, knock-limited indicated mean 
effective pressure ls plot t ed against fuel-air ratio for 28-R fuel. 
With other variables held constant, the knock-limited indicated 
mean effective pressure increases with increasing fuel-air ratio 
at richer than stoichiometric fuel-air .ratios. 

The middle part of the figure showt1 a plot of lmock- limited 
indicated mean effective pressure against inlet-air temperature 
with compression ratio and fuel-air ratio constant-. Increasing 
the inlet-air temperature decreases the knock-limited indicated 
mean effective pressure. 

At the bottom of figure 1, indicated mean effective pressure 
is plotted against compression ratio with inlet-air temperature 
and fuel-air ratio held constant. Increasing compression ratio 
decreases knock-limited indicated mean effective pressure. · 

Thus, in order t o obtain a t horough evaluation of a fuel, it has 
been necessary to obtain knock-limited performance over a wide 
fuel-air-ratio range a t several compression ratios and inlet-air 
temperatures. 

Previous investiga tions (references 1 and 2) have shown that 
the effects of compressi on r atio and inlet-air temperature on 
knock-l~mited performance can be correlat ed so that a fuel can be 
investigated at severa l inlet-air temperatures at a constant 
compr ession ratio and i ts performance can be satisfactorily pre­
dicted at other compression ratios. These previ ous studies gave 
separate correlations for ea ch fuel-air ratio, It js the purpose 
of this :paper to present a method whereby fuel-air ratio can be 
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included with inlet-air teml)e1:eture and comp.::-ession ratio in a 
single 6orre-lat1on. By the"" use of this correlatj_on, it is possible 
to pred.i.ct the infl .tence of these thre,e variables on the knock­
limited performance of a fuel from a minimum of test data. 

RESULTS AND DISCUSSION 

'l'he correlation method is bnsed on the hypothesis that tbe 
charee of fue:!. and air entering the cyli:ider is compressed adia­
batically by the piston motion and combustion occurs as illustrated 
in figure 2. The charge is ignlted by tl1e syark and the flame 
front :progresses across the c;:;rlinder. Under knocking conditions, 
it is assumed that a a."Jlall amount of unbu1·ned charge (designated 
end gas) reaches a critical density and temperature, and ca'..lses 
knoclc by exploding before the normal flame 1.ao traversed the entire 
cylinder. For a given end-gan densi.ty there is one temperature at 
which ·knock will occur. 'l'hi/3 theory served as a basis for 
developing the correlation of ~o:wpress:i.on ratio with inlet-air 
temperature and was used in the extension of the method to fuel­
air ratio. 

If the temperatt1.re and pressure of the charge entering the 
cylinder and the compression ratio of the e~-3ine are lmown 7 it is 
possible to calculate by the usua l thermodynamic equations tho 
temperature a~Q density of the charge after compression by the 
piston. 

In accordance with the above assumptions, it is also possible 
to calculate the tem~erature and density that t~1e end gas will 
atta1n by burning of · the charge, . The equations involved in the 
oalculat:i.ons for end-gas temperature and end.-gas density are as 
follows: 

The density of the cha r ge after compression by the piston is. 

where 

p c.lensity 

W weight of fuel and -air indu~ted per cycle 

V volume 

( 1) 

. 
and the subscript c ' indicates condition of the --gas after compres-
sion due to the piston, 

coi1JFIDE'NTIAL '· 
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The temperature of the gas after compression by the piston is 

(2) 

where 

T temperature 

r com, res sion rat i o 

-, ratfo of specific heat fJ 

and the su0s8ri.pt o :Ludi e;a t os :inHial co:r~d.lt:Jn. 

'.l'b e en6.- Gas t e:mpe:catu.re ce:-i then be ca lcr:.l a ted an 

where 

t:.T t em:per ature r ise dL1.e to combnstion process 

and the subscript k i ndicat es end ga3 at knocking condition. 

'.l.'he end-s as d.ensi ty can b e calcnlated as 
1 

( 
T-)· y:Y 

Pk = Pc 1•; = F1 (Ti,) 

(3) 

(4) 

The prevj_ous assumpt :i.on wi th r egard t o t he end-gas cond~.tions for 
knock stated that Pk is a funct ion o:' Tk as is shown . in equa­
t ion (4). 

The term removed from the l eft-band side of equa­

t :ion (4) results in the expression 
F1 (Tk) 

l 

(T.) r -1 

This expression 

resolves into t be second f ·mc·cto. oi' S.\,., wh ich is F2(T,, ). If 
! \. ;.\,. 

the value of Tk from equation (3 ) is subotituted i n equation (4), 

CO!IIFIDEl'l"I'IAL 
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(5) 

The evaluation of t:,T, the temperature rise due to burning of 
the charge, is dependent upon the heat of combustion of the fuel, 
the fuel-a :l::r ratio, and the specHic heat of the gas at constant 
volume, For purposes of this analysis, t:,T was considered to be 
a function of fuel-air ratio · F3 (f). A reference fuel-air ratio 
of 0,08 was arbitrarily chosen and the temperature rise of 4040° F 
due to constant volume combustion was determined from thermodynamic 
charts. Theterm t:,T thenbecomes 4040F3(f). Forafuel-air 
ratio of 0.08, this function of fuel-air ratio is 1 and departs 
from 1 as the fuel-air ratio is varied from 0,08. 

In equation (5), 4040 F3 (f) may be subs·tituted.' for t:,T and 
equation (6) i s obtained 

(6) 

It i.s emphasized that the function of fuel-air ratio F3(f) is the 
lce.y to this method of analys i s. Function of fuel-air ratio is 
evaluated from !mock data rather than thermodynamic data and con­
sequently, incorporates the di s crepancies between the idealized 
cycle that has been postulated and the actual cycle that occurs in 
the engine. If the difference between the ideal and actual cycles 
does not change markedly with varying operating conditions, a 
useful tool has been developed, If !mock test data taken under 
varying operating conditions are satisfactorily correlated, it 
would indicate that the difference between the cycles does not 
change to an appreciable extent. 

from knock test data is The method for evaluating F3 (f) 
Pc 

shown in figure 3. A plot of --~ against Tc for knock­T 2,5 
C 

limited data -was obtained with 28-R fuel on a CIB engine operated 
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over a range of fuel-air ratios at six different inlet-air temper­
atures, at constant compression ratio, and at five compression 
ratio·s · from 5 to 10 at one inlet-a i r temperature. A separate curve 
was obtained for each fuel-air ratio. 

In reconsidering the equation at the top of figure 3 if the 

Pc 
T 2~5 

is held constant, then the quantity inside the brackets 
C 

must be constant. If the fuel-air rat:!.o is varied, the entire 
expression must still remain constant. For a selected. constant 

Pc 
va lue of 4 for --- at each point where the dashed line 

T 2.5' 
. C 

crosses a fuel-air ratio line the value of the bracketed term is 
the same, This bracketed quantity can be evalUBted at a fuel-air 
~atio of 0,08 because F3 (f) at 0.08 is 1 and the value of Tc 
can be read from the curve. As shown in the lower equation, a 
numerical value for the right s i de of the equation can be obtained 
for'· the 0.08 fuel-air ratio by introducinc Tc . Then for other 
fuel-air ratios, the proper value for Tc can be selected for 
F3 (~) ·because the term on the right has a numerical value, 

This function wa s determined for eight fuel s . In each case 

Pc 
the constant value of --= was selected so that about the same 

T 2.5 
C. 

number of data }Joints fell on either side of the line, Figure 4 
shows a plot of F2(f) against fuel-air ratio for the eig~t fuels 

.:J 

listed on the figure. All of the data fall near a mean curve but 
it is to be expected that F2 (f) will vary somewhat with dif­
ferent fuels, and if data ari available for a fuel, .its individual 
function should be used in the correlation. However, when the 
curve of function of fuel-ail· ratio is not ava i lable for a fuel, 
the mean curve can be used in the correlation with satisfactory · 
results, 

The individua l fuel-air-ratio functions F-z(f) were used to 
.J 

plot the end-gas density against t he end-gas temperature for the 
eight fuels. Figure 5 shows the end-gas density plotted against 
the end-gas temperat ure for 28-R fuel. The data points were 
obtained from knock-limited mixt ure-response curves oh a CFR engine 
at an inlet-air temperature of 250° F and compression ratios of 
5, 6, 7 ,3, 8. 7, and 10. Mixture-response curvas -we:::'(J a l so obtained 
at a compression ratio of 8.0 and i nlet-air tern1)ere:0ffi~es of 100°, 
150°, 200° , . 250°, 300°, and 3500 F . 
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The data can be put 1ntc the equations and the end-gas density 
and temperature can be calculated. AB indicated from the equations 
shown in figure 5, the data required for the end-gas temperature 
calculation are the inlet-air temperature T0 , the compression 

ratio r, and the function cf fnel-air ratio F3(f). For the end­
gas density calculation, the data required are the charge weight W1 
the total volume Vt, the inlet-air temperature T

0
, and the end-

gas temperature Tk· When calculated on this bas is, lmock-11.mi ted 
performance data obtained at variable inlet-air temperature, com­
pression ratio, and fuel-air ratio fell ~n a single line, 

Figures 6 through 12 show the correlations obtained with 
aviation alkylate, 8-reference fuel, 2 1 3-dimethylbutane, triptane, 
cyclohexane, cyclopentane, and triptene. All of the fuels contained 
4.0 ml of tetraethyl lead per gallon except 28-R, which contained 
4 •. 6 ml per gallon. The correlations on the basis of end-gas density 
and end-gas temperature were gcod f~r all of the fuels with the 
exception of triptane, where the correlation is good at high end­
·gas temperatures but there is considerable scatter of the data at 
the .low end-gas temperatures, These points represent knock-limited 
performance at very high power levels where the engine frequently 

:goes into preignition and under such conditions it is difficult to 
obtain reproducible knock data, This ·may possibly be the explana­
tion for the scatter of the data. 

It was of interest to know whether a correlation could be 
.obtained on another cylinder because all of the data presented 
herein were rbtained en a CFR engine. Unpublished ~ata from the 
Pratt & Fhitney Aircraft Division of United Aircraft Corporation 
were available for the performance of 28-R fuel on an R-1830 
single cylinder at three compression ratios, four inlet-air tem­
peratures, and over a range of fuel-air ratios. Figure 13 shows 
the correlation on the basis of end-gas density and temperature. 
The dashed line shows the correlation obtained on the CFR engine. 
Reasonable , agreement was obtained when the differences in cylinder 
size, cooling, and -valve overlap are considered, 

The faired curves for the eight fuels tested in the CFR engine 
are shown in figure 14; This plot illustrates that at mild oper­
ating conditions fuels give very large differences in knock-limited 
performance whereas at ·severe operating eonditions the differences 
are small but significant. In this plot are shown the effects of 
compression ratio, inlet-air temperature, and fuel-air ratio. It 
also illustrates the fact that all fuels do not respond in the 
same way to increasing severity of operating conditions. For 
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temperature, compression ratio, and fuel-air ratio on knock-limited 
performance have been correlated on the basis of the density and 
temperature of the end gas during knocking combustion. No attempt 
has been made as yet to include the influences of other engine 
operating variables such as spark advance and engine speed in the 
correlation. 

The use of the method described will allow the prediction of 
the knock-limited performance of the fuel types investigated over 
wide ranges of inlet-air temperature, compression ratio, and fuel­
air ratio from a minimum of knock test data. 
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exa~ple, 28-R fuel at low end-gas temperatures has the lowest end­
Gas density, but at high er..d-gas temperatures its end-gas density 
is above three 01' the fue l s . 

In order to il ustrat e how end-gas conditJ.ons are r e l -?.ted to 
performance and er-er e.ting condit iorn1 of the 8D2~-=-~e , th:ce e Fue l s are 
compared on the ba81 s of charge f l ow in. f i g11 :..·c 1 5 . The c u.t ves f or 
triptane, 2,3-dimet by l bu.tane, and 28-R ci..re t s.l~en from f i gu.::~e 14 and 
:plotted on the basis of end-gas dens i t.;r age.in0 t. en rJ. - gas -~ emi:1 r ature. 
Then from the first eqnat5.on on fi £sUre 15 it i s s t:.::;.-.:: agajn that 
end-gas temperature i s a function of inlet--air t em-i:ie·cn.turo , com­
pression ratio, and f ue l-a ir rat fo. On the fi gur e are p l otted 
values for T

0
r0.4 and also lines of constant f uel-eir ratio 

determined from the mean curve for function of fuel-air ratio. 
.• 

Then considering the end_-gas density pk' which is a function 

of charge flow, cylinder volume, and inlet-air temperature, the _ 
WC 

expression -----­
Vt(To)2.5 

against values of Tk. 

ca.rt be held constant and Pk 

Lines of constant 
w 

C 

Vt(To)2.5 

can be plotted 

are .super-

imposed on the plot. In order to use the chart, a given inlet-air 
temperature and compression ratio are selected. The point where 
the dashed line s tart s on f i gure 15 corresponds to a compression 
ratio of 8.7 and an inlet-air t emperature of 250° F, which give a 
value of approximateJ.y 1700° R. By followine the dashed line, to 
the desired f uel-air rati o , in this cas e 0.11, and then by proceed­
ing vertically, a comparison of th e knock-limited charge flow of 
the three fuels can be obtained when the compression ratio and 
inlet-aj_r tem},1erature are he ld constant. The charge flow is 
directly proportional to the knock-limited manif old pressure. The 
knock-limtted i ndica t ed mean effective pr ess ur e can be calculated· 
if the i ndicated specific fuel consumpti on is known. It is appar­
ent that under the Of3rating conditions selected t he lmock-limited 
manifold pressure of t ript ane is f our times that of 28-R fuel. If 
the operating conditions are more s e vere as indicated by a hi gher 
inlet-air tem:pern.tu1~e, a higher compres 0ion ratj_o, or a leaner fuel­
air ratio, the differences between the knock-limit ed performance 
of the fuels are smaller. 

SUM.t\fJ\RY 

In summary it may be stated -that for the fuels investigated 
the influences of three engine operating variables, inlet-air 
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EFFECT OF MOLECULAR STRUC·rtJRE OF AROMATIC HYDROCARBONS 

AND ETHERS ON KNOCK-LIMITED ENGINE P.EilFORMANCE 

By Henry C. Barnett 

Flight Propulsion Research Labora.tory 

INTRODUCTION 

In 1937 the NACA initiated an investigation t o evaluate t he 
antilmock characteristics of s everal classes of organic compounds. 
The over-all program included the synthesis and purifi cation of 
the compounds, wh1.ch were not availahle commerc lally, as well as 
the engine eva.luation. The portion of the prog1·am involving 
eng i ne tests was planned in such a manner as to provide data on 
the f ollowing f act ors: 

9 

(1) Relation between molecular structure and antiknock r a t :l.ngs 

(2) Blending characterlstics 

( 3) Temperature sensHivity 

(4) Lead response 

The compounds invest i gated (reference 1) included 87 aromatics, 
23· ethers, and 18 branched paraffins and olefins. The present · 
paper, however, wJll b e co fined largely to a discussion of result's 
obtained on the aromatics and brief mention of the ethers. 

APPARATUS AND FUELS 

Eng ines and Operat i ng Cond itions 

The cmgj_nes and operat i ng condit ions used in the program ar0 
1 i. sted in table I. The first two eng j nes , F-3 and F-4, a1'e standard 
engines used to evaluate the performance numbers of conventiona l 
aviation fuels. 'rhese engines a r e . always, fo:r. the purpose of 
det.ermi n1ng ant i knock ratings, o·perated at spe c1.fied conditions. 
The _F-3 engine i s a nonsupercharged engine i n which the compres sion. 
r·3.t_to ,is var1ed to determ:tne the knock . l i mit .of a g iven ·fuel a t a 
l ean' fuel-a:i.r. ratio . All conditions th.er t ·han c.ompression r atio . 
are r eas onabiy const a nt for t he durat i on of' a test. 
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The F-f engine is a superchgrged engine in which all conditions 
except. man'i.fold pressure and fuel-a ~-r ratio are held constant. The 
knock ltmit s are determined by varying the manifold pressure until 
knoc 1·tng occurs. Although the fuel-nir ratios can be vnried for 
this engine, the antiknoc lc rat:lng is reported only for a rich fuel­
air ratio, usually about O.ll. Thus, the F-."3 method may be indicative 
of fuel performance at cruise co d itions whereas the F-4 method may 
be indicative of take-o:ff perf ormance, 

Two sets of operating condHions are sh wn in table I for the 
17.6 engine. All variables for these two ·sets of conditions are 
the same except inlet-air temperature. The tem:peratures of 100° and 
250° F were used to permit a conoideratioR of the sensitivities of 
the var1.ous aromatics to temperature change. The 17.6 designation 
refers t o the engine dispJ.ac ement of 17. 6 cubic inches. This dis·· 
placement is about half that of the F-3 or F-4 eng ines, 

At the beginni.ng of the program, tests were me.de in a full­
scale aircraft-engine cylinder. The first set of full~scale con­
ditions (table I) 1s considered comparable to cruise operation and 
t he second set is comparable to t ake-off operation. Full-scale 
eng i ne tests were later abandoned inasmuch as resluts in the small-
scale engines appeared to be ad e(luate. · ' 

Dase Fuels 

Inasmuch as limited ci. uantitles of the arornat ics were ava Hable, 
all tests were conducted on blend8 rather than on the pure aromatic. 
By this procedure considerable informa.ticn could be determined for 
n r elatlvely small quantity of aromatic. For these blends, two 
base fuels were us0d, The f'rst wA.s isooctane and the second was 
a blend of 011-percent isooctane and 121-percent n-heptane leaded 

2 2 -
to 4 ml TEL per gallon, 

RESULTS Ai"D DISCUSSI0N 

Relation Between Molecular Structure and 

Knoek-Limited Performance 

Aromatic~ - As mentioned pr ev iously, one of the factors con­
sidered in the present investigation is the r elation between molec­
ular structure a nd knock-limit ed p'3r.formance, Such relations vary 
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with engines and operating conditions but, in general, may be 
considered satisfactory guides in t he selectj_on of components for 
conventional aviation f uels, It is emphasized, however, that for the 
pur·poses of this paper the desirability of any particular com-
pound for use in a conventional fuel is based solely on lmock­
limited performance considerations, 

In regard to aromatic hydrocarbons, it is believed that a 
concentration of 25 percent is a practical maximum limit to assume 
for a conventional fuel; consequently, the discuss1.on in this 
paper is based. primarily on final blends containing 25-percent 
aromatic and 75 percent of the isooctane - n-heptane base fuel. . 
In all casos the final blends contained 4 mI T:H:L per gallon, 

The relation between molecular structure and knock-limi.ted 
performa.nce for a series of a.lkylbenzenes at a lean fuel-air ratio 
is shown in figure 1. On the left ordinate, the knock-limited 
imep ratio is shown as the measure of performance. This ratio 
is simply the lmock-limlted indicated mean effective pressure of 
the 25-percent aromatic blend divided by the knock-limited indicated 
mean effective 

1
pressure of the base fuel. On the right ordinate, 

a performance number scale is shown for the F-3 engine data. The 
use of the performance number .scale is necessitated by the fact 
that imep measurements are not made on the F-3 engine. 

For all three engines, the performance of the aromatics 
increases up to t _he point where the molecule contains nine carbon 
atoms and then decreases j_f a. tenth carbon atcm is added. 

At full-scale cruise conditions, i t is seen that a 25-percent 
benzene blend has a knock· limH 20 percent higher than the base 
fuel; toluene is 28 percent h.igher; ethylbenzene, 35 percent higher; 
~-propylbenzeno , 47 percent higher; whereas, butylbenzene is only 
11 percent better than the base fuel. At the other conditions 
shown the trends are the same but the magnitude of the improvement 
is less. In fact, under simulated full-scale take-off conditions 
the benzene blend is lower in performance than the base fuel, wM.ch 
is represented by the' ratio 1.0. In the F-3 engine the base fuel 
has a performance number of 120 and with the exception of 
n-propylbenz ene all the aromatic blends have performance numbers 
Tower than 120, 'l'his depreciation in performance is characteristic 
of aromatics at conditions as severe as those encountered in the 
F-3 engine . 

In s everal of the full-scale engine tests,the operating con­
ditions were changed from those shown in table I. Data points 
obtained at these altered conditions are connected by broken 
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lines in figure 1 and succeeding figures and are not directly 
compar able to data points connected by solid lines. Such points 
are included merely to complete the picture and indicate the per- · 
f ormance trends with molecular structure, 

Figure 2 is similar t o f i gure 1 except that the fuel-air ratio 
is rich and the F-4 rich rating metho4 .has replaced the F-3 lean 
rating method, The trends shown are somewhat different than those 
i n figure 1, but the s i milarity bet ween the F-4 engine data and 
the full-scal e data is apparent. In all these cases, the first 
addition of a carbon atom to the benzene ring produces a sharp 
improvement i-n performance; t he next addition r esults in a decrease 
except for t he F-4 da ta, which ar e unchanged; · the next addition 
slightly increases the perfox1nance; and the addition of the tenth 
carbon atom r esults in a very sharp drop in knock-ltµ1ited indicated 
mean effect i ve pressure as f ound at the lean conditions. 

