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RESEARCH MEMORANDUM

IRVESTIGATION OF THE PERFORMANCE CF A
20~INCH RAM JET USING PREHEATED FUEL

By Eugene Perchonok, Fred A. Wilcox
and William H. Sterbentz

SUMMARY

The performance characteristics of a 20-inch ram jet designed
at the NACA Cleveland laboratory and operated with preheated
unleaded (62 octane) fuel in the Cloveland alti tude wind tumael arc
presented and analyzed.

The results of this Investigation indicated an improveusnt
in the combustion efficioncy ard operating range of the ram jet
whon using preheated fuel. Concomitant incresses were obtained in
the temperature ratlo across the umit, tho over-all efficiency, and
the not thrust. At a free-strcam Mach number of 1.20, & combustion
efficioncy of 84 percent and an over-all efficiency of 8.13 perccnt
were obtalned. Sufficient heat could be recovercd from the ram-jet
shell to proheat the fuel to the desired fuel injection tomporature.

INTRODUCTION

As a part of the general program to evaluate and improve the
performence of the ram-jet engine, a serlies of experiments are being
conducted at the NACA Cleveland laboratory to determine the per-
formance improvements that might be obtained by the use of vrcheated
fuel. It was anticipated that prekeating and the resulting flash
vaporization of the fuel as it left the fuel injlector would imrrove
mixing of the alr and fuel and incresss the rate of flame prope-
gation. Improved combustion and over-all efficiencies wcuid lilke-
wlse be expected.

Two methods of preheating the fuel are discussed: a regeonerative
heating system in which the fuel was circulated through coils around
the combustion-chamber sholl; and, to expedite the research, a
system with an external heat source preheating the fusl, The regen-
crative system &lso cooled the combustion-chamber shell. The
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performance of tha ram Jet using preheated fuel is compared with
the pexformance presented in reference 1 for a similar ram Jet
operating under the sams condl tibns “using unheated fuel.

APPARATUS AND PROCEDURE

The performence characteristics of a 20-inch ram jet were
investizated in the Cleveland alt‘tude wind tunmel over a wide range
of cperabing conditions. The general arrangsment of the ram je%
in the tumnel (fig. 1)} was similar to that of reference 1, The unlt
was mounted in the test sectlon below & 7-foot-chord wing, which
wag supported at its tins by the wind-~tunnel balance frame. Dry
refrigerated alr at approximaiely etmosvkeric pressure wus surplied
directly to the ram jet through & pipe from the wind-tunnsl make-up
air duct and was throtiled to provide the desired diffuser-inlet
total pressure. The tall nczzle cxhausuved diwvectly into the wingd
tunnel, the pressure of which waza variad to chtain different values
of ram-pressure ratlo acrose the wmit, A eealed alip joint insertod
between the ram pipe and the dif‘use; inlet afTorded frec movgmcnx
of the modsl. .

The ram Jet had & conlcal diffuser with an 8° inclvded angle,
a l4-inch-dlameter inlet, and = Z0-inch-diameter exit. The combustlion
chambor was 20 inches in diamester and 12 -feet in length. An oxhaust
nozzle, 2 feet long and with & 17-inch-dismoter exit, was flanged to
the combustlon-chamber exit. The cambustion chamber end cxhaust

nozzle were mode of %-1nch Inconel and were wrapped wilth %~inch copper
tubing for fuel preheating and sholl coollng.

The colls were arranged to allow variation in the lengtn of
the fuel path in order to faciliteto fuel-temperaturo control avor
& wlde range of fuel flowa. A achemntic disgrem of the regenerative
fuel-prehoating and shell-cocling systen is shown in figure Z.

A flame holder and a fuel injector wero used in thls invostl-
ganion. Tho fleme holder (fig. 3) consieted of threo egqually spocod
50° V'e of 4-~inch chord inserted with the vortices upstream. Tho -
cold statlc-preseure drop of the flame holdcr was 1.2 times the
dynamic pressure at tho ccombustion-casmber inlot. Thé faol injochtor
conelgted of seven oqually epaced %-inch gtoal tubes crranged in on
80" V pattern (fig. 4) with the V bose 5 inchos downstroum of the
diffuser inlet. Sixty-cight No. 70 holes wero drilled in tho upstroam
gide of the fuel bars. Theso holece woro equally spaccd along tho
govon bars. No holes were drilled within 2 inchas of the diffuser
wall. Four additional fusl bars installed In the system were not
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used iIn this investigatlion. A4 gas pllot cone and modified spark-
plug combination (fig. 5) was used for ignition.

The 90-percent point for the unleaded 62-octane fuel (AN-F-22)
occurred at 202° F on the A.S.T.M. distillation curve (fig. 6).
The Reid vepor pressure for the fusel is 7 pounds per square inch

£8ge.

The fusl system wag desligned to provide a fuel flow of
3000 pounds per hour at & fuel injection temperature of 300° F and
a minimm fuel injsction pressure of 100 pounds per square inch

£889.

A number of experimente were made esuablishing the feaslbility
of using heat from the ram-jet skell to prsheat the fuel. The
systom satisfactorily preheated 4000 pounds of fuel per hour o
300° F. For a wlde range of fuel flows, however, frequent changes
in the length of the fuei preheating path were required. Consc-
quently, an external heabting scurce wae substituted for the regen-
erative fuel preheating syetem tz expedite the research. A com-~
mercial heat exchangsr using seturated steam at 100 pounds por
square inch gage weas used to heat the fuel. The fuel tomperature
was controlled by varying the steam flow through the heat oxchmnger.
This system