The chang~ in perf ormance arisi~g from changes in molecular 
weight i n an homologous series has been illustrated in ftgures 1 and 2. 
Figure 3 shows the effect of different . isomeric structures on per­
formance when the molecular wei ht ts unchanged. For this example 
the four butyl benzenes, ·_E!-butylbenzene, isobutylbenzene. , ~-
butyl benzene, and tert-butylbenzene have been chosen. · In addition 
to the F-3 engi ne data and full-scale .engine data, _ _17, 6 engine data 
at in..1.et-air t emperatures of 100° and 2509, F are· incJ_uded in this figure . 

At the two 17. 6 conditiona and _the ·F~3 condition, changing 
from the normal to t he 'iso / · the secondary' and -t ho tertiary struc­
tures progres~ i vely improves .the performance. In th~ case of the 
full-scale take-off .condit i ons , the data points connected by the 
broken line may not be compar able to the points ·· jo ined · by the solid 
H nes inasro,uch .as .t he 01ierating cond.itions were somew_hat.· different. 

Data f or the four butylbenzenes at~ rich fuei ~air ratio is 
presented. i n figure 4. Except for the full-scale ·t~ke- off data, 
the trends shown are similar to t hose f ound at l ean ·conditions in 

• ' 

figure 3. The 1 7- . 6 data shOY1 a mor e. unif orm increa s e ,tn_ perform-
ance than do t he other data. 

Generally speaking, in figures 1, 2, 3, and· 4, ·the t.rends 
in performance of the aroma.tic blends. in ,the standard F-2i and 
F-4 engines we:i;-e . similar t o . those tn the other engines~ For. 
simplicity tl'l.0 remaining ·.portion of thi s discussto'n is therefore 
conf ined largel y to data obta t ned in the F-3 and F-4 G'Ilgines, 
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The knock-limited performance of dimethJrlbenzcnes (xylenes) is 
illustrated in figure 5, In both the F-3 and F-4 engines; the . 
1,3-dimethylbenzene blend gave higher performance than either 1J2- or 
1,4-dimethylbc nz ene. The 1,4-dimethylbenzene had a .knock limit only 
slightly l ess than 1,3-dimethylbenzene but -still was considerably 
higher than 1, 2-dimethylbenz.ene. · · 

The trends shown in f igm·e 5 for · dimethyl b enz 0ne s a,re . ~he same 
as thos e shown in figure , ? for methylethy],p qnzenes; that .. is; i- . . 
methyl-3-ethylbenzene is app:i;-eciably better than l-methyl-2-:­
ethylbenzene an<J, slightly b ette1~. than the l~met.hyl-4- ethylbenz e.ne. 
The same trend is also tru·e · for · the ·diethylbenzenes ·in _fig-~e 7 • . 

Compounds -such as these in whi.ch additions . have peep mad e -at 
two positions on the benz ene ring are known as · di-substituted com­
pounds, Figure 8 illustrates ant i knock trends f:or ·tri-,,.substitutecf 
compounds, The 1,2,4-trimethylbenz ene blend has a slightly higher 
knock Hmit than the 1,2,3-'trimethylben i ene blend . i n the_ F-4 engine 
but has a slightly lower knock· l:i.mit in 'the F-3 engine. The ·i:,3,5- . 
trimethylbenzene fa : considerably better ·than either of the ot her · 
trimethylbenzenes. 

A few of the trends indic~ted by studies of r elations b etween­
mol ecular structure and kn'ock-lim:i't ed performanc e have b een· pre- . 
s ent ed in f igures 1 to 8. An idea of t he r elat i ve antiknock char­
acterist ic.s of a·1·1 ·the ·.aroma._t .ic hydrocarbons can b.e obta_ined :r-.com 
an examination of the , t-3· data: _in f-:i.g lir e 9. The ··baee _fuel, .. ha s a 
performanc e numb.er of 120 as ind :i:ca:t;ed' by the broken l~_ne • . .(\..bout 
17 aromatics fall above this lirte irid i cat ::tng an -improvemen~ 'tn 
knock-·liml t eo, per_fs,rmance of _ the base f uel. The s e aromatics f a ll 
wi thin . a rapge of'. <'}bout 7 performance humbera above tl:le per form-
ance of the base fucL 'From t hese a·at·a taken at F~3 l ean con­
ditions, 1,3,5-t;imethylberi°~ene and .. t ert .:.o-utylb enzene . appear t o b~ . 
the most de·sir ~ple aromatics. based on the 25-perc nt blends examined, 

.. but it is empbasiz,ed tha,t e\r'en' _the se two aromat i cs ·increa sed the rat­
ing of the base fuel .by only 7 :performance . numb er ,s. · 

' ' 

A point .is i~dicated · in 'figur e ·· g fbr·,.the .paraff'inj,.c fuel, 
2,2,3:..trimet-hylbut;.ane (triptane) . · _This 'point ·· was . obtained, as in 
the case · of the aroma.tics, o_y .blending 25.:.percent . tr-iptane and 
75 percent of the isooctane· .:.: ·n-·heptane· ba.•s e ·f uel. The triptane 
blend shown here has a performance number of 135 · as compared. to 
about 127 for the best aromatic blend. 

The same type of plot· ·.is shown i.n figure 10 for F-4 engine 
data. As contrasted to the · F-,-3 data (fi~. , 9_), the 25-percent 
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additions of aromatic in the base fuel have caused considerable 
improvement in F-4 performance -. from 110 performance number for 

. the base fue l to about 175 for' the. best :aromf3.tic blend. This 
r esult con:'irms the well-known fact that aromatics in fuel blends 
_offer considerable advantage at rich ·fuel-air ratios but only 
moderate improvement at lean fuel-ai.r ratios undo·r severe conditions. 
The 1,3,?.:.trimethylbenzene b-lend ts. still one of the highest per­
formance blends but the. tert-butylbenzene blend, which ·sh~wed up 
well in the F-3 tests, is exceeded in !mock-limited performance by a 
number of other aromatic blends. Other t_han 1,3,5-trimethylbenzene, 
the best · aromatic ·shown is l-methyl-4.-:..t ert-butyl_b enz ene . 

The triptane blend, as be for e , is 1.nclud-ed in figure 10 for 
comparison and it i.s obvious that many of the aromatic compounds are 
superior at F-4 conditions. 

Ethers.! - A summ.ary plot of F--3 engine data for ether blends 
is presented in f igure 11. Both aliphatic and aromatic ethers were 
examined. Of the blends shown 1 the iscpropyl t ert-butyl ether blond 
gave the highest per formance at the F-3 :j.oan , cond itj_cns. Ethyl 
tert-butyl and methyl tert-butyi · ether were next· in order, about 

· f:\.ve performance numbers lower. Non0 of,., the · aromat 5.c ethers 
i mproved th~ por fcrm..9.n_c e ·:: f tho base fuo:L 

, It .is .. s een in figure 11 that for F:-3 conditions the b est 
ether blend · is °£1.boµt 30 per fo:c'mance n,umoera bette r than the base 

·. fuel, ·whereas · in figure 9 H was show·n. _i;_hat ·the b est aromatic 
blend was . oply 7 pc:r:.f ortnance numbdrs b ett er than th0 base fuel. 

Again., for . compa rison , a . point __ · fer 'the trtp.tane blend is 
i nclud ed. Th. thre e ethers mentioned _in the preceding paragra ph 
wer e a f ew perfc rmanc e numbers b tter than triptane . 

The . same e ther blenqs· ·at F-4 ,conditions are presented in fig­
ure 12. A bl·end of nrethyl t ert--b utyl ether has the highest perform­
ance number at these conditions and shows about the same improvement 
over the . base fuel that. was obtained with the best aromatic, 1,3,5-
trimethylbenz ene •. It is shown in figure · 12 that a number of the 
aromatic eth0rs. h~ve · improved the r-ating of the base fuel and that 
the triptarie blend· is about ·30 performance numbers lower than methyl 
tert-butyl ether blend. 

Blending Characteristics 
. . 
It ·1s emphasi. zed t~f'l.t to this po int most of the discussion 

has been based upon antiknock studies of 25-percent "blends with a . \ ,. 
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base .f uel. Thi s concentrat1on of aromatic wa s chosen because · r': 
_tber factors would restr f ct the use of blends containing aromatics 
in excess of 25 percent. Despite this . limitation , higher con-

. centra tions of aromatics are important to a clearer underotanding 
of antiknoc k pc)rformance as is illustrated in figure 13. The five 
aromat "ics shown in this figure were chosen merely to illustr ate dif­
ferences in blending characteri stics. 

This analysis has been confined to 25-percent blends and it is 
seen (fig. 13) that the m-diethylbenzene blend produ~ed- the greatest 
knock-limited performance with l-ethyl-4-methylbenzene second. · At 
a concentration ·-of 50 percent, however, these ~wo. ar<;>matics are 
exceeded 1.n performance by toluene and isopropylbenzene. Thus, the 
relative order of rating based on ·investigations of one particular 
blend concentration can be different from the order obtained at 
another· ·concentration. 

This fact is further illustrated in f igure 14 for 17 aromatics 
examined in the F-4 engine. Although the 50-percent blends in this 
figure are arranged in order of decreasing performance, it is apparent 
t bat the 25-percent blends do not follow the same trend. For example, 
m-diethylbenzene is eighth in this list based on performance of 50-
percent blends but is one of the two best aromatics _in 25-percent 
blends. 

A similar result is obtained in the F-3 engine as shown in fig­
ure -15, Although data for _the 50-rercent blends are. incomplete, 
i t -- is apparent 1n the F-3 engine that increasing percentages of 
aromatic in the blend tend to decrease the antiknock value, For 
example, 25-percent blend of l-isopropyl-4-methylbenzene has a per­
formance number of 121, whereas the SO-percent blend has 13- rating 
of about 114; also, in the c~se of benzene, the rating _drops from 
118 tb 100 when the concentration is increased from. 25 . to 50 percent. 

Temperature Sensitivity 

The next factor considered in the investigation of aromatic 
fuels is temperature sensi tivi,ty. The tests mad.e to. e:valuate this 
factor were conducted in the 17.6 engine. In this instance, 
20-percent blends of aromatic and isooctane were examined at inl19t­
air temperatures of 100° and 250° F whil~ . all other conditions 
were identical. Figure 16 presents the results of these tests. 

On the abscissa of figu~e 16 is plotted a ratio, which for the 
purpose of this paper, is designated temperature sensitivity. This 
ratio is simply the knock-limited indicated mean effective pressure 
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of the blend at 100° F divided by the knock-limited indicated mean 
effective pressure at 2500 F. For comparison, data for triptane 
are included on this plot. The compou.~ds, except for triptane, are 
arranged in order of decreasing sensitivity at a lean fuel-air 
ratio. The 0rder of temperature sensitivity is not the same at rich 
mixtures as it is at lean mixtU.l~es. 

The 1,3,5-trimethylbenzene , which has the highest F-3 and 
F-4 ratings (figs~ :9 and 10) of all the aromatics oxamined appears 
t o be the most sensit i ve aromatic at lean and rich mixtures: 
However, l-ethyl-4-methylbenzenr:: and 12-xylene appear to be com­
parable in sensittvity at rich mixtures to 1,3 ,5-trimethylbenzene. 
It is interesting to note that for rich mixtures the temperature 
sensitivity of· triptane is l ess than that of all the aromatics 
with the possible exception of l-ethyl-2-methylbenz.ene. At . l ean 
mixtures, all the aromatics below ethylbenzcme are less sensitive 
than triptane, 

Load Response 

The last factor of importance in this evaluation of aromatics 
is the l ead r esponse. Figure 17 persents data for the same blends 
used in the t emperature sensitivity studies, Triptane is also 
included in this figure. Lead response, shown on the abscissa of 
this ngure, is defined as the knock-limited indicated mean effective 
pressure of the leaded blend divid od by the indicated mean eff ective 
pressure of the 'unleaded bl0nd. Leaded. blends contained 4 ml TEL per 
gallon. 

It ·is seen in figure 17 that t ert-butylbenz ene blend has the 
highest lead r esponsG at lean mixt"ixres and is exc eeded at rich 
mi xtures oniy b,Y l-isopropyl-4-met hylbenz ene . The, tr1.ptan·e blend 
has a lead r espomio comparable to that of benz ene as indicated 
by thes e data. 

CONCLUSIONS 

In summarizing the c-onclusions that may b a drawn from the 
data presented; :l.t - is emphasiz <.,d that such conclus:tons must· neces­
saril;y apply only for the 25--p 3rcont blends. Th0 conclueions, 
thus · qualified, are as follows: 

· :,.. 
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1. The best aromatics at F-3 conditions are 1,3, 5-
trimethylbenzene and t ert-butylbenzene . At t:hes e same cond i. t ion/3, 
however, both of t hese ar omattc blends wer e exc eeded i n perform­
ance by a comparable blend of tr i ptane. 

2 . At F-4 conditions the best aromatics wer e 1, 3 ,5-
trimethylbenz ene and l-rnethyl-4-tert-butylbenz ene and the perform­
ance of both exceeded that of triptane . 

3. At F-3 condit i ons the best ether wa s isopropyl t er t -butyl 
et ner and its performance exceeded that of triptane and t he best 
aron1atic . 

4. At F-4 conditions the b0st ether wa s methyl t ert-butyl 
,ther and its performanc e exceeded that of triptane but did not 
exceed the b -:::st aromatic. 
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CORRELATION OF FUEL PROPERTIES WITH MOLECULAR STRUC'HJRE 

FOR HYDROCARBONS OF HIGH EN.ER~Y PER mnT VOLUME 

By Paul H. Wise 

Flight Propulsion Research Laboratory 

INTRODUCTION 

18 

The change in aircraft power plants fro:n reciprocating to jet 
engines shifted the emphasis to different· pe.1~ameters for evaluatfog 
the fuels used. Fuels that would be unsatisfactory in reciprocat­
ing engines show perfo~,nances eq_~l or superior to high octane 
gasoline when burned in a ,1et-engine combustor. 

One of the important properties to be considered in evaluat­
ing a fu~l for jet engines :ts the thermal energy per unit volume. 
High speed aircraft are volume-limited because of the i r design 
req_uirements of ·thin wings and fuselages, and the fuel storage 
spa·ce i.s restricted, A fuel with high thermal energy per unit 
volume would be valuable to give aircraft of this type increased 
flight range. 

The first step in finding fuels with higher values of thermal 
energy per unit voltnne was a search of literature for data on 
known hydrocarbons. Such data were obtained ( references l to 3) 
on several homologous series cf different type$ and these are 
shown in figure 1. The net heat of combustion per cubic .foot of 
each compound is plotted as the abscissa and the corresponding 
boiling point as the ordinate, It is ap·parent that the alkyl­
cyclohexane and alkylbenzene series are superior to aviation gaso­
line and AN-F-32 with respect to thermal energy per unit volume. 

There are also data (references l to 3) that indicate that 
dicyclic aromatic h~1drocarbons such as naphthalene and biphenyl 
and their derivatives should be, placed on th.is graph in the area 
corresponding to about 1,000,000 to 1,100,000 Btu per cubic foot 
and 450° to 500° F. These values r0p1·esent a substantial gain 
in thermal energy per cubic foot over aviation gasoline. This 
gain in thermal energy per cubic foot could be utilized t o ext end 
flight range. · However, because these data are inadequate and :in 
many cases uru'.'eliable, they cannot be used as a basis for analyz­
ing the value of d icyclic ar01n.s1tic hydrocarbons as engine fuels. 
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It was dee ided that the NACA Cleveland laboratory lli'ldertake a 
research prograrn wh i ch includes the preparation and purification of 
selected hydrocarbons and the accurate determination of their physical 
properties (reference 4). It was believed that, when suffic:ient 
reliable data were avaHable, it wculd be possible tc in.iiicate 
certain types of structure t hat wculd be most premising for combus­
tion tests and further development. 

The hydrocarbons chosen fer investigation are outlined in fig­
ures ?. and 3. In figure 2 is shown mi.phthalene and :tts hydrogenated 
derivatives, tetral i n and decal i n. Fach derivative may be considered 
to be the parent hydrocarbcn of a series and wi ll be substitu~ed 
with the varicus alkyl groups (designat0d a,s R) s110,n-1. i n t he n:'.)per 
right-hanc1 c-::irnor cf the fi gure. Ea '}h -.. :,:::.·:-.' 1.t : .::.5 i'r G:.::r c " n :1.:: ,,., r:·_;re 
than one :Jo£i ~tion :.;.1 ·./1Jh:h '!..-~Je aD:yJ. &-r0 1 :~ ::i C:'.:: =. ·.10 :.:,J· s·',~t r,~_ c.Ji as 
indicated 'b y the posit io:i: ' t he R gro'.,p v Bc" t.!1c or_~~rnts. 

The st.ructure in the lc· r ,,. part c f f'i 3ure c i <J one exa.mple cf 
a series c f t::>. lk'slbenzenes that i s b e ing invest igateJ. The s.lkyl 
grcups have s i.x, seven, or c i ~,,t ce.:..·:) on f.lt c,ms , , lnch ca-:-i be e..r-ran,.ged 
in var::.cu.s "tcaEr.;1e'.:1 structur es . 'rhe rela-c ed sa'curatet hydr-0ca:r·ocne 
are also tc be pr epared 

The hydrocarbcne outlined in figure 3 are related to b i phenyl. 
Those to the right c:f. the parent hyd:>:"ocarbon are the var icue alkyl 
biphenyla, and d lfferent deri.vatives are obtained by placi.ng eub­
stHuents in the three poei tJ.ons shewn. 

Diphenylmethane can be varied in three diff~rent ways. The 
first ts to i.ntrod uce the various alkyl groups R outlined in 
flgur e ?, i.n the 2, 3, and 4 pcsitiona as in the case cf b-tphenyl. 

The other var i ati sns can be achteved either by adding alkyl 
groups as a side chai n attached to the carbon atcm between the 
phenyl groups t o gi.ve the l_.1-dicycl ic alkane s or by lengthenJng 
the chain cf carbon atoms between the two rings to form the 
a,w=-d i. cycl i c alkanes. 

The illustrated saturated derivatives, which can be prepe.red 
by hydr~senating the aromat i c hydrocarbons, have been included in 
this program. It i s known that the saturated compounds have lower 
melting points and burn mere easlly than the corresponding aromatic 
hydrocarbons. On the other hand they have hi6her viscosities and 
lower n~t heats of combusticn per unit volume than the ir. aromatic ­
counterparts. Inasmuch as many prcp-srtiea must be consider6d in 
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selecting a fuel, it --aeemed advisable to study the saturated com­
pounds to determine accurately the oxtent of the changes produced 
by hydrogenation. 

20 

The parametors, which are consid~red to be important in evalu­
ating these compounds vith respect to use as fuels, are Btu per 
cubic foot, Btu per pound, melting point, boiling point, viscosity, 
and density, 

The values of Btu per cubic foot and Btu per pound are both 
important in considering a prospective fuel. For jet fuels the 
value of Btu per cubic foot ia more important because of the limited 
fuel storage spaco. 

The meltibg point must be considered because the fuel must 
be a fluid at operating t emperatures·, and a maximum value for the 
melt.ing point is required in fuel specHications (reference 5) • 
.rour points of blonds of the pure hydrocarbons are also to be 
determined • 

Tho boiling point is important because it affects ease of 
ignition and vaporization as well as handling problems connected 
with the fuel. 

The viscositi es are determined .over a range of temperatures 
in order to know that the fuel can be pumped through ~uel lines 
and nozzles under operating conditions. The viscosities of blends 
of the hydrocarbons will be de termined. 

Density is important i n r elat i ng Btu per pound and Btu per 
pubic foot so a high density value is desired. 

In the investigation, the compounds will bo compared first 
with respect to these parameters, and those which appear to be 
most likely to be valuable as experimental fuels will be examined 
with respect to the following combustion characteristics: ease of 
i gnition, inflammability limits, flame speed, and carbon formation. 

In discussing the data obta ined, the eydrocarbons are presented 
as homologous s eries, The values of net heats of combustion are 
presented as the ratio of the ·absolute ve.lue to the corresponding · 
absolute value of high octane aviation gasoline (reference 6), 
This ratio permits an evaluation within a series and at the same 
time compares each compound with a fuel now in use. 'rhe ratio of 
net heat per unit volume is used .as one coordinate in comparing 
the other properties of the compounds. 
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Most of the compounds. were synthesized and purified .. and their 
physical "constants were. determined by the -Fuel Synthesis and Analyt- · 
ical Chemistry Sections of this laboratory. Some of the .data: were · · 
obta ined by purifying commercially available compounds. 

- 2-Q-ALKYL. BIPHENYL· HYDROCARBONS 

The alkyl biphenyl hydrocarbons with the substituent in the 
two position make up _the .fi r st s eries. The change in Btu· per cubic 
fcot with respect t 0 ·the change in Btu per pound is illustrated in 
figure 4. ~he parent hydrocarbon, biphenyl, has a Btu-per--pound 
value about 90 perc ent of that of aviation gasoline, but at tho 
same time it is 34 percent highe r in Btu per cubic foot. A drop 
of about 2 percent in r elative Btu per cubic foot accompanie s the 
a d.dition of ·the first carbon atom. Subsequent lengthening of the 
chain ca uses less change in this value, .and the 2-E-butylbip.henyl 
is still 28 -percent superior to aviation gasoline with respect to 
Btu per cubic foot. On the same basis of comparison, AN-F-32, w.ith 
a ratio of 1.12, i s 12 per cent higher tha n a viation ga soline . 

The effect o:r the various substituents · on tho ·me lting and 
boiling poi nt is shown in figure 5. The melting point of biphenyl 
is 156.6° F. The melting point of the 2-n-a lkyl biphenyl hydrocarbons 
is l ower ed by each carbon atom that is- a dded t o the chain; 2-n-
butylbiphenyl· ~el.ts at 7 ,3° F , · 

The curve representing the boiling. ~oint shows ,that the addi­
tion of the f our-carbon-atom side chain to biphenyl raises the boil­
ing point from 491° to 55.6° F, 

A compa rison of the chane;'es in viscosity with respect to chain 
l ength and t emper a t ure is presente.d in figure 6 . At 210° F ther e 
is a 45 percent i nc·rease in kinema tic viscos i ty from bi phenyl to 
2-E-butylbiphenyl. At 32° .F, wher e the vis9osity of biphenyl can­
not be det ~rmined be_ca use the compound is a sqlid, the effect of 
the longer cha in is more pronounced. The increa s e i n viscosity 
from 2-methylbiphenyl to 2-.!!-butylbiphenyl is 85 percent. 

1,1..;DICYCLIC ALKAN'E HYDROCARBONS 

The changes_ in ·r el a tive heats of combustion for the 1,1-dicyclic 
alka ne s are s hown in fi gure 7. In the arom1:1.tic serie s the rela tive 
Btu-per-cubic-foot valtie decreases as ~he cha iT) is built up to four 
ca rbon a t oms in 1, 1-diphenylbutane ; thi_s compound, howev 0r, h.?.s a 
rel ative Btu-per-cubic-foot value almost 30 percent higher than 
avia tion gasoline . 
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The cyclohexy'],. c9~pounds .' are about 6 .._p~rca.nt · lower in relati VO · 

Btu-per-cubic-foot· value,s ,and "8'. ·percent 'i:i'.igher i.n rell';l,tive Btu-per­
pound values than lh1{· aromatic· series. Hy(\rogena.tiori ·app~eciably 
lowers the density; which accounts _for the_ lower -value_s · of net heat 
of combustion per cubic fo0t · eve_n _though t ,he z:i.et heat ·o.n -the weight 
basis is increased. The qyoldhexyl. compounds average about 25 per­
cent higher in Btu pei ·c.i+pic ·'f'oot ,than, aviati.6:p gasoti'ne; the 
aroma.tic compounds aver~ge. abbut 32 percent higher in Btu per cubic 
foot than aviation gasoiine. . .! ... 

In the aromatic series of t}?.e. l,J-dfcyclic .alkanes "t,he . boiling 
point is increased from 4~.l-9: to 5'.64·o F by 'adding· :four oar't?on atoms 
(fig. 8), In the cyclohexyl series the· first co~pound, bicyclohexyl, 
boils at 462° F and the four-carb6n~tom :chain raises the boiling 
point to 559° F. The coni.po_u,nda in the cyclohexyl series boil at 
lower temperature-a than the corresponding aromat:1.c. hyd-iocarbons, 
but the differences are small when m.o.re than ... one . ·carbon at,o~ has 
heen added in the side chain.: • : · · · ·. ;. : ... · · :·.: :- : · 

' . ' ' i . 

The melting points <~.r .;th~· comp~~d~ .. in. th·e ·~;~~tic .. B;i:id .. cycio­
hexyl series are illustrated in· figtlr·e 9, The arroma.tic sE!riee .shows 
a spread of 170° F from biphenyl at 156° ·F to'. 1;i-:--diphePY~.butane at 
-14° F. In the cyclohexyl. serie-sJ b:l,cyc;lohexy'l melts al)dut · 120° F 
below the corresponding aro~tic · h~qroc~bi:m • . The , other ~~nihers of 
the cyclohexyl series are also lower. melting compounds- than their 
aromatic counterparts except 1,1.:dicYclohexyl'butane p wh'ich melts 
a:t a temperature 26° F higher tha11. · 1 ! l ~dephenyib.u.tane:.-- · .. 

I '~ . • ~ ' , • ' ' • 

The viscosity data for the tw·o · series of l,l-d:t:cy61'1c alkanes 
are shown in figure 10. In order to .C.Ol;ll.pare -the ,·aromatic· $eries 
at 32°, 100°, and 210° F, 1t is necessary to start with 1~1-
diphenylethane because the biphenyl'·and d+phenylmeth~me ·are .. solids 
at 32° F. The increase 1n viscosity from .. 1,.1.:aiphenylethane to 
1,1-diphenylbutane is 35 percent at 210° F, 65 percent at 100° F, 
and 200 percent at 32° F. · 

·: L 

In the cyclohexyl series at 210° F~ the iruHv.idual .hydro­
carb"ons have values of kinematic v-isc·osi.ty that are .. apout 50 percent 
higher than those of the corresponding aroma.tic compounds. · At 
100° F the difference averages about . 9~ percent; and· at 32° F the 
difference is as high as 250 percent in the case of 1,1-
dicyclohexylbutane where the combination of the long chain and the 
two cyclohexyl rings gives the compound the high viscosity of 
75,5 centistokes. 
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a., w -DICYCLIC ALKANES 

Figure 11 shows the relative heats of combustion of the 
a.,w-dicyclic alkanes, which are so designated because the two rings 
are at the ends of a eitraight chaj_n of carbon atoms. In the 
aromatic series the addition of ea.ch carbon atom between the two 
ririgs produces a alight decrease in heat of combustion per- cubic 
foot from the _high value of biphenyl; 1,3-diphenylpropane, however, 
has a 29 percent higher heat of combustion .than aviation gasoline. 

The cyclohexyl derivat ives 'l:i13-ve values · about 8 percent higher 
in relative Btu per pound, but 6 to 9 percent lower in. Btu per 
volume t.pan, the · aromatic hydrocarbons. , The valu~s of net heat of 
combusti~n per cubic foot for cyclohexyl derivatives are still 
about 24 percent higher than gaso.l:!.ne • . 

. ' 
The melting points of the a., w -di cyclic alkane s_eries are 

shown in · figure 12. · _The aromatic hydrocarbons · alternate between 
high and ·1ow melting points, and the last compound, - 1,3-· 
diphenylpropane, melts ·at -5.6° F, whtch compare~ favorab l y .with 
the valµes of 7 .3° F for 2 -n-butylbipheny:).. and -14.0 . F for 1, l-
diphenylQ4tane. -

The cyclohexyl .series follows a · si~ilar alternate high and 
l<:>w pQ.tt~rn. The me1tfr1g po;tn,ts · of this · series are all lower than 
the .cor.re~ponding ~?rilatiq ?onip.ounds e.xct3pt; 1, 3-dicyclohexylpropane, 
which ,melts at a _temp_erature 11° F b,igher than 1,3-:-diphenylpropa.ne. 

- ' • .. • .. • • • ' • ·.J. • 

. . 

The! charig~~ J~ boiHpg point ·ti1at are· produced by: intr;oducing 
. carbon atoms between- the · two ' rings ,are shown in °f' .igure 13. .·The 

boiling '_poin::ts , of
1 
the aroma.tic ser:f,es .. increase, ~rom 491 o to.· 569° F 

- when three carbon·~ !itotns ~e ad.d.ed, which is a . gr~ater increase than 
that · ob~ai-i:1ed iI: the 2-,~- atkjr'.1. . biphenyl_ series and the .l,J.-dicyclic 
alkane series. _. TJle · bciling points ot ·the -cyc-lohexyl compounds a.re 
cons istent"iy lower -than -thos e_ of the ar~matic ,hydrocarbons . 

. . . 
The viscos·ity data, .of the ,a.;w_-dicycl:ic ·.al~ane series are shown 

in fi g~re 14. 1,3-diphenyi'propane: is the only aroma.tiQ compound 
in this series -on._which measurements.' could b.e made at 32° F. At 
210° F the vii .. scpsity :o:f the aromatic series increases 40 percent 
from b1phenyl __ to' 1,·3·-dip~eti,rlpropa.~e. .. · . 

. . . . •. I . . 
: :) :· 

In the .cycl_ohexyl_ .ser.:ies the_ correspond~ng transition, bicyclo­
hexyl ' to 1, 3 -dtcyclohexylpropa.ne, pfoduces ~ increase . of 60 percent 
in viscosity . . .r;.,s the . :temperature_ .. is l~ered, the :viscosity incre ase 
become3 llO percent , at_ 1Q0° ·F and -,~t 32° F, where blcyclohexyl is a 
solid and cannot be compared, the ·1norease .from dicyclohe:xyl.methane 
to 1, :3 -dicyclohexylpropane is 90 percent• .. 
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SUMMA.RY 

In introducing this discussion it was stated that the chief 
object of the program was to try to alter the physical properties . . 
of cer~ain ,higb melti1~5 hydrocarbons by introducing vari9us sub­
stituent groups and at the same time to preserve . the h1.gh net heat 
of combustion per unit volume, In order to summari ze what.. .has been ' 
accomplished, the properties o.f the compounds in th.e "three .aromatic 
serie s r e lated .to btphenyl have been plotted on the· same set . of 
coordinates so that they may oe compared more easily ·in f igure 15. , 

. The parent · hydrocarbon, · biphen,yl, melts at ;J..56° F. The deriva­
tive, 1,1-diphenlybutane, has the lowest melting po1.nt (-14° F), 
which is 170° F low er than the melting po'lnt of b,iphenyl. It is 
known that at s ome point · in t he process of length'ening the side · 
cha i n the melting po int curve w:i.11 start to rise, but it is n·ot 
established that this point has been r eached in any of these series 
at this time. Perhaps some of t he compounds which would b e obtained 
by further addition of car bon atoms to the side cha1ns would have 
low er melti.ng points than any given herein • 

The loss in r e lat1.ve Btu per cubic fo ot f r om b :i.phe.nyl to 
~,1-diphenylbut ane :i s only about 4 percent, whi ch i s s till almost 
,)0 percent above the Btu-per-cubic-foot value f or a viation gaso­
line. It is r easonable to acc ept a small addit ional loss in this 
value if' the melttng ·point can b e l owered by add i ng one or two 
mor --· carbon atoma. The mel ti.ng -potnts of t hes e hydrocarbons a r e 
t co hig h because the prescmt maxi.mum r equir ement for the mel t ing 
point of jet fuel is -76° F (refer ence 5). 

In figur e 16, the viscosity changes produced by these struc­
tural alterations are i.lluatrated, The viscosity of 1,1-
diphenylbutane is high, and the other l ow melting hydrocarbons fall 
in the same range so that the wo:rk 1.s not complete with respect to 
this property. 

The seri es that have been discussed wHl be extended by length­
eni ng the side chains, and the synthes i s of the other seri es that 
were outlined in the introduction are i n progress. The data on all 
the ph,ysical properti es will be analyzed and the compounds which 
are selected as the most promising will be evaluated with r e spect 
to the combust i on characteristics. 
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EF.Ii'ECT OF FUEL INJEC ION CONDITIONS AND FUEL PROPERTIES 

ON ~l'RFORWlNCE I N GAS-TURBINE COMBUSTORS 

By Edmund R. Jona sh 

Fli5ht Propulsfon Tiesearch La bora '~ory 

Hfl'RODUC'l'ION 

Fuel research for 01et-propulsion engine comb stars involves 
not only caref tl control of the coru1)osi tion of t he fue ls being 
invesUgat~d, but also carefu l consid.eration of t he v-J rious corn­
ponent_s of the combustor i t $elf. It ha s b een found t hat smal l 
change s in the cornbustor l:Lner, a i r entry port s, or the f uel 
in,iection s;yst ~m can alter the per formance, 9.nd,, .in some· cases , 
even the rela·~ i ve performance of d_ifferent f uels. 

One _component that is close ly rela ted to fuel studies and 
that infh1ences, to a large ext e.rit, t l,e performance of the com­
bus tor 18 ·t he ·fuel nozzle . The f unction of the nozzle is to 
deliver the fuel to the combus·tor i n a fine s:;;iray f orm, which i s 
mot 9onducive to rapid combust ion, The combustion effi c iency 
and_ flame blow-out depend to ~ large extent i.-lpon t h e fineness of 
this sp::..·ay, its· penetration,· and its locaM.on. The finen ess of 
the spray and i ts :penetration a r e functions of the :pressure drop 
across the nozzle. Fie;ure 1 illustrates the effe ct of this pres ­
sure dro1J on the combustion ei'fic:lericy of e t urbo jet com bus tor 
operated with standard-'t;y'pe const ant-area fuel no z zles (refer­
ence 1). These data we1~e obtained wi t h ' an annular- t ype combustor 
opqrating at an 'inlet-a :Lr press ure of 9 . 2 pounds per square inch 
absolute, . a velocity of 200· feet per second , -encl a temper a ture of 
90° F •. The two fue l s i nvestigat ed wer·e AN-F-28 and Dj_esel fuel. 
Each curve ·(f ig . 1) repres ents a tes·t r u...YJ. with a different size 
fuel nozzle; t he .riom.inal yolume rating of the nozzles in ga llons 
per hour is indicated by the f iGures at the end of each curve. 
By successively changing t he 1:Jize of the nozzle, it was possi ble 
to o:perate the combustor over El range of in jection pressures for 
ea ch f ue l flow rate. 

From t he results of this invest:ie,a tion, it i s see::i tha t , i n 
general, at low hea-t i n:pu:t values the sma ller nozzles produced 
the higher effi cienc i es; · whe,reas at the h:igher hea t in1mts the 

26 

... lar&,er nozzles gc.ve the h i gher efficiencies , and ; in the case of 
Diesel fuel, .. a llowed ·burni ng ·at h igh er hent i nput condit ions with­
out flame blow-out. Flame blow-out is i ndicated by the perpendic­
ular lines at the end of each cu.rve. 
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The same data is plotted as combustion efficiency against fuel 
nozzl0 :pre0su.1~e differential (fig. 2) with each cvrYe representing 
constant V'!lv.es of heat inpv.t. At low value s of heat input , the 
combust ion efficiency of both fue ls increased with fuel injection 
pressure; whereas at higher values of heat in~- ut, the com"bustion 
eff iciency decreased with an increase in j_njection pressu:ce. 

APPARA'l'US 

Inasmucri as i t appeared c'tes:Lrable to control the fue l injec­
tion :pressure with a eingl,e nozzle ·:tnstallation, t he NACA-des igned 
noz zle shown in f igu1·e 3 was test,ed. A plunger, mount ed on a 
centre. 1 shaft t ha t i s posit ioned by a spr:ing and "be llows, provides 
va lve action on a number of tangential holes of varying size. Fuel 
enters a t the top, flows throug_ the nozzle body, through the 
t angential holes which produce a swl:cling body of fuel, and out 
t h e nozzle ori f i ce in a fine, hollow-cone spra y. The pressuTe of 
the :fuel on the bellows detennines the plunger :positfon :ceq_uired 
f or a · _ce:ct 1.1in :fuel pres sure differential. Sufficient tangential­
hole area is exposed to mai:t:ta:~n this g iven pressure. By pre­
l oading th e plunger with a variable nitrogen pressure behind. the 
·be llows , any de s i r ed pressure drop across t lle tangential holes 
could be ma intained at any f low rate within tbe d es ign ranee. 
Th i s nozzle :i.s completely des cribed in reference 2. 

A single combustor from a J 33 turbojet engine was set up as 
shown in figure 4. Air flow d.i.rection is from rJght to left. 
Refrigerated air was passed t hrough an A.S.M.E. orifice to met er 
flow rates, t hrough reg ulating va lves to control flow quantities 
and :9ressures, and passed into the combus tor. The inlet-a ir tem­
pe:ca ture , as mea si.lred by a sin13 l e iron- corn3tantan thermocouple, 
was maintained by means of electri cal :p:ceheaters. Fue l _entered 
.the cornbustor through the ·single nozzle at the posi t:ton shown in 
figure 4 and burned .in the inner l:i.ner of the combustor. Co!Il­
bus-tor outlet t emperatures wer e measured with several c:iromel­
alumel thermocouples. 

F1JEL- NOZZLE I NVES'I'IGATION 

The single combustor was operated at an inlet-air pressure of 
7 pounds per square inch absolute, an inlet-air temperature of 
40° F, and with air-flow rate s from O. 61 to 1.05 -po i.m.ds per s ec­
ond. The combustion effici0ncy of one fuel, isooctano, was deter­
mined over a r ange of f uel in~1ecti6n pressure differentials at 
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constant VFJ.lues of f uel- a il· ratio wi th the NACA-des j_gnecl nczzle. 
The resalts are shown in f .i gure 5. I sooctane wa s inve~t iga t ed at 
air-flow rat es of 0.61, 0 .'75, and 1. 05 pounds per second.. Cont!'ary 
to what was expected from previous inves tiga tions, t,he co::obust i on 
efficiency a t constant fue l -air r a t i.os remai ned 8Ubstantially 
constant over a wide r a nge of fuel i n j ect:ion pres sure diff erentials. 
At. M.gh values of injection p1•essure d::.fferential, the combustion 
ef ficiency .of isooctane tended to decrease with furt her increases 
in pressure dif'ferential. 

I n order to f urther invest i 5ate the ~ffect of the fuel injec­
tion pressure differen t5.al on the combustion eff i ciency, two a ddi­
tional fuel s , !_~-heptane and diisopropylbenzene, were tested. F i g ­
ure 6 shows the results with n-heptane , where simila r general 
·t rends were noted at a i r-flow·-rates of 0.61 and 0.85 pound per s ec­
ond. "At the hJgh~r air-flow r a t e , a slight decrease in comb us tion 
efficiency with increase in pre s s ure was noted, F i g ure 7 shows 
the ·same general trends with di isopropylbenzene; a h i gh-boi li:ng­
terupe:rnture aromatic fuel. · It ·is noted .that the combustion ef fi­
ciency is affected only at high fuel injection pressure diff e r­
ent i als. 

· From these data . it was conc luded that a comb ustor opern t ed 
with the fuel nozzle, baying a veriable-tangential-hole-ar ea 
mechanism was insens itive · t o a wide :range of inject i on pressures 
(from 20 to 160 lb/sq in.) and r esult s of fuel t e sts conducte~ at 
only one pressure would. be i:pdicat.ive of the results t o be expected 
at any f'nel inject i on · press1.lre with i n 'the range investigated. 

FUEL INVESTIGATIONS 

Previo·us j_nvest i gations of the effect of fuel properti es on 
the perforuiance of t urbo j et co:mbm:1t ors have, i n ·enera l, indi cated 
two results: ' (l) vola tility of t he f uel -affe cts the combust i on 
efficiency J;JerfQrmance with 101-r:..boiUng -temperat ure fuels showing 
higher combustion effi ciency .per-form~nce tha n high-boi Ling­
temperature f uels, and ·(2) hydrocnrbon structure af fec t s p6rfom­
ance to a .smaller degree wj_tb parc.ffin.ic fuels sh owing somewhat 
hicher combust ion efficiencies than aromatic fuels. 

These inve(3t,iga tions, hm.rnver, wer e conducted with constant­
area f uel nozzles wi t h the. f ue l nozzle pressure differentJal b eing 
dependent upon the type·· of fuel a nd upon t h e fuel fl ow rat e . A 
study was therefore conducted to determin e the effects of hydro­
carbon structure and volatility on the co:nbustion effidency 
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performance of a combustor opera ted with a constant-pressure-
. di fferentia l fuel no zzle . Th~ combustor as sembly and nozzle pre­

viously described were operat.ed with the fuels shown in the 
following fable: 

FUEL PROPERTIES 
-

A.S,'l'. M, Lower heating 
Fuel· type Fuel distillation Specifi c value H/C 

ibp fbp 50o/o gravity (Bt u/lb) 

Paraff'ini c n-Hexane 151 156 153 0.668 19,230 0.1.96 -
2,3-Dimethyl- 134 136 135 0. 666 19,200 0.196 

butane -
E!-Hept1:.ne 202 206 206 0.688 19,150 0.192 

Isooctane 204 .206 206 0.695 19,070 0.189 

n-Octane 250· 254: 252 o. 712 19,100 0.189 -
Diesel fuel 480 574 508 o. 799 18,760 0 ,171 --

Aromatic Benzene ·172 176 173 0.877 17,260 0,084 
- ,__ 

Dii sopropyl- 380 :398 392 0.876 17,840 0,118 
' 1Jenzene 

The paraffinic fuels ar.e list eel first, with five l ow-boiling­
t emperature and one high-boi l ing-temperature fuel, and two 
aromatic fuels, one low-boi ling- temperature and one high-bolling­
t emperature fuel. Tests with the diisopropylbenzene were 
restri ct ed to the nozzle pressure invest i ge.tion because of the 
high carbon-forming tendencies of the f ue l. The Diesel fuel 
tested. was El high grade cetane-t ype paraffin. The A.S. T . M. 
distHlation data, the spec i f i c gravity, ' hydrogen-carbon ratio, 
and the net heat:-of combustion are listed. 

· The fuel noizle pressure drop for the t ests was ma i ntained at 
25 pounds per · sq_ua·r e inch, the i nlet -air pressure at 7 pounds per 
square inch absolute-, and t he inlet-air temperature at 40° F. The 
fuel flow rate was adjusted to maintain a constant feed of 376 Btu 
per pound of air to the combustor whi le the ma ss rate of air flow 
was gradua lly increa sed to poi nt n at which either flame blow-out 
occurred or the combustor outlet t emperatures decreased to values 
considerably belo'w normal operat ing temperatures of combustors. 

The combustion efficiency of each of the pure fuels investi­
Ga t ed in relation to the mass air--flow rates is prec:Jented in 
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fi gure 8. F.ach fuel is represented by a different symbol and the 
A.S.T.i:1. 50-percent dL tilJ.ation temperature of each fuel is noted 
at the end of each curve. All fuels show a decrease in co!lJbu.st:1.on 
efficiency wi t h increase ·uass air flow. 'l'hi s decrease, however, 
was not the same for all the fuels testedj the fuels tend to show 
gr eater differences in }_.)erforrnance a t the higher air-flow rat es. 
n-0ctane and. n-he:ptane burned with the highest combusti on effi ­
c i encies throti.ghout t he aj_r-flow rang e invest1ga ted. Benzene, the 
one aromatic fuel tested under these conditions, burned w:l. th effi­
c iencJ. es slightly below n-octane and n-hertane. The combust ion 
ef.f iciency of n-hexa.ne, wh i ch ba s a 5O-percent distillation tem­
perature of 153° F, was as low ar; Diesel fuel, which ha s a 
50-percent dist illation temperature of 500° Ir. Both fue ls !i.re of 
the sam·e hydrocarbon ty-pe. The norual-cbain hydrocarbons, 
n-octane and n-heY.ane , show higlJe r cornb1,:s ti o11 e:tf iciencies than 
d o their branched-chain i somer$, isoocta ne '·'nd 2,3-dime t '.nyllrnta 1e . 
The tw.o conclus1ons that can be dra,m from t !.'le r e sults present ed. 
in figure 8 a1•e : (1) straighf-chain :paraff i ns burn with higher 
combustion efficiencies thari do branched-chain paraffins, and 
(2) the effect of fuel volat:tlity on combust ion efficiency is not 
as well defined as has been concluded from previous investigations. 

Tbe relation between combust:i.on eff i ciency and the boili ng 
t empera ture of the fuels i s shown in fig1J.re 9 . Co:Dbust i on effi­
ciency i8 :plotted against the A.S.'r .M. 50-percent dist i lla tion 
temperattu·e . Ea ch curve r .epres ents a dj.ff'erent mass a i r-flow 
r ate invest iE,'atea.. .The stra:l.ght-'cha i n hydrocarbons are indicat ed 
by t~1e solid curves, and t he brenched-chain hydrocElrbons by the 
broken curves. Above a boUing temperature of about 200° F, the 
combust:ion effici ency of the nor..nal hydrocarbons decrea s ed with 
an increase in boi ling tempe r a ture . In the low-boiling-temperature 
range, n-hoxane , which has a boiling t emperature of 153° F, shows 
lower combustion efficiencies than the higher-boiling -tem1)erature 
fue ls, n-hoptane and. n-octane. This eff ect was a lso noted with 
the two-branched-cha i n pa raff :lns, 2 ,3-di methylbutane and isooctane. 

FUEL-BLElWING INVESTIGATION 

The effec t s of blend ing a low-bo i ling-temperature fuel with 
a h igh-boiling-tempera t ure fuel, both fue ls being of the same 
hydrocarbon type , a re i ndicated · :i.n' f i c,ure 10. The top curve shown 
is ~-octane , wi th e ight carbon a~oms, and the bottom curve, Diesel 
f te l : with an averaQe of 16 carbon atoms. The blend tested con­
t ain&d 50-percent (by weight) n-oct ane and SO-percent (by weight) 
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Diesel fue:i. Above a mass air-flow r ate of 0.90 pound pel' second, 
the blend curve :is between the p;ire cor:iponent curves as would be 
expected. 'l'he combust i on efficiency of the blend , however, 
decreased les s with increase in ir-flow rate than did ei t her of 
the pure coml_)onents and, at l ow air-flow rates, .wa s equa l to or 
lower than either of the pure components. 

In order to f urther inver:J t i E,at e the differences in combustion 
efficiency of straight-cha in hydrocarbons and bra.nched-chatn 
hydrocarbons, 2. 50- :c:iercent (by weight) n-hexane e..nd 50-percent 
(by weight) 2,3-dtmethylbutane "blend was :pre:9ared and tes·0ed at 
t he condi tio.ns previously noted. J?igure 11 p.:::·esents the perform­
ance of two pure fuels and the 50-50 ·olend with co::nbustion effi­
ciency again plotted a i:£a inst mass air-flow rate. 'l'bese fuels have 
an identical number of carbon atoms but vary in struct1. re and. 
boiling temJlerature as shown .in f iGure 11. Again the combus t ion 
efficiency of tbe blend · i.s between the two pure components at the 
higher a::.r-flow rates, above about 0.75 pound per second. At 
lower aj_r-flow r ates, bowever, t:i., e combustion Gfficie:ncy of the 
blend uas equa l to or lmrn1· t e.n either of the :pure com~onents. 

I 

Isoocta.nc and n-heptane are t~m pc1.raffi.nj_ c f l1.els tha t have 
iden·t i ca l ·boiling ternperatnres of 206° F and, hence, vary only in 
hydrocarbon structure. Several blends of the e two f '.-le ls were 
prepe.red and retested under :inlet-air conditions of 7 pound.a per 
square i nch absolute pressure and. 40° F temperature over a rallf,0 
of mass a ir-flow rates. Fuel flow rate was aga:ln a djusted to 
feed 376 Bt\J. per pov.nd of a ir to t:be combustor. Reference tests 
with isoocta:ne followed ea ch blend test a.nd t he combustion effi­
ciency of the blend wa s rela t ed to the isoocto.ne reference test 
by the ratio sho.m as the ordi.m.te on :fi s ure 12 . Tbe ratfo of 
the· co:mbustio.n eff::-ciency of the test fuel, or blend., to t:1e com­
bust ion efficiency of isooctane is plotted against mass a~.r-flow 
rate for each of the blends. Th e com:pos:i tion of each blend tested 
j_s shewn at the end of eacb curve. T:·10 structures of the two 
J;lt!re components are a lso shown. The abscis:,;a line, a ratio of 
1.00, represents the performance of isooctane; all th e blends shmr 
i mproved per:rormnncc th r oughout t he air-flow r3.nge. Again tbe 
greater differ6nces .in the perfor-.nrmce of t!1e fuels are noted a t 
the hi~)1e:;.~ a tr-flow r e.tes with the :pure ~-he}Jtane ha-;ing a com­
bustion efficiency about 25 percent higher t han isooctane at the 
higbest air-flow rate investigated.. 

The ulending performance of the two fue l s , ~-heptane and 
isooctane, is :indicated. by a plot of the col.lbust.ion ef'fl c iency 
ratio against the percent _E.-heptane in t he isooctane blend for 
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several mass ai r-flow rates (fi g . 13 ). It a~pears that per centages 
of n-heptane in an isooctane blend _;_ ncreased the combustion effi ­
ciency ;ore than would be predicted from a str aight-line blend 
relation. This is especia lly t r ue at the higher a ir-flow r a tes. 
At th e lower air-flow r a t es , the relat i on a ppears to approach a 
tl t raJ.ght line, a lthongh the diff erences in the fuels a t these 
condition s are quite small. 

SUMMARY 

In s ummary, these pre liminary da t a ha ve indicated several 
r esults : 

1. In a J33 corn bus tor opera t ed with the NACA va riable - area 
fuel no zz l e, t he f uel in ject ion pressure differential af ..'.'ect s 
combustj_on effi ci ency only slight ly at the high a 1 t itude condi ­
tions investigated , 'l'he fue l pressm'e differential range inves ­
tigated was from 20 t o 160 pounds per square inch. 

2 . Differences i n the combustion efficiency of fuels were 
more pronounced at high mass a ir-flow rates than at low mass air­
flow rate s . 

3. Above a f uel boil i ng temperat m' e of about 200° F, com­
bustion efficiency decreased with f'ur t her i ncreases in boiling 
temperature, and below 200° F, comb ustion efficiency decrea s ed 
wi th a dec1,0a.s e i n boiling t empera t ure . 

4 . In addit i on to the effects of fuel boiling temperature , 
di ff e rences i n hydrocarbon struct ur e ca n affect the combu.'3tion 
ef ficiency of a jet-engine combustor a t some cond itfons : 
stra i ght -cha i n hydrocarbons showed higher combust i on efficiencies 
t han hranched-chain isomers . 

5. Tests with blends of E- heptane and isooctane indicated a 
blendin performance other than simpl e , stra i ght-l i n e relations. 
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EFFECT OF FUEL VOL.A.TILITY AND HYDROGEN-CARBON RATIO 

ON CARBON FORMATION IN GAS-TURBINE COMBUSTORS 

By Jerrold D. Wear 

Flight Propulsion Research Laboratory 

INTRODUCTION 

33 

The jet-engine fuel program conducted at the NACA Cleveland 
laboratory ·includes investigations to determine the effects of fuel 
properties on carbon deposition in jet-engine combustors. The 
effects of change in simulated engine conditions on carbon deposi­
tion ~ere also investigated. 

Published data (reference 1) of carbon deposition of seven 
fuels in an I-16 engine run at sea-level conditions indicated that 
the quantity of carbon deposited is apparently a function of the 
boiling point and the aromatic content of a fuel. The effects of 
these two factors,_ however, could not be isolated because the fuels 
used were -complex hydrocarbon mixtures. 

In an effort to isolate the effects of hydrocarbon type and 
boiling point on carbon deposition, 19 fuels, 12 of which were 
95 or :·more percent pure, were evaluated in a 9. 5B annular combustol!' 
(reference· 2); Three of the fuels were investigated at six different 
simulated-·engine condltions to determine the effect of change in 
engine conditions on carbon deposition. The results are presented 
herein. 

APPARATUS 

In the 9.SB annular combustor (fig. 2), the combustion air is 
divided by the fu~l manifold and enters the annular combusqon zone 
from both sides through holes 1n the basket. The fuel is injected 
into the annular combustion zone by 12 nozzles evenly spaced around 
the fuel manifold. The carbon forms or is deposited around the 
nozzles at the back of the basket and on the sides of the basket 
between the longitudinal rows of air holes. Opening the combustor 
at the exhaust· end makes it possible to observe the carbon formations. 

The combustion zone and carbon format.ions photographed from the 
exhaust end are shown in figure 2. The view is upstream toward the 
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fuel nozzles : The · light colored ·objects ar~ large formations of 
hard carbon on thJ=; be.sk0t. A comiiderable, anount of carbon is 
around the fuel ndzzles on the back of ·the basket. The carbon was 
obtained from benzene at simulated sea-level engine conditions for 
a 2-hour run. 

A diagrammatic cr·oss section of a heavy carbon form~tion at the 
fuel nozzle in the ann.ular combustion zone is shown in figure 3. The 
cross-hatched area represents carbon on the sides of the basket 
between the longitudinal rows of the air holes and around the fuel 
nozzles. The carbon on the basket is harder than that around the 
fuel noz zres · at the )>"a-ck . of the basket. 

RESULTS AND DISCUSSION 

The effect of r _unning time, other conditions constant, on the 
carbon ·a.ei;,osi tion_' ·of three fuels is shown in figure 4. Carbon weight 
is· plotted against running time at sea level and simulated SO-percent 
rate~ engine speed! fuel flow for any one engine condition was 
obtained by setting .the desired combustor in~et-air conditions and 
adjusting the ilow of MJ-F-32 to give the required turbine temperd­
t ure. This same fuel flow was used for the other fuels at this 
engine. condition. The fuels were aromatic solvent, benzene, and 
AN-F- 32 ; The quait_ity··of carbon in the basket stabilized when the 
rate of erosi·on · and combustion of carbon on the basket is equal to 
the·· ra:te. bf carbon deposit ion. The leve 1 ing of the curve indicates 
that t l1~ :rate .of carbon. r emoval by burning and eroding is approaching 
the rate of ·carbon deposition after about 2 hours for aromatic I •• , . . • . • 

solvent · and ·benzene. · 

A plot of carbon weight against altitude for aromatic solvent, 
benzene , and AN-F-32 at simulated rated engine speed for 

l 14-hour run is given in fi gur e 5. The values of combustion air 

pressure , tEimperature, mass f l ow, and fuel-air ratio w&re the same 
for ·a~ l fuels at any one altitude, but vari ed with altitude. 
Carbon formation decreased with increase in altitude; however, the 
amount ootafoed with some fuels is significant at altitude conditions. 

Carbon deposition as affected by simulated engine speed is 
presen_ted in· figure 6. Carbon we ight is plotted against simulated 

l 
engine sp·ee·d at 20> 000 f eet for 14-hour run for aromatic sol vent, 
benzene, and AN-F-32. The values of combustion air pressure, temper­
ature, mass flow, and fuel-air r a t io were the same for all fuels at 
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any one engine speed, but varied with engine speed. Carbon deposi­
tion increased with . increas.e . in simulated, engine speed . . 

Investigation of three fuel s at· s·ix. different simulated engine 
condittons were made to ·determine ·.if' change· in engine condition would 
change the order' of carbon depo,si t;i on amr.,~g tpe fu e ls. Figure 7 i s 
a plot of carbon weight: at .the. differ~nt engine conditions f or the 
fuels, aromatic solvent, benzene, and AN-F-32. The simulated engine 
test conditions are as follows: 

-
Test Simu- Simu·- In-let --air Inlet- ! Fuel lover- Run Turbine 
condi- lated · lated total air fl ow all time inlet 
tion alti- engine pressure total (lb/ fuel- (hr) temper-

tude speed (in. Hg temper- hr) air ture 
(ft x 10.:3y ('percen- ~bsolute ) 

1 

ature ratio (oF) 
tage (°F) 

II rated) ' 

, 40 .. 10 0 19 .0. .132 155 .5 0 .0282 11 1315 J. 

' : 4 

. 1l: 2 20 ,50 18 . 9 43 116 .5 . 02 24 1045 
4 

: . . ~ 
I 

1! ~/. 3.0 100 30 .8 153 172. 0 , 0202 1320 ·-' . . : 4 : 

' 

1l: 4 I . 0 .50 40 . 0 I 100 157. 5 . 0175 1280 
4 .. , 

I 

.s 0 50 40 . 0 
I 

100 157.5 .0175 2 1280 

I I 1l: 
. 

6 · 2·0 . 100 44.0 J.96 223 . 0 ,0181 1360 
4 -

The order of c~rbon ·iiep6siti on among the fuels did not change with 
engine condition . . These · da ta suggest the possibility that one engine 
condition w9yld be· sufficient for r el a t:l.ve car'bon deposition investi­
gations of .the various fuels. Test cond:lt i on 5 wa s used for these 
investigati on~ . 

The .. l S f ·ue ~f3 investigated (fig, 8) are classed as paraffins, 
olefinsr , aromat ics , and. mixtures. A fnel t hat contained less than 
95 percent .of . any .one class was cons idered as a mixture. The fuels 
are listed with increasing SO-percent evaporated temperature in each 
class. Ea:ch ste.p of the staggered bar s repreAents the we-.l.ght of 
carbon obtained 'in check runs. 
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The carbon deposition obtained with the paraffins and olefins 
was small. The higher boiling olefin, n-hexadecene-1 aave less 

- ' 0 carbon then diisobutylene, the lower boiling olefin. Although the 
carbon deposited in the basket with the two olefinic fuels was small 
a thin layer. of sooty carbon was deposited on the walls of the tail-

1 

pipe section. This sooty carbon was not obtained with the other· 
type hydrocarbons. 

'I'he aromatic-type hydrocarbons gave the most carbon of the 
types investigated. There seems to be a general increase in carbon 
deposition with increase in boiling temperature for this class. 
There is some evidence of trend of carbon deposition with boiling 
temperature for the fuel mixtures; however, it is apparent there is 
another factor affecting the carbon deposHion. Examination of the 
data indicated that hydrogen-carbon ratio and boiling temperature 
would correlate the carbon-deposition datn. This will be shown in 
a later figur0. 

The effect of fuel blends on carbon deposition is shown in 
figure 9. This is a plot of carbon deposition of fuels A, fuels B, 
and blends of fuels A and B. The simulated engine conditions were 
sea-level altitude for 50-percent rated engine speed for a 2-hour 
run. The five blends investigated were: 50--50 percent by weight 
blend of isoheptane - AN-F-32, isoheptane - benzene, AN-F-32 - aromatic 
solvent, b8nzene - ·aromatic solvent; :and a 70-30 percent by weight 
blend of aromatic solvent~ monomethylnaphthalene. The blends of 
paraffin - mixed fuels, pa'raffin - a_romatic, and mlxed fuels - aromatics 
gave :a general trend of carbon deposition. Howevor, the aromatic -
aromatic blends gave as much or more carbon than either of the fuels 

· used ' to make the ~lends. 
I ' 

. . ' 
An attempt t :o correlate the cai-bon deposition of the various 

fuels with their :' 50-percent evaporated temperature and hydrogen­
carbon ratio is shown in figure . 10. This is a chart of SO-percent 
evaporated· teinperat~ire, l,ines · of constant hydrogen-carbon ratio, 
and ~arbon deposition. In order .to find the ordinate of the chart, 
move up 50-p0rcent evaporated temperature line of the fuel to the 
proper hydrogen-carbon ratio. This value of the ordinate is then 
plotted against the . weight of carbon. The carbon deposition of the 
19 fuels are plotted on tqis chart at -the engine condition of 
SO-percent rated speed at sea l€vel. for a. 2-hour run. The carbon 
weight varies from 1.0 to 145 grams. The data can be approximated 
by one straight lino; except for the high-boiling-tempera.turo olefln, 
fuel mixture, and aromatic. They gave less carbon than that pr0dicted 
by the faired lino. For a given hyd.rogen-carbon ratio, the carbon 
deposition of all fu.els increases with 50--percent evaporated 
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temperature; for constant SO-percent evaporated temperature, the 
carbon deposition of all fuels increases with decrease in hydrogen­
carbon ratio. 

A correlation, to be of value, should rate the fuels in the 
same order at other engine conditions. Figure 11 shows data of three 
fuels at the six different engine conditions mentioned in fi gure 7. 
This chart is similar to the one shown in figure 10. The fuels are 
aromatic solvent, benzene, and AN-F-32. The sy::nbols represent the 
different engine conditions. Again, the ordinate ts obtained by 
moving up the SO-percent evaporated temperature iine of the fuel to 
the proper hydrogen-carbon ratio. The weig.ht· of carbon is then 
plotted against this value · of the ordinate. The same general trend 
is ·obtained at· th~ various engine conditions, although the slopes 
of the fa.ired lines are different. · · 

In ·figures 12 to 14, carbon-deposition data obtained at three 
l aboratories, A, B, and C (references 3 . to s, r _espectively), are 

·plotted o~ charts similar t0 those given in figures 10 and 11 ; 
however, in order ·to expand the ·carbon-weight scale, the temperature 
abscissa and lines of aonatant hydrogen-carbon ratio have been 
omitted from the figures. The ordinates were obtained by moving 
up the 50-percen_t evaporated temperatures of the different fuels to 
the proper hydrogen-carbon ratios. The value of the ordinate of 
_each fuel was then plotted against the weight of carbon obtai ned 
with that fuel; 

Figure 12 presents data obtained at. labpratory A of five fuel 
mixtures tested in an I-40 single combustor. The data can be 
appr'oximated 'by one . straight line . 

Data obtained on an I-16 single combustor .from laboratory B 
are shown in figµre 13. One paraffin and two aromatic fuels deviated 
c_onsid'erably from a straight line f ? ired through the other da ta. 

Figure 14 presen~s data obta ined at laboratory Con an 
I-16 single combustor. · One aromatic ~uel showed a large devi ation 
from the faired line • . . 

SUMMARY 

T:he foll?wing resu l ts were obtained from an investigation of 
the effe_ct of fuel ·volatility and hydrogen-carbon ratio on carbon 
formation in gas-turbine combustors: 
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~. The carbon deposition of paraffinic, aromatic, and mixed 
fuels at different engine conditions,- in gene.ral, could be corre­
l a t ed with hydrogen-carbon ratio and SO-percent evaporated temper­
ature . Carbon deposition increased with SO-percent ev~porated tem­
perature at constant hydrogen-carbon ratio and with decreasing 
hy~rogen-carbon ratio at constant 50-pe+cent evaporated temperature. 

2. Aromatic fuels produced more carbon than other classes of 
.f4els in the same boiling range because of their lower hydrogen­
carbon r atio. 

3. Carbon deposition decreased with increas~ in simulated 
a ltitude , but is significant for some fue~s at altitude conditions. 
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Photograph of carbon formation in annular combustor 

Figure 2. 
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INFLUENCE OF MOLECULAR STRUCTURE OF HYDROCARBONS 

ON RATE OF FLAME PROPAGATION 

By Tha-ine W. Reynolds and Earl R. Ebersole 

Flight Propulsion Research Laboratory 

INTRODUCTION 

39 

As part of an investigation being conducted at the NACA 
Cleveland laboratory to determine the effect of structure ori the 
flame speed of a- fuel, a study of the relation of unsaturation and 
of chain length to the uniform flame movement in a quiescent fuel­
atr mixture .for 1~ straight-chain· hydrocarbons up to six carbon 
atoms in length and for four cyclic hydrocarbons has been made in 
a horizontal glass tube with an internal diameter of 2.5 centimeters. 

Coward and Hartwell (reference 1) have shmm that the funda­
mental flame speed of a fuel, or the burning rate at any point 
normal to the surface of the flame, is constant over the flame 
surface and is dependent only upon the fuel-air composition ~f the 
mixture. 

Several investigators (refe.rences 2 to 5) hav,e shown that in 
a tube closed at one end ~nd ignited from the open end, the flame 
travels through the combustible mixture with a uniform velocity 
over a part of the tube length. ·The magnitude of this uniform 
velocity for any fuel at a constant temperature and pressure is 
dependent upon (1) the fuel-air ratio of the mixture, (2) the 
diameter of the tube, and (3) the direction of propagation, that 
is, whether upward, do-wnward, or horizontal. 

The uniform flame velocity, that is, the linear rate of flame 
travel through the tube, is. equal to the product of the fundamental 
flame speed times the area of the flame surface divided by the 
cross-sectional area.of the tube. Thus, by measurements of the 
uniform flame velocity, the fundamental flame speeds of different 
combustible mixtures can be relatively compared. 

All results reported herein are presented as the variation of 
the u.~iform flame velocity with mixture composition and are given 
in graphical form. 

Acknowledgement is made to the American Petroleum Institute 
Research Project 45 at the Ohio State University Research Foundation 
for contributing four of the hydrocarbons used in this study. 
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APPARATUS AND EXPER]}.@1TAL .PROCEDURE 

The f lrune .. speed measuring apparatus consisted of a glass tube, 
1 132 feet long, with an internal diameter of 2.5 centimeters. The 

apparatus assembled for the · introduction of a fuel-air mixture is 
shown in figure 1. Two electrodes, which were located in the tube 
2 inches from the open end and were connected to the secondary of a 
10,000-volt transformer, were used to fgnite the mixture, 

In order to establish the uniformity of the fla~e travel and 
the reproducibility of the results, the speed of the ·flame was first 
measured by four ionization gaps, consisting of .tungsten wires, 
located in pairs at 6-inch intervals from the open end of the tube . 
.An electromotive force of 24 volts was impressed across the gaps. 
The impulse created when a circuit was completed by ionization in 
the flame front was amplified and photographically recorded along 
with traces from a timing fork at 1/100-second int.ervals. The · 
use of four ionization gaps enabled the determination of the speed 
to be made over three successive parts of the tube and thus to · 
establish the uniformity of the flame travel over that part of the 
tube. The flame trav.el was found to be uniform within ±2 percent 
for a "distance of 12 inches starting at the first gap. 

The data presented herein were taken using an electronic timing 
device. This device consisted essentially of two photoelectric cells 
located at points 6 and 18 inches from the end of the tube, respec­
tively. The impulses caused by the flame· front passing the photo­
electric c0lls, after passing through· suitable amplifying circuits, 
were used to start and to stop an electric ~imer graduated in 
1/60-second intervals. 

Th~ source and the estimated purity of the fuels used in t his 
investigation are listed in table I. 

Gaseous mixtures of each fuel with aj_r were made up in 12-gallon 
carboys and were allowed to become completely homogeneous by stand­
ing several hours before samples were withdrawn. · The combustion 
tube was evacuated to a pressure of at least 1 millimeter of mercury 
absolute and the sample was introduced and brought up to atmospheric 
pressure by means of the modified Toepler pump. At least 5 minutes 
were allowed for the mixture to become quiescent, the stopper was 
carefully removed, and the mixture was ignited. ·.An average of 
three such determinations for each fuel-air mixture was taken to 
obtain the values for flame velocity reported_. At the peak flame­
speed values; the mean deviation of all the determinations was 
about ±2 percent. 

CONFIDENTIAL 

• 



CONFIDEI'J"TIAL 41 

DISCUSSION OF BESULTS 

The results of the investigation of the straight-chain hydro­
carbon fuels are shown in figures 2 to 6. Fuels with the same 
number of carbon atoms per molecule are shown together on the 
same figure, so that the effect of increasing unsaturation in a 
molecule of given size may be noted. Uniform flame.velocity is 
plotted against fuel-air ratio. The range of the stoichiometric 
fuel-air ratios for ~11 thq fuels shown 1s from 0.062 to 0.075. 
The peak flame velocity for all fuels occurred at fuel-air ratios 
from 10 to 30 percent richer than stoichiometric ivith the e.xcep­
tion of benzene, the peak value of which occurred at approximately 
60 percent richer than stoichiometric. 

The tncrease in peak flame velocity of a triple-bond over a 
double-bond hydrocarbon in a molecule of given size is greater 
than the increase of a double over a single bond. The effect of 
one triple bond is greater than that of two conjugated double bonds 
as is shown by a comparison in the four-carbon and five-carbon 
series (figs. 4 and 5). 

The results for· the cyclic hydrocarbons are shown in figure 7. 
Cyclopropane had the highest flame speed of the compounds tested. 
Cyclohexene showed an increase in peak f_lame velocity of about 
12 percent over the corresponding saturat~d ring compound, cyclo­
hexane. The increase in peak flrune velocity for benzene over 
cyclohexene was only about 4 percept. The cycloparaffins, cyclo­
propane and cyclohexane, had higher peak flame velocities than 
the corresponding straight-chain paraffins, propane and hexane 
(figs. 3 and 6, respectively). Similarly, cyclohexene showed a 
slightly higher flame velocity than 1-hexene. 

A plot of the peak uniform flame velocity obtained against 
the number of carbon atoms per molecule for the straight-chain 
compounds is shown in figure 8. The n-alkane· hydrocarbons all 
had essentially the same peak flame speed. It can be seen from 
this figure that the effect of increasing unsaturation in a 
molecule of given size is greatest in the smaller molecules and 
drops off rapidly as the chain length is increased. Some effect 
i.s still apparent, however, in chains of six carbon atoms. With 
this numb.er of carbon atoms, the peak f~ame speed of the n-alkyne 
hydrocarbon is still about 25 percent ,greater than the flame speed 
of the corresponding n-alkane hydrocarbon. The point for acetylene 
on figure 8 was es_timated from fundamental flame-speed data taken· 
from reference 6. 
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Sill~fiARY OF RESULTS 

From an investigation .of q_ulescent fuel-air mixtures in a 
2.5-centimeter tube, it was found that for hydrocarbons up to six 
carbon atoms per molecule: 

1. The straight-chain parafftn hydrocarbons had essentially 
the same peak flame speed. 

2. Increasing the unsaturation ln a molecule of given size 
increased the !)Oak flame speed. This effect ,ms most pronounced 
in the smaller molecules and dropped off rapidly as the chain 
length was increased. 

3. Increasj_ng the length of the carbon chain in an uns{3.turated 
straight-chain compound decreased the peak fb.me speed. 
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TABLE I - SOURCE AND PURITY OF FUELS USED 

I 
II 

I 

Hydrocarbon Source Minimum estimated 
purity 

(mole percent) 

' 
1 Para.ff ins 

Ethane Ohio Chemical & Mfg. Co. 95 
Propane Ohio Chemical & Mfg. Co. 99.9 
Butane Ohio Chemfoal & Mfg. Co. 99 
Pentane I Phillips Petroleu..~ Co. 99 
Hexane Phillips Petroleum Co. 95 

I, 
Olefins 

Ethylene I Ohio Chemical & Mfg. Co. 99.5 
Propylene Ohio Chemical & .r/Jf g. Co. 99.5 

I 

1--Butene The Matheson Company, Inc. 99 
2-Pentene Phillips Petroleu~ Co. 95 

I 1-Rexene OSU Res. Foundat,ion, A.P.I. 99 

I 
Res. Project 45 

Diolefins , I 

1,3-Butadiene Ohio Chemic al & Vif g. Co. 98 
1,3-Pentadiene OSU Res. Foundation, A.P.I. I 99 

Res. Project 45 I 

I -

Acetylenes I 

Propyne OSU Res. Foundation, A.P.I. 99 
Res. Project 45 

1-Butyne OSU Res. Foundation, A.P.I. 99 
Res. Project 45 

1-Pentyne Farchan Research Laboratories 95 
1-Hexyne , Farchan Research Laboratories 95 

Cyc loparaffins 
Cyclopropane Ohio Chemical & Mfg. Co. 99.5 
Cyclohexane Dow Chemical Co. 98 

I 

Cycloolefins 
Cyclohexene Eastman-Kodak Co. I 

95 I i 

Aromatics 
Benzene !Barrett Div., The Allied 98 

Chemical & Dye Corp. 
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COMBUSTION OF METALLIC FUELS 

By Melvin Gerstein 

Flight Propulsion Research Laboratory 

INTRODUCTION 

The problem of finding a fuel capable of achieving large thrusts 
at high Ma.ch numbers and of occupying a minimum volume has l ed too. 
study of some of the factors affecting the performance of fuels. 
Some of these factors are 

(1) Heat of combustion per pound of fuel 
(2) Heat of combustion per cubic foot of fuel 
(3) Maximum_ flame temperature 
(4) Flame spe·ed 
(5} Altitud~ operational limits ' I ' . 

' The first two factors are related to the available energy .o{ 
the p1·opellant. In comparing fuels for performance, it is desirable 
to select those supplying the maximum heat release per unit we ight 
of fuel, hence the heat of combustion per pound is important. 

In considering the range of supersonic missiles in which a limited 
space is avaiiable ·for_ fuel storage, the second factor :, thf h~at of 
combustion _per I cubic · foot of fuel, becomes imp·oriant. It is destr,~d 
that the maximum ehergy _release from any giveh· voiume of· fu.el _that 

, l • t • I , , ' f , 

can be stored· in" ,the miss ile be obtained. This ·Gondi tion can ·be. · 
fulfilled. oy :a :ff:J.el : with a large heat of c~mbu'.~tion ·§.nd a htgh ._'.,.~ -­
density~ . It 1s obyi ous that the density factor :··can ,c(il · ac·bieved ·nr9·st 
readily wi_t{l soli~ propellants. Many of thE? se' s,olid pr,apellants., in 
particular the free metals, have high heats of com1;mstiorr,•· The use 
of po!fd~red metals as fuels will be considered lat.e.r~ ·: ,'. 

Although the energy released from a given weight an( vol\'.lme , of 
.P_rop~llant are import!=mt factors . affecting pe:rformance , · .t~~s ene'i"~Y 
release must be accomplished under conditions favoring t,he ·de,veloP.­
p:ient of· a high .thrust. In . particular, the energy re leas~: i"iiust.,·0e ·.' 
rapid and muQt raise thl:l i optimnm:~ mass ' flow through the cotrlbusti.6d •' . 

·: .chamber· to a te!1J.peta.ture Pl'.'OQ.u,c;iri.g maxirµum · thrust at each flight , con-
di~.ton ·. , Cm;Ly if these :. ·c,?nd;i'~.1op.s ; ar~·: Feaitied i~ the energy du,~put 

_u,i:~eful ~i;i propulsion. ·-,T~e pe~~ f .0r m·eetihg these conditions ~ccdunts 
"f.br· ·the .. consideratio(,11 of; ;f 11:l.me· temperature a,nd · flame speed in the 
list bf irriportAnt : _;f'ac:~Q~~J;, ._, , ,;·_ 

·' . 
"' J . '' 

I ' , \ ,, 
• I ,

1

: • , • , , J • 0 ~ • • ~ j I ,' , ' f I : : 1- \ 
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Because most supersonic missiles are designed for high alti­
tudes, the altitude operational limtt is important. The fuel must 
be capable of igniting at low pressures and burning smoothly and 
efficiently under. altitude .conditions. 

A proper evaluation of high energy propellants must consider 
all of these factors in addition to others not listed herein. The 
high energy fuels program of the NACA Cleveland laboratory includes 
research to determine the types of fuel likely to meet these 
requirements. Some progress toward a solution of these problems 
has been made. 

RESULTS AND DISCUSSION 

Calculations of the flame temperatures of various fuels show 
that metals and metallic compounds produce high temperatures. In 
addition many of these fuels have high heats of combustion and high 
densities. 

Maximum Flame Temperature 

The effect of the maximum flame temperature on thrust can be 
seen in figure 1. The thrust per uni~ combustion-chamber area is 
plotted against the temperatµre rise in the combustor for a missile 
flying at 50,000 feet. Each cµrve represents a flight Mach number 
ranging from l.5 to 3.5. -The solid lines represent an air velocity 
of 250 feet per second ~t tne .inlet of tho combustion -chamber and 
the broken lines indicate a variable inlet velocity calculated to 
give choking at the combustor exit, The bars indicate the-approxi­
mat!3 ranges of maximum tempe:r:atur~ rise for each of three fuels, 
gasolil)e, aluminum, and beryl.lium, _Because accurate thermodynamic 
data are not available for aluminum .and beryllium, only the approxi­
mate temperature ranges are shown. At a Mach number of 3.5, a 
thrust of 3000 po~ds :per ~quare foot is a~tained with gasoline, 
whereas aluminum is capa_ble of· producing :,a thrust of 4200 pounds per 
s~uare foot .and beryllium; a thrust of 5100 pounds per square foot. 
These values indicate that for .a ·unit oft gf•ren frontal area, 
beryllium produces one and two-thirds times as much thrust as gasoline 
or conversely, for a given .. thrust; .a unit iusing beryllium as a fuel 
needs only three-fifths the frontal .are.a -of a unit using gasoline. 
Thi·s reduction of front!il area of the enginE;.l is ei;1pecially important 
in supersonic missiles because of high e~ternai drag, 

: . 
The temperatures required to obtain high thrust with metallic 

fuels presents a materials and cooling problem. If the temperature 
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rise 1s· restr.icted to the maximum attainable from gasoline by 
burning the metals at l ean mixtures, the frontal area of the engine 
cannot be reduced; however, the frontal are.a of the fuel tanks can 
be r educed because beryllium contains four times as many British 
t hermal uni ts per cubic foot a·s gasoline, and aluminum contains 
about three times as much as gasoline. When beryllium is used as a 
fuel, the same am::mni;, of energy can be stored in a fuel tank one­
fourth the size of a gasoline fuel tank. Gasolin0 has a heat of 
combustion of 840,000 Btu per cubic foot, - aluminum has a heat of 
combustion of 2,2so, ooo Btu per cubic foot, and beryllium, 
3,110,000 Btu per cubic foot; these values indicate the advantages 
of metallic fuels. The two solid fue ls discussed are not the only 
fuels giving high performance but illustrate the type of fuel being 
considered. The utility of such fuels as beryllium woul d be 
limited because of availability and cost. 

In order to evaluato the perfonnance of metallic fuels which 
include the study of thrust_, flame t emperature, and behavior cf the 
solid products of combustion, a 2-inch burner was set up. Powdered 
aluminum was chosen as the first fuel because it would present most 
of the problems of metallic fuels and is relatively abundant and 
easy to handle .. It did not s eem feasible ·to burn the sol.id metal 
inasmuch as it was expected that the solid would soon become coated 
with oxide and combustion would stop, It was then decided that a 
finely divided power, 200 mesh or finer, would be the eas iest form 
of the metal to burn, although the use of solid fuels in powdered 
form greatly r educes the advantage of the high density . For actual 
use in a missile , som0 method of carrying the fuel in solid form but 
still suitable for burning would have to be found. 

A sketch of the burner used to evaluate high energy propellants 
is shown in figure 2. The burner consists of a 2-inch stainless­
steel tube immersed in a cooling trough. The trough was necessary 
beca use the high flame temperature of aluminum ca used the uncooled 
tube to deteriorate in a few seconds. The powder, contained in a 
1-incn-diameter tube, is forced by a piston through a rapidly 
rotating· slitted disk into the combustion chamber. Forcing the 
powder through the slitted disk great l y ' improves the powder-air 
distribution. The powder is ignited by mea-is of electrodes located 
downstream of the injector. By t he t ime stable comoustion has been 
reached, the electrode wires have melted and burn:i.ng continues 
without the aid of a spark. In more r s0ent t es ts, t;':l.e electrodes 
have been replaced by a gun-powc..er f us e t : aced in a t :.lbe mounted 
flu sh with t he surface of the burne:::· . 'i_'i: 1 .:: ,m e i "' <='t. "t::';r ically 
j_gnited and burns f or about 3 s e s ~•:,d!"l , v' -~.·.u. 1. s l o~J,· ~m u,3h f or the 
flame to reach stability and conLE,; '3 "ti,.._ ;· ' ~-::~· A fiame holder can 
a lso be inserted in the plane of the 6 1.:; c; ·.codes . 

CONFIDENTIAL 



47 CONFIDENTIAL 

A photograph of the burner with the cooling jacket removed 
(fig. 3) shows tho long tube containing the aluminum powder and the 
motor that operates the rotating disk. The burner exhausts through 
a window to the atmosphere. ' ' 

One of the biggest problems encountered is the solid product 
formed by combustion . . If spark plugs are· used to ignite the fuel, 
solids soon accumulate about the electrodes ru1d eventually from 
50 to 90 percent of the combustor area is blocked. If a gun-powder 
fuse is used to ignite the mixture and is mounted flush with the 
surface of the burner as previously described, deposits do not form 
but the burning is intermittent due to the absence of a flame holder. 
The accwnulation of soli_ds on a c::.rcular flame holder after a 
50-second run is illustrated in figure 4. The clean flame holder 
blocked only about 30 percent of the area, but the deposits soon 
doubled the area blocked. The use of a cylindricel rod as a flame 
holder gave a similar result although the orisinal blocked area was 
only about 15 percent. The only solution . that presented itself was 
to clean the flame holder during the run. The cleaning was 
accomplished by moving the rod back and forth through a- close-fitting 
sleeve. This type of flame holder is being investigated at the 
present time. I'reliminary results indicate that the moving flame 
holder has a tendency to stop as solids begin to accumulate, but, 
if ke]?t moving, :remains cleon during the entire run. 

In addition to the flame holder, any projection or rough spot 
1n the combustion chambar will accumulate solids. The d.eposits 
formed on a thermocouple probe and on the smoothly machined parting 
line between thG combustion chamber and the nozzle connected by 
flanges is shown in figure 5. These flanges were removed in later 
burners and the combustion chamber and nozzle are formed from a 
continuous pi6ce of tubing with no parting J.ine. This construction 
has considerably reduced the formation of deposits . 

. The accumulation of solids makes the evaluation of metallic 
fuels dU:ficult because the change in the cross-sectional area of 
the combustion chamber changes the pressure drop through tho burner 
and as a result also the thrust. Attempts are being made at the 
present time to measure the thrust obtained using aluminum as a 
fuel. A water-cooled thrust target is being used for this purpose. 

Estimates of the combustion efficiency tave been made by an 
analysis for free aluminum in the solid deposits. The solids 
accumulated at the flame holder contain about 20 percel'l.t free 
aluminum, which indicates a combustion efficiency of 80 percent, 
whe1·eas the solids in the exhAust contain onJ.y 6 percent free 
aluminum, indicating a combust ion efficiency of 94 percent. 
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Flame Speed 

Another fac.t'o'r affecting fuel performance, which is being 
i nvestigated, is :flame speed. For a unit of given frontal area, 
there is an op}imum mass flow through the combustion chamber 
governed '..~.Y, fi'ight · conditions. Although it is · possible to burn many 
of the conventional fuels at high velocities to reach tne optimum 
flow, some of the high density hydrocarbons do not burn rapidly 
enough. The addition of flame promoters, however, might make these 
fuels more suitable. For this reason a study is being made of the 
flame speeds of various substances. At present only the rate of 
flame propagation in homogeneous, quiescent mixtures is being 
i nvestigated. A study of the effect of turbulence will be made at 
a later date. 

The flame-speed measuring apparatus is shown in figure 6. The 
flame tubo is made of pyrex, 1 inch in diameter and 8 feet long. 
One end of the tube is equipped with a ground-glass joint, which can 
be removed to open the tube to the atmosphere just before firing. 
Fuel is admitted from the closed end of the tube and is measured 
by a manometer. Air is introduced from each end of the tube to 
facilitato mixing. Enough air is add0d to bring the pressure inside 
the tube to atmospheric pressure. Mixing is accomplished by means 
of an iron cart with disks .at each end. The cart is moved back and 
forth inside the tube by means of a magnet. This method ~of mixing 
was used to avoid handling the inflammable mixture any more than 
necessary because of the sensitivity of diborane-air mixtures to 
ignition. Even with these precautions, some mixtures exploded 
prematurely, which may have been due to the heat of mixing. The 
effectiveness of the mixing was determined by the reproducibility 
of the results after different intervals of mixing. 

The rate of flame propagation is measured by means of photo 
cells connected to an electronic timer. The timer and photo cell 
circuit were ·calibrated by means of a ,rotating mirror. An accuracy 
of about 3 percent in the region of five-thousand. ths of a s·econd 
was found. This time interval is the shortest measured in this 
investigation. 

The rate of flame propagation in diborane-air mixtures is shown 
in figure 7. The rate of flame propagation in cantimeters per 
s econd is plotted against fue~-air ratio. The curve extends a lmost 
to the stoichiometric fuel-air ratio. Attempts to measure the 
flame s1eed at fuel-air ratios of about 0.09 led to mixtures which 
preignited each time; it is expected however that this mixture would 
give a flame speed near the maximum and that it wou l d require very 
little energy to cause ignition. Investigations to eliminate 
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preignition of diborane-air mixtures are beinB conducted in order to 
study the remainder of the curve, 

The speeds attained with lean mixtures are high and reach 
approximately 5000 centimeters per second at a fuel-air ratio of 0.065, 
Hydrocarbons in the same tube give peak flame speeds of about 
100 centimeters per second. Investigations are now being made to 
determine whether diborane has a catalytic effect on the flame speeds 
of conventional ~uels. It may prove to be a useful additive. 

SUMMARY 

These preliminary investigations have shown that (1) metallic 
fue~s can be burned in a ram-Jet combustion chamber to produce stable 
flames and (2) diborane is capable of burning at high velocity. 

,. 
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Two-inch combustor for metallic fuel. 
Figure 3. 
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DETERMINATION OF CAEBON -HYDROGEN GROUPS OF HYDROC.A.RBONS 

BY INFRARED MEASUREMENTS ( J.. 10 TO 1. 25 MICRONS) 

By Robert R. Hibbard 

Flight Propulsion Research Laboratory 

INTRODUCTION 

During the past 25 ·years, a considerable amount of research 
has been dev·oted to the development of methods for the a,,alysis 

50 

of fueis. Procedures are now a.vaj_lable that yield satisfact ory 
accuraci es in the determination of the amount of pe.raffin, cyclo­
paraffin, olef'in, and aro 1atic in gasoline-raege sB.mples and con- · 
siderable progr0ss :has been made in developing methoJs for a 
similar analysis of heavi er stocks. In order to more completely 
characterize a fuel, it would be desirable to have, in addition 
to the above data, information on the am.aunt of chain branching 
in paraffins and the degree of paraffinic substitution in cyclo­
paraffins and aromatics. 

The limitations of methods that classify a fuel only as to 
its aromatic, olefin, cyclop~ai'fin, anc1 pare.ff in content are 
illustrated in table I, in wnich are lioted three of the nine 
heptanes. The heptanes vary in molecular structure from a com­
pound that has all seven carbon atoms in a s:tngle chain to one 
that still has seven carbon atoms but has three carbor.ts branching 
from a four carbon chain. All are 100--percent paraffin and should 
be so determined by the usual methods of analysis. All have 
7 carbon atoms ai.1d 16 hydrogen atoms and therefore the same chem­
ical formula and the same carbon-hydrogen ratio. The first com­
pound is the well-known reference fuel, n-heptane, with zero 
rating on the octane number scale, and the last is triptane, an 
excellent fuel :i.n a spark-ignition engine. Methods of analysis, 
which group these compounds together, do not give all the data 
necessary for the differentiation of these fuels. In the last 
two columns of table I are listed the numqer of CH3 and 

CH2 groups per molecule. These fuels show marked differences 

in the relative number of these groups with the higher octane 
number being found for the compound that ·has the greater number 
of CH3 groups. 

CONFIDENTii\L 



51 CONFIDENTIAL 

Another example of the Hmits.tions of conventional methods of 
analysis is shown in table II in which the molecular structures of 
two of the eight _Cg arorrntics are g:l ven. Both fuels are 100-percent 
aromatic by the usu9.l methods of analys i s, both have nine carbon 
atoms and twelve hydrogen atoms per mo::.J3CU:i.e and therefore the same 
chemical formula. Again t!rnre are differences between these fuels 
in their engine performance. I n the F-4 test the first aromatic 
(1,3,5-trimethylbenzene) has a botter rich rating that the second 
compound (n-propylbe:1zene), altl: ou,311 tr1e diffarence is not as 
m1trked as It is between ~-heptane and t :ciptane. In the last th_1'.'ee 
columns of table II are listed the number of CH3, CR2, and 

aromatic CR groups per molecule . A~ain, in this case, better 
knock-2. i.mi ted r,1::Tf or ;:::iance :;.s ott d .ed 1j_th t he fuel having the 
grea ter r,mnbe:r of CJ13 g?·c, 1:pe. 

The }?1' 8Vi nus :p;:.:per on t he effect of ··m'):;_ec1J.lar o+-ruc-4: i..~:re on 
kn0'.:'.J: .. ,l l'' 1.c:e~l ~:0:·~f r,:,·1i:=,,,ce o:-: ar orw37_·;_ ~r3 i:_.l ll,\-~c-1 :;hat r ot OL;_y the 
nu.rr-., r ul' c ar·..; ,,, :: ---i1y~ .- .;~t:m g:"01:.j;>s. uat a~ -~ o t1·'.: C':i.1 · · pv3 't i o!1 01i the 
r i ng1 i s i mpor-t:-"nt. 'l'.tte re · ,re analyt vo=i,l .tlF1I-b '... ·.ts t hat colllpletely 
identify hydroc e-~bons (t! at rn, s how bui -h the n 11IDber of. groups and 
the exact position). Rowe,··;:r;~. t h t:Jse me/ :iod~, -:: annot· be applied to 
fuels th~t have a very large ~umber of c;'opponents and· because the 
numbers of these groups apparently have considerable bearing on 
fuel performance, it was considered il!lportant to find methods for 
their determination. 

In °½he middle thirties, work done by several investigators 
at the Bureau of Standards and summarized in reference 1 indicated 
that the various carbon-hydrogen groups could be determined by 
absorptjon spectroscopy in the near infrared. The near infrared 
i s the region just beyond the red iimit of human vis ion and data 
are ob~ained in this region by use of ' an absorption spectrometer. 

The essential components of an absorption spectrometer are 
sho ... 'Tl in fi'gure 1. A light source emits a wide range of wave­
l engths, much wider than the human eye can see. The light, in 
passfng· through the sample in the cell, has some wavelengths 
selectively r emoved, or. absorbed, by the sample. The portion of 
the r;adiation t _hat is not absorbed by the sample enters the prism 
and is varjably ref ract ed to split the radiation into its various 
wavelength components. Radi ation of a relatively narrow range of 
wavelengths pass through t he exit slit and are measured by a thermo­
couple. An amplifier and recorder complete the apparatus. The 
wave length of the radiatior. being measured can be varied by rota­
tion of the prism. 
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One of the early obstacles in the use of the near ~nfrared 
r egion was the necessity of us ins an instrument of greater resolv­
ing power than those commonly available. Howaver, it was found 
that a few simple modifications of a Perkin-Elmer infrared spec­
trometer would give ~ instrument that was satisfactory for work 
in th"ls region. The Perkin-Elmer instrument is a common but very 
good small prism sp-, c.t ,:'.-:.'!lst~r anl is found in many industrial 
laboratories. A tunu:; ":. c·:! :r·:! bbor: ] 11rr.J.· -:.:;,' ,s substituted for the 
Globar source that ie: eupp~ied wit,.:-, +''. :: ~1cst -:-1::,:a9nt and tl1e rock­
salt prism was replaced wi:,h one o:' e1.~ s bi;·:,yuse glass has better 
dispersion in the near infrared (t :.,::·.t is, spreads out ·the refracted 
radiation more) than does rock salt. 

When an absorption spectrometer is used to "see" the colors 
of fuels in the near infrared, the CH3, the CH2, and the 

9,romatic CH groups are found to absorb light at slightly dif­
ferent wavelengths. Table III 13 a table of these wavelengths. 
The aromatic CH groups in hydrocarbons absorb light that has a 
wavelength of 1.14 microns (a micron µ being 1/1000 of a milli­
meter), the CH3 group absorbs wavelengths of 1.19 µ, and the 

CH2 group, 1.21 µ. Because there is a spread of only 0.02 µ 

between the wavelengths at which the c:e3 and CH2 groups absorb, 

good resolving power is required. 

In order to put this tabular data into a graphical form, 
fisure 2 shows an idealized spectrum of a paraffin hydrocarbon 
in the near infrared. The function of the amount of light absorbed 
plotted against the wavelength of light shows that th_e CH3 group 

has pea..1r absorption at 1.19 µ and the CH2 at l'.21 µ. If the 

sample contained only CH3 groups, the spectru.in would be that 

shown by the light solid line and if it contained only CH3 groups, 
the dotted line would result. The . work at the Bureau of Standards 
show~d that, if the proper function were used to express the amount 
of light absorbed, the height of these .i .~ner peaks would be almost 
directly proport:i.onal to the concentration· of these groups for any 
compound in. a s i ngle class of hydrocarbons. This ·fact indicates 
that a spectrometer can be calibrated wHh· a few typical hydro­
carbons and then used to determine the concentration of t he dif­
ferent types of carbon-hydrogen group in any compound or mixture 
of compounds of the same class. · This procedure differs from the 
usual absorption spectroscopy method in which individual hydro­
carbons can only be determined after cali bration with those same 
materials. The infrared has been widely used for the analysis 
of refinery streams such as liquified petroleum gases and alkylates 
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in which there . are only a moderate number bf compounds present. In 
these infrared analyses of refinery ·streams, as many as 10 hyd!'o -
carbons have been determined simultaneously. However, in. fuels, 
and especially . iq the high-boiling jet fuels, the number of com­
pounds present g~nerally runs into the tens or hundreds of thousands. 
The usual infrared analysis cannot be applied to these complex mix­
tures, whereas the near infrared analysis of functional groups should 
be completely operable. 

Because most par!ll'fins contain both CH3 nnd CH2 groups, 
the spectr~~ actually obtained is that shown by the heavy solid 
line of fi@lre 2. There is an interference by the CH2 groups 
in the determination of CR3 groups at 1.19 µ and a similar 
interf'.erence by CH:3 in the. determtnation of CH2 groups at 
1.21 µ. It is therefore necessary to use a simultaneous equation 
form ·of solution sh~wn in table IV. T~e average number of CH3 

and CH2 groups pe.r. molecule (these are the integer values shown 

in the laa't columns .of tables I and II) are the unknmms x and 
y, respect_ively. The function of light absorption, which is nearly 
dtrectl.y . proportional to the concentrations 'of these groups, is the 
molar .extinction · € arid 1s defined by the eg_uation given in 
table IV1

• Inasmuch as figure 2 showed that the function € varies 
with wavelength, the wavelength must be stipulated. Simultaneous 
equations ·of the type givon in table IV can then be set up. The 
:coefftcients A, ·B, · c, and D are constants and are obtained 
by calibrating the instrument wi th a few typical compounds of the 
same c}.ass. Th0 values of € can be experimentally determined 
and for paraffins .would be determined at 1. 19 and 1.21 µ. When 
the values for £ ~t the two wavelengths and for the four coef­
ficients ro-e known, the quantities X and y (the number . .of 
CH3 and CH2 groups per mole) ·can b0 readily calculated. 

The values for A, B, C, and ·D do not depend on the 
compound and can be applied to any compound of a given class or 
to m"ixt ures· containin13 any n~'ltbcr of components. At the bottom 
of table IV are the values determined by the NACA Cleveland 
laboratory and by the Bureau of Standards for these coefficients. 
WhE:m, in addition to the CH3 and CH2 groups, the aromatic 

CH group i s being analyzed, £ must be determined at a third 
wave·1ehgth (1.14 µ) and addHional coefficients must be estab­
li.sh,i:,:<f by ,.calibration to give three simultaneous equations. 
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RESULTS AND DISCUSSION 

The Bureau of Standards showed the potentialities bf tne near 
infrared analysis -a.bout· ten years ago but it seems to have been · 
lit tie used, possibly· for two reasons: First, the Bureau used a 
very large sp0ct~9me.ter of a type not found or easily matched in 
industrial labqr_~tor.ies. And second.ly' although sat is.factory 
results were o:b;ta.tned with paraffins, too few eye loparaffins and 
aromatics were · studied to establish the accuracies obtainable on 
these two clai:i"se~ bf · hydrocarbons. Therefore, the aims of this 
investigation we;re 1to det0rrnine (1) whether a commercially avail­
able, · small prism spectrometer could be easily modified to yield 
adequate data in the near infrared and (2) whether satisfactory 
analytical results could be obtained on classes of hydrocarbons 
other than paraffin. 

0ptic;:al .tests proved the modified Perlrin-Elmer spectrometer 
to b,e .,capa°Qle of gepa.rating absorption bands, ~hich are only 
2/1000 µ· .. apart. :-·Add.itional proof of the worth of the instrument 
lies in the a.gre·ement between the. calibration coefficients A, B, 
c, and D obtained by NACA and by the Bureau of Standards 
(table .IV). In absorption spectroscopy it is unusual t~ obtain 
any closer agreement in caliJ)ratior:i cons.tants even with su_p­
posedly identical instrume.nts .· When v.alues are. obtained that 
are in·as good agreement as those shown, it can be concluded that 
the instrUJ"P:ents are substantially equal for the near infrared 
analyses. AJ3 to the second aim, to determine whether accurate 
results could be obtained on all classes of hydrocarbons, the 
data presented herein will show the-.- d~ee· of success attained • 

.. 
Paraffins C ; - -

. . , ~ .. 

Applying ·the constants ·s·hown in table IV to ·the analysis of 
paraffins 3-·ielded the: results f.ound in table V. The structures 
of two typical paraffins a.re ebo.wn i,n table V. These compounds 
are typical paraf,fins in · t"hat ·the carbon ·atoms are either in 
straight chains as . shown fo~ ~-h~p~ane; . or ·in branched structures 
as shown for isooctane. · Pataff) .ns ·aJ_ways · have only one bond 
between adjacent ·carborf at/oms; · Typical results only are given. 
It was determined by near infrared analysis that n-heptane has 
2.0 CH3 groups and the s~ryc~ure sh9:ws · it to have 2,0; the 

error is therer°or~· ... zero. ·. F-~r -this · comp6urid-, the determined number . 
of CH2 groups is 5.4.; the actual 'number,. 5.0; and the error, ·0.4. 
Similarly, for _ isooct_ane th~ determined· ·number of CH3 groups is 

5,2 and the number shown by the struct~e is 5.0; for the CH2 groups, 
0.8 is determined and 1.0 is actually present. 
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It should be emphasized at this point that the inaccuracies 
are not experimental errors. The experimental error is of tJie 
order of 0.05 for each type of carbon-hydrogen group. The ana­
l ytical errors arise from the lack of true constancy of absorption 
of the same groups in different compounds. For instance, one 
cn3 in ~-heptane does not absorb light to exactly the same extent 
as does one CR3 group in isooctane. Therefore, when it is 
assumed that the optical properties of these groups are identical 
in all compounds, and that is the assumption made by setting up 
A, B, c, and D as constants, analytical inaccuracies result. 

The average and maximum values of error observed for these 
4 plus 17 other paraffins examined are shown at the bottom of 
table V. The trend in the errora~found for 21 paraffins is not 
discer~ible as a function of either molecular weight or the amount 
of branching, and presumably the same accuracy would be obtained 
on any number of the more than 1001 000 paraffins, which are 
possibly present in a wide-cut jet fuel. The average errors for 
paraffins (0.24 for cn3 and 0.28 for CH2 groups) · are almost 
identjGal t0 those obtained by the Bureau of Standards with a 
much i.a.r ~er sp0ctrometer and with' different paraf fir. r.ompou11ds. 
It is t h6:rc,fore demonstrated that· a commercially &Je.ilable small 
prism s pectrometer yields useful :analytical data in t he near 
infrared r ogion. 

Cycloparaffins 

At the top of table VI are the structures of three typical 
cycloparaffins, which, like the paraffins, have only a single 
bond joining adjacent carbon atoms, but differ from the paraffins 
in that at least a part of the molecule is in a ring. The cyclo­
paraffins and paraffins are very much alike in both chemical and 
physical properties and, because methods are not available for 
separating them, it is necessary to use the same spectrometer 
calibration for both classes (that is, the numerical values for 
the coefficients A, B, c, · and D found for paraffins must 
be used for cycloparaffins). 

Listed in table VI are the results obtained on four cyclo­
pentanes. For the first compound, cyclopentane, 3.2 CH3 groups 
are deterrnined ,.where none is actually_ present ·and only 
1.7 CH2 sroups where 5.0 should have _been found. rhe third com­
pound, ethyl cyclopentane, has a determined niwiber of . 
3 .1 CH3 groups where qnly 1 . O is · present and 2. 9 . ., CH2 ·. groups 
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where 5.0 are shown by the structure. The average analytical 
for these four a.no. eight additional compounds are 1. 9 for the 
and 1. 5 .for the CH2 groups. These errors are so large that 

errors 
CH3 

they 

obviously make the results useless. 

Because a method that works for paraffins and. not for cyclo­
paraffins is of limited use, a search was made for some independ­
ently determinable value that could be used as a correction factor. 
Such a factor was found to be the weight percent ring as det.ermined 
by the method given in reference 2. , The weight percent ring _is the 
percent of the total number of carbon atoms in the ring and is 
100 p~rcent for cyclohexane, 100 percent for cyclopentane, and 
71 percent for ethyl cyclopentane. 

In figure 3, the errors in the determination of CH3 groups 
are plotted against the independently determinable weight-percent­
ring factor. The data for four cyclopentanes (table VI) are shown 
by the circles on figui~e 3. Inasmuch as this plot is to be uaed 
as a correction factor, · it is desirable to assume zero correction 
at zero-percent. ring and a l:inear correction as a function of per .. 
cent r_ing . . Therefore, a straight line j_s drawn through the origin. 
Data points for the four. cyclopentanes fall on the indicated line; 
however, the different series of cycloparaffins show·deviations 
which require a different line to be drawn for each series. For 
instance, the cyclohexane data requires a line of about one-half 
the slo:pe of the cyc.lopentane line. The -decal in series closely 
approache~ the cyclohexanes in their deviations and the two ring 
cyclohexaries are similar to the cyclopentanes. Inasmuch as the 
method given in reference 2 does not differentiate between the 
types of cycloparaffin ring present, an average line must be used 
when only the weight percent ring can be det0rmined, · which is the 
usual case. · 

A similar !)lot· for the deviati-ons in the determination of 
CHz groups · is given in figure 4. In ·this· ·r igure, the sign of 
the deviations ia n~gative. The cyclopentane data points fall on 
the line . .. of greatest slope, the. decalins requ:i.re but little cor­
rection, and th~ cy.clohexanes . r equire considerably more_ cor­
r ection. Some justification may be requi;r-ed for drawing the 
indicated ,line through the two ring cyclohexane points (fig. 4). 
In this semiempirical approach, it was necessary to have a zero 
correction at zero-percent r _ing; t:p.er.efm::e, the line must run 
through the origin. In the .paraffin data, where there were no 
complicating f~qtors such as weiBht perc~nt ring, the_aver~ge 
devj_a,tions were· about 0.3 grou,p and the inaximum 0~6 grou:p. It is 
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therefore not surprising that tho points should fall away from 
their respective lines by the amounts shown. It is more sur­
prising that such good agreement with a straight line function 
was found for so much of the data. Again in this figure the 
average line drawn must be used in cases when the type of cyclo­
paraffin is unknol-m. 

In order to determine the amount of error introduced by use of 
the average correctfon factors for the different series, average · 
lines, wore used to obtain the corrected data shown in table VII. 
At the to:_:> of this table are the molecular structures for two 
additional series of cyclo:pardfins: 3-raeth:'lbicyclohexyl, which 
has two joined cyclohoxane rings, and isopropyl decalin, which 
has two six-member rings with two carbon atoms common to . each 
ring. Liated in this table are the determined. and correct values 
for the number of CR3 and CH2 groups for one of each of the 
four series of c,vcloparaffins. For 3-methylbicyclohexyl, -the 
analytical results corrected by 1.,se of the avero.ge lines are 
1. 6 CH3 groups where 1. 0 is actually present and 8. 8 . CH2 groups 
where 9.0 should have been found . For i ,-::iopropyl decalin, 
l. 4 CH3 groups instead of 2. 0 are determined and 8. 0 CH2 groups 
instead of 7.0. The average analytical errors of 0,56 CH3 and 

0.86 CH2 group are admittedly large, 

These errors, however, are a conslderable improvement over 
the uncorrected results observed previously and represent the 
maximum probable error in the analysis of a cycloparaifinic fueL 
Errors of this order would b v obtained if the cycloparaffins in 
a fuel were all of a single series, the series being unknown. If 
methods, which will allow the determination of the type of cyclo­
paraffin present in a fuel, are developed in the future, the 
probable errors in analysis will be the 0,08 and 0.16 values 
sho-wn at the bottom of table VII. These. values were obtained by 
using the appropriate correction lines for each series ratper 
than the average lines. If a cyclopara.ffin sa.'Ilple were truly 
average in.composition (that is, if equal amounts _of the four 
series were present), then the analytical error should .be close 
to these lower values since the average correction line would 
be very nearly the ideal 0ne. · · 

Singl~ Ring Aromatics 

The mol~culo.r structures .of thr~e single ring aromatics are 
shown in table VIII. In all aromatics there is a· six-carbon-atom 
ring with alternate single and double bonds between adjacent 
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carbon atoms. The aromatics can be easily separated from the paraf­
fins and cycloparaffins and theref_ore a new calibration was made 
yielding new values for the coefficients, 

The simplest single ring aroma~ic is benzene. It has· neither 
CH3 nor CH2 groups··, but has 6 .o aromatic CH groups. For 
benzene, tpe number of groups determined. by near infrared ana~ysis 
is 0,0 CR3, 0,l-CH2, .. and 5.9 aromatic CE groups. For 1:-xylene, 
the determined number of · dR:5 groups is 2 ,3 and the actua.l number 
shown by structure is 2~0; the determined number of ' CE2 is 0.1 
where it should have been zero; and 3.0 aromatic Cli groups a:re 
found by analysis where .4. 0 is ·the correct number.. For 15 single 
ring aromatics, the average errors are those i'ndicated in table 'VIII. 
In this class of compounds the deviations were random except when 
para-substitutj_on was present.. Aromatics a.re par8:-substituted when 
the two carbon atoms on opposite sides of -the ring have eith(;}r CH, 
CH2, or CH3 groups attached to them. In this case, the deter-

. . 
mined values for the number of aromatic CH groups we~e always low, 
the results on p-xylene being an example. No independent method 
for estimating the degree of para-subatitution is known and there­
fore these inaccuracies in the determination of the aromatic 
CH group must be accepted. 

Two Rtng Aromatics 

Molecular struduros for two types · of two ring aromatics ·are 
shown in table IX. These may be compounds like ·3-methylbiphenyl, 
which has two aromatic rings Joined by a single bond, or like 
tetralin, which has an aromatic ring Joined with a cycloparaf'fin 
ring with two carbon atoms common :to both rings. There are many 
other classes of aromatic compounds with two or more rings. For 
3-methylbiphenyl, the near _infrared analysis shows 1.3 CH3 groups, 
-0. 2 CH2 group, and 8. 7 aromatic CE Groups where th~ . correct . 
values are 1.0, o.o, and 9.0, respectively. For tetralin, the 
determined values for these groups are 0,1, 4.0, and 3.7 where 
the actual values are 0.0, 4. 0, and 4,0. F'or the nine two _ring 
aromatics examined, the average errors are 0.12 cn3, 0.20 CH? _, . 
and 0,48 aromatic CH group. Again para-substituted compounds 
yielded low results in the determination of: the_ aromatic CH group. 
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Blendfl 

All the results shown have been obtained on single pure com­
pounds and show t _he ma.gn_ituµ.e of errors that might be expected in 
the analysis of single components. They also serve as a basis for 
estimating th~ maximum probable inaccurac:!.es that would be e)Cpected 
in the analysis of multicomponent f uels. Because most of the 
deviations observed in ail thes.e single component data were ra."1dom 
(that is, there was a shotgun pattern of plus and minus errors), 
it would be expected that these plus and minus deviations would 
largely cancel out in the analysis of blends containing a large 
number of components. This should also be true in the analysis 
of fuels where thousands or even hundreds of thousands of com­
pounds are likely to be present. Tables X to XIII show the results 
obtained on ble.nds prepared from pure hydrocarbons. 

The data resultin13 from the analysis of five blends of paraf­
fins, each containing ten components, are shown in table X. The 
true number of CR3 and CH2 groups per · mole are not integer 
values as they were for the single compounds but are average 
numbers calculated from the known compositions of these blends~ 
The average analytical errors for these five blends are 0.08 CH3 
and O.l?i CH2 group. These results do not deviate extensively 
from the limits of experimental measureme~ts and are, as expected, 
an improvement over the average errors of about 0.3 group, which 
was obtained for 21 paraffins examined singly. The data in 
.table X show the order of accuracy that would be expected in 
the analysis of the paraffinic fractions of hydrocarbons. 

-Five cycloparaffin blends yielded the results show in 
table XI. In this case, the method described in reference 2 
was used to determine the weight percent ring and the infrared 
data were corrected by ·using ·the average lines from figures 3 
and 4 . These blends were prepared containing relatively large 
amounts of first one, then another of the various series of 
cycloparaffins. This approach ~ppears to be unfavorable but 
parallels the condition existing in the analysis of fuels where 
the relative amounts of the various series are unknown. The 
average errors of 0.20- and .0,37 for ~he CH3 and CH2 groups, 
respectively, are somewhat higher than those obtained for paraf­
fins, as would be expected. 

Paraffin - cycloparaffin blends were analyzed and the result s 
are shown in table XII. The analyzed weight percent ring is 
given for these blends along with the d.etermined and true content 
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of cu3 and CH2 groups. 

mination of CH3 groups is 
0.15 average error for Cll2 

The 0.25 average error in the deter­

higher than anticj.pated but the 
groups is . about that expected. 

For blends of single ring aromatics, the results shown in 
table XIII were obtained. The average analyt1cal errors, . lea~ 
than 0.1 for the three groups, are very low. In fact, the errors 
are better than should be expected in the analysis of aromatic 
fuels because it is possible that the fuel samples could have 
moderate or high amounts of para-substituted components and, 
under these circumat~nces, would ahow a lower concentration of 
aromatic groups than was actually present. 

Petroleum Streams 

· In addition to the work on pure hydrocarbons, 
data :were. obtained on .:petroleum .streams. Inasmuch 
alternate, meth9d f<;>r obtaining actual .. CH3, CH2 , 

analytical 
as there. · is . no 
and CH con-

tent, the results of the near infrared determination cannot be 
checked for accuracy. Therefore, only two paraffinic streams 
have been selected to show "~hat ca.n be done with actual fuel 
samples. In table XIV are the results for an alkyl.ate and for a 
hot-acid octane, both pYedominately c8 paraffins. From molec-

ular weight determinations J t·1 e average number of onrbon atoms 

60 

per molecule has been calculated and the resuJ.ts of near infrared 
determination of CR3 and CH2 groups are s~own; also calc~tlated 

was the ratio of CH3 to CH2 gro:.ips, which is a measure of the 

an1ount of bra:1ching in a paraffin. The more hig}1ly branched the 
compound, the high er is the ratio. The values for alkylate are 
found to be 4 .4 c::n3 and 1.8 CHz groups ::.:,er mole, gi v i ng c. ratio 
of 2.4:J.. Fo~'.' hc-c,-acid octane , t he anaJ ysis s hoYs ,;L6 CB3 and 

0.8 CH2 groups , e;ivin,g a ratio of 5.8 :1. Bec a1rn e t !:e re is no 

direct me': l-1od ta ctock the i'le r esults , i t c en onl:/ b e s ~~eested 
that knc 0:{ :r 1:~:~113 r-1 ,-.,Jr~ 110.ralle:•_ the CJ:\ 3/c:s:~ rat i o a Jnce , in 

general,. the 01:·e !1:'..E(J. l ;r l)ranched the 1) 2.J'.''".ff'i. n: t l'>.e hic'\:Jer the 
octane m.im 'Jer . In t 11 ; _ s G t:.frn the 1<' - 4 :cin h r a-~ j ng wi ~h 4 mJ. TEL 
was ~ed and gave a 1)e1--f' ormance number cf 140 f or alkylate and 
slightly over 200 for l),ot-acid octane. On th.is basis, these 
knock rating results appear to confirm the infrared analyses. 
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SUMMARY 

It. is believed that the near infrared method can be used to 
determine the concentrations of carbon-hydrogen groups in fuel 
samples. This information has not been previously obtainable and 
should be a: powerful tool in hydrocarbon research. 
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TABLE I 
TYPICAL HEPTANES (C7H16) 

PER- NO. C NO. H NO. NO. 
STRUCTURE CENT ATOMS/ ATOMS/ CH2/ CH3/ 

PARAF- MOLE MOLE MOLE MOLE 
FIN I 

I 

H2 H2 H2 H2 H2 
I I 

I I I I I 
H3-C-C - C- C - C - C- C-H3 100 7 16 5 2 

H3 
I 

H0 c H2 H2 
I,:,, I I I 

I H3-C-C - C-C - C - CH3 100 7 16 3 3 
H I 

I 

I 

H H 13 ,,3 
C C ,, I I ' H3C-y - y- CH3 
C H 

100 7 16 0 5 
I 

H3 

TABLE II 
~ 

TYPICAL NINE CARBON AROMATICS (C9H12) 

PER-
STRUCTURE CENT NO. C NO. H NO. NO. NO. 

ARO- ATOMS/ ATOMS/ CH3/ CH2/ ARO CH/ 
MATIC MOLE MOLE MOLE MOLE MOLE 

C,..H3 
C,, 

I 
I 

~ ' H-c c- H 
r II 

I 

100 9 12 I 3 0 3 H3-C-C C-C-H3 I I 

~ / 

~ 
H I 

lj1 
H2 H2 C 

H-C<? ' 
I I 

C-C - C - CH 
11 I c 3 100 <) 12 1 2 5 H-C -H 

I ~c / 

1, I 

H 

CON F I DENTIAL 

I 

I 

I 

I 

I 

ii 

I 

I 

I 
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TABLE III 

NEAR INFRARED ABSORPTION 
WAVELENGTHS 

WAVELENGTH FUNCTIONAL GROUP 
(MICRONS) 

I ~ 

1.143 
I 

AROMATIC C- H 
I 

! 

H 
1.190 PRIMARY 

I 

-c-H 
r 

H 

/H 
1.212 SECONDARY :c 

'H 

TABLE IV 

FORM OF CALCULATIONS 

x = AVERAGE NO. CH3 GROUPS PER MOLECULE 
y = AVERAGE NO. CH2 GROUPS PER MOIECULE 

I 

LOG 100 
100 - (% _LI GHT ABSORBED BY SAMPLE) 

CONG. OF SAMPLE x THICKNESS OF CELL 

(1.190'{ = Ax+ By 

(1. 212-'< = Cx + Dy ~ 

A B C D 

NACA 0.0260 0.0098 0.0066 0.0194 
NBS .0270 .0074 .0063 .0199 
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n-HEPTANE 

COMPOUND 

rr-HEPTANE · 
rr-HEXADECANE 
3-METHYL HEXAtJE 
ISOOCTANE 

AVERAGE 
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TABLE V 
PARAFFINS 

NO. CH3/MOLE 

DET'D TRUE ~ 

2.0 2 0 
2.2 2 .2 
3.0 3 0 
5.2 5 .2 

NO. CH2/MOLE 

DET'D TRUE ~ 

5.4 5 0.4 
13.7 14 - .3 
3.1 3 .1 

.8 I - .2 

(21 PARAFFINS) 0.24 0.28 
MAXIMUM .5 

TABLE VI 

CYCLOPARAFFINS 

NO. CH3/ MOLE 
COMPOUND 

DET'D TRUE 6 

CYCLOPENTANE 3.2 0 3.2 
!IBTHYL CYCLOPENTANE 3.4 1 2.4 
ETHYL CYCLOPENTANE 3.1 1 2.1 
ISOPROPYL CYCLOPENT-ANE 3.8 ') 1.8 I.., 

AVERAGE (1 2 CYCLOPAR.) l 1.90 
MAXIMUM 3.2 

CONFIDENT IAL 

.6 

NO. CH2/MOLE 
-

DET'D TR UE 6 

1. 7 5 -3.3 
1.8 4 -2.2 
2.9 5 - 2 .1 
2.0 4 -2 .0 

-1.46 
-3.3 
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TA!ILE VII 
CYCLOPARAFFINS (CORRECTED) 

Hz Hz H2 Hz 
I I I I 

c-c c-c / '-H / , 
Hz-C C - -- - C C-t!z 

H c--'~-c/ w 'c;- ~/ 
's- H H2 H2 H2 

t I NO. CH3/MOLE 
COMPOUND 

DET'D TRUE A 

I I 

METHYL CYCLOPENTANE 1.5 1 'O .5 
"METHYL CYCLOHEXANE .6 1 - .4 
'3-ME BICYCLOHEXYL 1.6 1 .6 
ISOPROPYL DECALIN 1.4 2 - . 6 

I I 

AVERAGE ( 12 CYCLOPAR.) 0.56 
MAXIMUM -.9 

I 

AVERAGE (TYPE KNOWN) I 0.08 
I 

MAXIMUM (TYPE KNO\VN) • 2 ' 
TABLE VIII 

SINGLE RING AROMATICS 

I;I 
.;.c, 

H-y ~-H 
H-C C-H 

~ / 
C 

I 

H 

~3 

g 
-~ ' 

H-y ~-H 
H-C C-H ~c., 

c+1 . 
3 

NO. CH3~lOLE NO. CH2/MOLE 
COMPOUND 

DET'D TRUE 6 DEI''D TRUE 6 

BENZENE 0 0 0 0.1 0 .1 
Q-XYLENE 2.3 2 .3 .1 0 .1 
Q-ETHYL 

TOLUD!E 1.9 2 - .1 .7 1 -.3 
n-BUTYL 

BENZENE .9 1 - .1 3.2 3 .2 
I 

AVERAGE 

NO. CH2/MOLE 

DET'D TRUE 1::1. 

3.1 4 I -0.9 
5.5 5 : .5 I 

8.8 9 - .2 
ff.O 7 LO 

0.86 
' 1.5 

0.16 
.5 

-

NO. ARO CH/MOLE 

' DET'D TRUE 1 

6 
-

I 

5.9 6 -0.1 
3.0 4 -1.0 

'I 

4.3 4 .3 
I 

4.8 5 - .2 
' 

I 

(15 ARO) 0.14 0.25 0.42 
MAXIMUM -.5 I 

I 
.9 I -1.1 
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TA8LE IX 

TWO RING AROlvlATICS 

H H H H c;;c c=c 
/ .... / ' 

H-C C-C C-H - ~c7c~ ~c-c~ 
t I I I 

H3 -C H H H 
. 

I NO. CH3 /MO LE NO. CH2/ OLE 
COMPOUND 

DET'D TRUE 
' 

3-W£ BI?HENYL 1.3 1 
1,1-DI PHENYL 

PROPANE .9 l 
ISOPROPYL 

NAPHTHALENE 1.9 2 
TETRALIN .1 0 

--- I 

I 

AVERAGE 
(9 ARO) 

MAXIMUM 
-

D. DET'D TRUE 

0 .3 I - 0.2 0 

- .1 1.1 l 
I 

- . 1 - . l 0 
. l 4. 0 4 

0.12 
.3 

TABLE X 

PARAFFIN BLENDS 

t:,. 

- 0 .2 

.1 

- .1 
0 

0.20 
.7 

NO. 
I 

DET'D 

8.7 

10. 2 

7.5 
3.7 

I 

I NO. CH3/MOLE NO. CH2/MOLE 
I BLEND 
I NO. DET'D TRUE t:,, DET'D TRUE t:,, 

' 
I 

P-1 2.83 2.81 
I 

0 .02 4.35 4.08 0.27 
P-2 3.43 3.53 - .10 3.70 3.49 .21 

I P-3 3.44 3.34 .10 3 .17 3.03 .14 
I 

P-4 3.66 3.81 -.15 2 .15 2 .15 0 
P-5 4.10 4.15 -.05 1. 72 1.76 -.04 

I 
AVERAGE 0.08 0.13 . 

CON F IDENTI AL 

ARO CH/MOLE 

TRUE t:,. 

9 -0.3 

10 .2 

7 .5 
4 - . 3 

0 .48 
1.5 
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TABLE XI 

CYCLOPARAFFIN BLENDS (CORRECTED) 

I WEIGHT NO. CH3!l10LE NO. CH2/MOLE 
I 

BLEND PERCENT 
NO. RING !DET'D TRUE t:,. DET'D TRUE t:,. 

N-1 77 .4 1.06 1.02 0.04 1 4.19 4.63 -Q.46 1 
N-2 80.4 .30 .81 - .51 5.69 5.46 .23 I 

' 

.19 1 N-3 82.8 .85 .76 .09 6.59 6.40 
N-4 84.7 .81 .91 - .10 4.92 4.97 - .05 
N-5 88.7 .28 .53 - .25 10.36 9.59 .77 

-

AVERAGE 0.20 ' 0.37 

TABLE XII 

PARAFFIN - CYCLOPARAFFIN BLENDS (CORRECTED) 

WEIGHT NO. CH3;trnLE NO. CH2/MOLE 
' 

BLEND . PERCENT 
' 

NO. I RING DET'D TRUE t:,. DET'D TRUE t:,. I 
I 

I 

1 I 25.0 2.48 2.78 -0.30 3.44 3.52 -0.08 
2 46.8 1.76 2.10 - .34 4.21 4.26 .03 
3 62.9 1.05 1.16 - .11 4.96 5.27 - .31 

AVERAGE 0.25 0.15 

• 
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TABLE XIII 

SINGLE RING AROMATIC BLENDS 

NO. CH3/MOLE NO. CH2/MOLE INo. 
I 

ARO CH/MOLE 
BLEND 

NO. DET'D TRUE A DET'D TRUE A DET'D TRUE A 

A-1 1.02 0 . 99 0.03 0.35 0.33 0.02 5.09 5.16 -0.07 
A-2 1.29 1.25 .04 .58 I .65 -.07 4.99 4.85 .14 
A-3 1 .. 64 1.46 .18 .88 .98 -.10 4.76 4.70 .06 
A-4 2.12 2.00 .12 .51 .69 -.18 ; 4.23 1 ·4.29 - .06 
A-5 1. 66 : 1. 58 

I 

.08 .83 .89 -.06 4.61 ' 4.51 .10 

AVERAGE .l o .o9 0.09 0.09 
! 

TABLE XIV 

NEAR INFRARED ANALYSIS OF TWO REFINERY STREAMS 
--· 

I 

STREAM TOTAL C I NO. CH~ NO. CHz RATIO 
MOLE MOLE MOLE CH3/CH2 

ALKYLATE 7.5 4.4 1.8 ; 2 .4: 1 

HOT-ACID OCTANE 8.1 4.6 .8 5.8:1 
I 
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SAMPLE ENTRANCE PRISM EXIT THERMO- AMPLI- RECORDER 
IN SLIT SLIT COUPLE FIER 

CELL 

--

ABSORPTION SPECTROMETER 

--

Figure 1 • 

1.19 1.21 
WAVELENGTH, MICRONS 

TYPICAL SPECTRUM 

Figure z. 
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THEORETICAL AND EXPERDY!ENTAL INVESTIGATION 

OF DIBORANE AS A ROCKET FUEL 

By John L. Sloop, Paul M. Ordin 
and Vearl N. Huff 

Flight Propulsion Research Laboratory 

IN'IBODUCTION 

The selection of a suitable liquid fuel for rocket engines 
requires the considerat i on of a. number of complicated and often 
conf l ict ing needs, involving the chemical and physical character­
istics of the f uel. 

The desirable propellant characteristics 1::1.re: 

62 

1. High specific impulse, or a high a.mount of' thrust per pound 
consumption of propellant s, is one of the most important factors in 
coni;,idering a propellant combination. High specific impulse i s 
a pproximately proportional to the square root of the react i on temper­
at ure di vided by the mean molecular weight of the combust i on products. 

2. A high density reduces drag and increases the fuel loading 
factor (rat i o of f uel we i ght to gross weight). Because high density 
has these effects on t he drag and the fuel loading factor, which 
influence the range of the rocket-propelled vehicle, a h i gh density 
is desirable. 

·a 

3. Low reaction temperature is a characteristic that r esul ts 
in low heat transfer to the engine walls; however, in order to be 
most ei'f'ective, low reaction temperature should be coupled with a 
low mean molecular weight of reaction pr oducts so that the ratio of 
react i on temperature to molecul ar weight of combustion products is 
high for high specific impulse. 

4 . High thermal stability and specific heat are desired i n order 
t o use the propel l ant as a coolant fluid before in jection. 

5. High reaction rates are advantageous in that they reduce 
the volume required for combust i on and thereby reduce the amount of 
heat transferred to the engine wal ls. 

6. A low vapor pressure ls desired f or utilization of the 
propel l ant as a coolant and also to reduce storage and handling 
problems. 
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7. An ideal propellant should have a low freezing point, be 
nontoxic,_ have high shock stability, and be nonself-igniting in 
air to facilitate handling, storage, and ·utilization with safety . 

8. The propellant should be available in quantity or potentially 
available if large-scale operations are planned. 

No one propellant has all of these desirable characteristics and a 
compromise is necessary. The direction of the compromise is dictated 
by the particular application under consideraticm . 

. _ The first step in a rocket fuel investigation is the calculation 
of theoretical performance of t he fuel with several oxidants. If 
the performance appears promising, a program f or the experimental 
evaluation of the better fuel-oxidant combinations can be initiated:. 
The NACA Clevel~nd laboratory has a program in progress to evaluate 
theoretically and experimentally several high-energy chemical pro­
pellants for rocket propulsion; among these fuels are the boron 
hydrides. The boron hydrides have large heats of combustion; for 
exampl e, approximately 6000 Btu per pound of diborane and oxygen as 
compared with approximately 4000 Btu per pound of gasoline and oxygen. 
Preliminary performance calculations indicated that diborane and 
pentaborane appear promising as rocket fuels. Inasmuch as diborane 
was the first ·boron hydride available, a detailed study of the theo-

··retical performance of diborane with several oxidants was made. 
· Through the cooperation of the Bureau of Aeronautics, Department of 

the Navy, a quantity of diborane was obtained and experimental per­
formance data of di borane - hydrogen peroxide and diborane - oxygen 
were .determined. The results of the theoretical and experimental 
work are presented herein. 

THEORETICAL PERFORMANCE 

~ethod. - The theoretical performance calculations r equire the 
determination of reaction-chamber gas composition, reaction temper­
ature, nozzle-exit gas composit ion, and nozzle-exit t emperature i n 
order to obtain the specific impulse . The calculations were based 
on a chosen reaction pressure and exha ust pressure. The equilibrium 
composition of the gases and the corresponding chamber temperatures 
were determined by the usual thermodynamic methods. From the 
reaction temperature , reaction-chamber gas composition, and an 
isentropic expansion, the noz~le-exit temperature was determined 
(1) on the assumption of equilibrium composition during expansion 
and (2) on the assumption of constant composition during expansion. 
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The assumption of equilibrium expan~ion fqrms an upper limit 
for . the energy availaqle from t}'ie combu~t-iC?n products and frozen 
composition forms an approximate lower limit. Howevor, lower 
values than those obta:tned w_ith frozen composition will occur 
if su±'ficiently lare;e specific heat lag is present. 

An expansion with equilibrium composition gives a higher 
value -of _specific i mpulse than with frozen composit1on because 
of additional energy made available by the recombination of 
dissociated reaction :products. The change in temperature and 
~ressure during expansion is probably too rapid for a state of 
e~uilibrium to exist at every point in the expansion process but 
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.not oo rapid that the reaction products remain entirely unchanged. 
The true state should lie between these two assumptions and its 
determination wou ld inviQlve consideration of the reaction kinetics 
for the particular reaction products involved. The enthalpy change 
from the reaction temperature to the nozzle-exit temperature was 
detennine~ and assumed to be the available energy. The specific 
impulse was calculated from the available energy and the weight of 
a given quantity of prop'ellants. · Volume specific impulse or thrust 
per unit volume flow rate of propellants was obtained by multi ­
plying the specific impulse by the density of the propellant mixture. 

Results of calculations. - Performance calculations were made 
of diborane with hydrogen peroxide, oxygen, and fluorine at a com­
bustion pressure of 300 pounds per square inch absolute and sea­
level exhaust pressure (reference 1). The performance curves for the 
diborane - hydrdgen peroxide B2H6 -H2o2 propellant combination 

are shown in figure 1. The comb~stion temperature Tc, specific 
i mpulse I, and volume specific impulse Id are plotted as a 
funct i on of percent fuel by weiGht. The sol i d lines are performance 
parameters based on equilibrium composition expansion and the 
dotted curves are based on frozen composition during expansion . 
The maximum combustion temperature is 5850° Rand occurs near 
stoichiometric on the fuel-rich side. The specific impulse 
increases in the fuel-rich region and at 35 percent fuel it 
reaches a maximum of 290 pound-seconds per pound for equilibrium 
expansion. The maximum specific impulse occurs in the fuel -rich 
region at a reaction temperature less than maximum as a result of a 
l ow mean moiocular weight of reaction products in this region. ·.rhe 
maximum volume specific impulse of 305 pound-seconds per cubic foot 
for equilibrium expansion occurs near stoichiometric because of the 
high specific gravity of hydrogen peroxide (1.436 at 77° F) as com­
pared to the specific gravity of diborane (0.482 at -201° F). 
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The performance of the diborane - liquid oxygen B2H6-02 pro­

pell0.nt system is shown in figure 2. The combustion temperature, 
specific impulse, and volume specific impulse are plotted as a 
function of percent fuel by weight. 'rhe maximum combustion temper­
ature is 7239° Rand occurs near stoichiometric in the fuel-rich 
region. The specific impulse increases in the fuel-rich region 
and at 36.6 percent fuel it reaches a maximum of 311 pound-seconds 
per pound for equilibrium expansion. The volume specific impulse 
r emains fairly constant at a val ue of about 240 ·pound-seconds per 
cubic foot for a wide range of mixture rates and decreases at fuel­
rich mixtures grea~er than 36 percent fuel. 

The mole fraction of each product and the molecular weight of 
the reaction products plotted aga inst percent by weight of diborane 
for the diborane - liquid oxygen combination are shown in figure 3. 
With j_ncreasing weight percentages of diborane, the amoun.t of molec­
ular hydrogen H2 ' increases, whereas that ~f atomic hydrogen Il 

increases and then drops sharply. This decreased dissociation in 
the rich region is due to the drop i n combustj_on temperature. The 
amount of boron trioxide B203 increases slightly and that of 
water H2b decr eases with increasing amounts of fuel. The molec­
ular weight of' the r eaction products Mc decreases with increasing 

amounts of diborane and this decrease causes the maximum specific 
impulse to occur in the fuel-rich region in spite of the lower com­
bustion temperature. 

The performance of the diborane - liquid fluorine B2H6 -F2 
propellant system is shown in figure 4. The combustion temperature, 
specific impulse, and volume specific impulse are plotted as a 
function of ~ercent fue l by weight. The r eaction temperature 
reaches a maximum of approximutely 9684° R in the stoichiometric 
region and decreases in the fuel-rich region. The specific impulse 
for equilibrium expansion r eaches a maximum of 323 pound-seconds 
per pound at 13.6 percent fuel. '.I'he volume specific impulse reaches 
a maximum of 317 for equilibrium expansi.on near stoichiometric in 
the oxidant-rich region. 

The mole fraction of each reaction product and the molecular 
weight of' the reaction products plotted against percent diborane for 
the diborane - fl uor i ne ~H6-F2 combination are shown in figure 5, 
Tho mole fraction of boron trifluoride BF3 r emains practically con­
stant, whereas the mole fraction of hydrogen f luoride EF decreases 
in· the fuel-rich region. The molecular weight · of the reaction pro­
ducts decreases with increasing percentages of fuel. 
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The values of maximum specific impulse and volume specific 
j_m1mlse for diborane with each of the three oxidants are given in 
the following table: 

Fuel-
oxidant 

. 

B2Il6·-H202 I 
B2Es-02 I 
B2Hs··F2 I 

B2II6-H202 
B2Hs-02 
B2Il6-F2 

SUMMARY OF THEORETICAL PERFORMANCE 

[Equilibrium expansion] 

Fuel I Combustion Eq_uilibrium 
weight temperature T Id (percent) i (°R) 

... 
'/ 

At maxi.mum specific impulse 

35.2 5130 290 245 

36.6 6732 311 237 

12.7 9540 323 313 

At maximum volume spocific impulse 

11.9 5792 259 301 
25. 7 7239 2138 243 

9 .85 9684 316 317 

Frozen 

I Id 

i 

286 242 

300 228 

297 288 

2~1 292 
278 235 
290 291 
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Qonrparison of diborane with other fuels._ - After the theor etical 
performance values uf diborane w1th the thr(:)e oxidants, hydrogen per­
oxide, liquid oxygen, and liquid fluorine were obtained, ·the se values 
were compared with those of othe1· propellant combinations. Figure 6 
shows a plot of specific impulse against olume speci f ic impulse fer 
cc1mparison of diborane with a number o:t· other rocket fuels. These 
data: were obtained from calculat ions perf ormed by 'the NACA Cl eveland 
laboratory and other rE:search or ganizations (refer ences 1 to 4). The 
va lue.a plotted are for maximum specific impul se and wer e al l based on 
froz en composition during expansion, except the pentaborane - liqu i d 
·oxygen B5H9 -o2 propellant system for which only equilibri um com-

9osit1on values were available (refer ences 2 and 5). 'i'he r eaction-­
chamber temperatures in °Rare showr. 1n par enthese s. In addition 
to the high-ener gy propellants, other fuel-oxidant combinat ions 
currently being used, such as ethyl alcohol - oxygen Czll50H-02 
and aniline - r ed fuming nitric acid c6H5NH 2-RFNA are shown on 
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this plot for comparison. The results show that combinations having 
high specific impulse values, such as hydrogen - oxygen H2-02, have 

comparatively low volume specific impulse values and., conversely, 
combinations with high volume specific impulse, such as hydrazine -
chlorine trifluoride N2H4 -ClF3 , have comparatively low specif le 

impulse values. 

For some combinations it is possible to choose another mixture 
ratio and obtain a large gain in volume specific 1mpulse at a small 
sacrifice of specific impulse ( f or example, hydrogen - fluorine 
H2-F2). It is desirable to have both sp~cific impulse and volume 

specific impulse as high as possible and, in this respect, the boron 
hydrides are prominent. From computations made thus far, the pro­
pellant combinations with high specific impulse and high volume 
specific impulse are lithium - fluorine Li-F2 , pentaborane - oxygen 
B5R9-o2, diborane - fluorine B2H6 -F2, diborane - oxygen B2H6-o2, 

and hydrazine - fluorine N2R4 -F2 • 

Another consideration in the comparison of propellant combinations 
is the range obtained by a rocket-~ropelled missile using the various 
propellant combinations. A comparison of range involves additional 
variables and the choice of a set of' conditions, which make a range 
comparison restrictive. A method of range comparison based on large 
rockets (reference 6) was used t o compare several propellant com­
binations. The results are shown in figure 7. 

With the ethyl alcohol - oxygen 

taken as l, the hydrogen - fluorine 

c2H50H-02 altitude index 

H2-F2 combination shows an 

altitude index of 2.14; lithium - fluorine Li-F2, 1.87; hydrazine -

fluorine N2H4 -F2 , _ 1. 73; diborane - fluorine :B2H6 -F2, 1.64; diborane -

oxygen B2R6-o2 , 1.53; diborane - hydrogen peroxide B2H6-H2o2, 1.42; 

hydrazine - oxygen N2H4 -o2, 1.31; hydrosen - oxygen H2 --o2, 1.30; 

and aniline - r ed fuming nitric acid c
6

H
5

Nn
3

-HN03,0.91. These values 

are f'or a fuel-oxidant ratio, which results in the greatest height 
for a rocket missile using th i s com:parison method and may not neces­
sarily be at the fuel-oxidant ratio resulting in the maximum specif ic 
impulse as shown in figure 6. Figur'e 7 indicate s that diborane com­
pares favorably with other high-energy fuels in a range consideration. 
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There are factors other than specffic impulse, volume specific 
impulse, and range that .must be considered in comparing rocket pro­
pellants; some of these propellant characteristics were enumerated 
in the INTRODUCTION. No attempt will be made to consider all of 
them a.t this time, but a few interesting ;points of comparison for 
several hi,gh-energy fuels are shown in the following table: 

' COMPARISOH OF BIGE-ENERGY FUELS 

I Fue_l ___ s~=~-i_c ____ l_M_e_l_t_ingll Boiliri,I Performan;;-~ vi;~ -o-;a-7 
gravity point , point Specific I Combustion ! 

( °F) ( °F) impulse ,4 temperature · 
i (lb-sec/lb) ; ( 0 R)_ _ ___ _ 

6732 
---B2_H_6--t-o-. 4-8--2---2-0--.1 0.,...F-t t----2-66--t---l-35---t- 300 I 
-·:s

5
n

9 
· o. 61 - 32°F .. s2·-1--1_1_s_-1----b-:5_1_6 _ __..!;l--1-a·-a-o 

w2H4 1. 0024 77°F 32 l21s 266 I 5690 
1----l-----'--+------+-------,,------

1 :: 0 .010-423°::j_ -43411-423 r--~;::·-j_ ·_--_1::~: _____ j 
--~O .534

6
~-~F __ J _ 366 2928 J 

8'.Frozen expansion except B
5
R

9
• 

~eferences 2 and 5. 
cRef erenc e 7 • 

The fuels are diborane, pentaborane, hydrazine, hydrogen, and 
lithium. 'l'heir specific gravity, melting point, and bolling point are 
sho-wn and speci.fic impulse and combusti.on temperature with oxygen 
are given again for comparison. 

Diborane is a gas in the normal stat e; as a liquid it has a 
comparatively low specific gravity of 0.482 at -201° F; it has o. 
melting point of -260° F,und a boiling po:tnt of -135° F (refer­
,3nc0 5). It is mildly toxic and at :present is available only in 
small quantities. 

Pentaborane has more desirable properties than diborane but is 
unavailable at the 1 present time. It is a liquid in the normal state 
with a specific gravity o:t' 0.61 at 32° F, a melting poi nt of -52° F, 
and a boiling point of 118° F (reference 5). The melting point of 
pentaborane is low enough and its boiling point is high enough that 
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it can be stored and handled under many different climatic condit i ons 
without the i.lSe of refrigeration or heavy storage cyU.nders. Complete 
data on its properties are not yet available but it is probably no 
more toxic than diborane. Pentaborane is ap~arently more stable than 
di borane and should not be difficult to handle for rocket operatiuns. 
Pentaborane gives a high perforwance with oxygen and certainly should 
with fluorine. 

Hydrazine has the highest specific gravity, slightly over 1, of 
the five fuels shown in the preceding table. It is a liquid in the 
normal state with a melting point of 33° F and a boiling point of 
218° F. The high melting point may involve logistic problems but 
the high boiling point makes it e.ppear promising as a regenerative 
coolant. The specific impulse of hydrazine - oxygen is below that 
of the boron hydrides. 

Hydrogen gives the highest specific impulse of any fuel, but 
it has the disadvantage of a very low specific gravity, 0.07, and 
its very low boiling point of -423° F introduces many difficulties 
in its use. 

Lithium is a solid in the normal state and its melting point 
of 366° F introduces practical difficulties in its use -as a liquid. 
It has a specific gravity of 0.534 at 66° F, which is comparatively 
low. Its performanc!3 with oxygen is quite high (reference 7). The 
reaction tempe:i:ature of lithium with oxygen and fluorine are among 
the highest known for chemlcal reactions. 

The hi13h combustion temperatures of the high performance pro­
pellant causes an especially. difficult cooling problem. Most of 
the · tem9is ratures are in the range of 40000 to 10, 000° F, which is 
above· the working temperature for available materials of construction. 
Rocket eni; lnes that operate for very short :periods of' time can be 
made of h igh temperature materials or metals of lar,50 heat capacity 
so .that no coolin0 is nece s·sar;y. For l onger periods of opera tion, 
rocket er.gine s with ·prope llants having suitable character1sti0s can 
use r egP-J"\e ~'.\_;'01 ve coo U n .:: . Most of the h:gh-·ene :::-gy f ue l s are , how­
ever 1 \:.ns-xl ·i:,,.3 ;,,J.e a.s cc; .'.)l::rn';~· ar.c~ f er t)Yse · p:r·o ~.s"n3 1113 :.~1.od of 
cooling iR :!.r te:mn.1 --fi L _ cool ing wl1ere a cool fi lm is mai n"cu.ined on 
t he inr:er sm f nces of the engi.e to oh i.e l d tho eng ine wa lls from 
the hot combi.::stion 13ase s . Cooling is accomplish..:.d, however, at 
some expense t o p r fc r n::mce . anu tLis roust ue conside~ed in comparing 
propel2a 1t combinn~ i ons . 

The NACA r ocket fueJ..s prog1,·3,m i mlu:l.os an inver,t i gt!.tion of these 
hie;h-:9e .rformance. fue ls. 'I'he order i n vhi ch the ·.w r l~ is dor.:.e i s deter­
mined by the availability of' r e Li.able thermodynamic data and by the 
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availability of the fuels. Diborane was the first of the boron 
hydrides made available to the NACA for experimental evaluation 

70 

and' was secured through the cooperation of the Bureau of Aeronautics, 
Department of the Navy. The experimental investigution of di borane 
was carried out in a 100-pound-thrust rocket engine first using 
hydrogen peroxide as an oxidant (reference 8) and then liquid oxygen 
{reference 9). 

EXPERIMENTAL PERFORMANCE 

A diagrammatic sketch of the 100-pound-thrust rocket unit 
illustrating the _prope;l.lant system, gas pressurizing system used 
for pumping the proBellants, and tho counterbalanced propellant 
weighing system for measuring the flow rate is shown in figure 8. 
The oxygen wa.s contained in a vacuum-jacketed stainless-steel 
cylinder and a chrome-molybdenum steel tank was used to hold t he 
diborane. The fuel tank was equipped with a stainless-steel 
bursting disk and high-pressure stainless--stoel hand valves that 
were packed with Teflon. The fuel lines and propellant valves 
were refrigerated to maintain the diborane {boiling point, -134.5° F 
at 1 atm.) in a liquid state up to the in,jector plate. The oxidant 
and fuel tanks were each suspended from the lever arm of a counter­
ba lance and the unbalanced forces were transmitted to a sensitive 
cantilever beam fitted with strain gases. The change in weight 
dul'infs the run was recorded by having the strain gages connected 
i n a r esi stance bridge circuit of a modified, continuous-recordj_ng, 
self -balancing potentiometer. The engine was mounted on a pivoted 
ste.nd, and thrust was measured by means of two strain gages mounted 
on a cantilever beam subjected to bending by the engine thrust. 
Charcoal-purified helium was used to pressurize the diborane and 
l i quid oxygen. Combustion and injection pressures were measured 
by Bourdon-type pressure r ecorders . The flow diagram (fig. 8) 
was for diborane - oxygen; for the diborane - hydrogen peroxide 
experiments, the system was similar in most respects {reference 8). 

The 100-pound-thrust r oclrnt engine used in the di borane -
oxygen experiment is shown in fi gure 9. The engine comprises a 
sta inless-~teel. in jector plate containing 8 solid .jet inJector 
nozzles, a thick-wal led copper combustion chamber with an ,inside 

diam~ter of 2¼ inches a.nd a length of 17 inches, a.nd a convergent­

di vergent ccp~er e?(haust nozzle designed to provide complete 
. e~pans:i.on at a pressure ratio of 20.4. '):'he diborane and liquid 
oxyge~ injectors wer e located to permit the two streams to i mpinge. 
The inne.r :,,,alls . of the combustion chamber and exha st nozzle were 
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chrome-plated to resist corrosion and erosion. The ratio of coo­
bustion chamber volume to cros s sectional a:rea of exhaust nozzle 
throat L* was 225 inches. The englne used f or the dib rane -
hydrogen peroxide experiment was essentially the same. The duration 
of .the runs was approximately 6 seconds. The thrust, pressure , pro-­
:pe l. l ant 1. l ows, and several temper atures of the copper combustion 
cha mber and nozzle were recorded continuously during the run. 

The results of 1 run with diborane - hydrogen peroxide 
B2E6 -H2o2 and 11 runs· with diborane - l

1
iquid oxygen B2H6 -o2 

are shown in figure 10. Speciffo impulse in pound-second per pound 
is plotted as a function of percent fuel by weight. Also shown 
is the t heoretical performance based on eqnilibrium expansion at an 
assumed combustion chamber pressure of 300 pounds per square inch 
absolut e. The diborane - hydrogen peroxide run gave a specific 
impulse of 211 :pound ·-seconds per pound with a combustion chamber 
pr essure of 252 pounds per square inch absolute; this run gave 
82 percent theoretical performance at the same pressure. 

The runs with diborane - oxygen varied over a mixture range 
of 22 to 42 peroent fuel by weight. The specific impulse values 
i n the region of maximum perforlllilnce varied from a low of 245 to 
a high of 268 pound-seconds per pound. The maximum perf ormance was 
87 percent of theoreti ca l on an equilibrium expansion bas is and 
SO percent of t heoretical based on frozen equilibr i um. Part of 
the scatter of data i8 caused by flow weight uncertainties and part 
can be attributed to variati ns of chamber pressure among the var­
ious runs; i n t he region of ma.ximµm specific impulse the pressure 
ranged from 280 to 315 pounds per square inoh absolute. The experi­
mental specific impulse va lues shown were ootai ned from measure-, 
ments taken during the run and were not corrected for the heat 
transferred to the engine wall. 

' 'rhe amount of heat rejection to the wa l ls, as measured by 
the heat absorption of t he ·copper was qu::.te high - ari average heat _ 
rejection of approximately 3 Btu per square j_nch per second was 
obta i ned for the chamber and approximately 6 Btu per square inch 
per second for the nozzle. Considerable difficul ty was experienced 
with failure of equipment because of the high heat transf er. 

An exami nation of t he rocket engine after each run showed the 
wall of the engi ne to be coated with a 1/32- to 1/16-inch gray to 
dark brown layer of' boron and boron oxide. The nature of the deposit 
varied from the injector to the noz zle exit; at t he in jection end 
the deposit was a thin, unifoTIJ. light gray hard substance, which 
changed to a thi ck, dark, trregular glazed deposit a t the exit. The 
depos i t in the nozzle throat regi on was very t htn; 
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SUMMARY 

'l'he theoretical performance of di borane with liguid oxygen, 
hydrogen peroxide, and liquid fluorine, and the comparison of spe­
c if ic impulse, volume specific impulse, and range for diborane ~ 

propellant combinations and for several other propellant combin­
ations are pre1Jented. In addition, the paper presents the experi­
mental pe.rformance of the diborane ·· ligui.d oxygen propellant 
combination in a 100-pound-thrust rocket engine. 
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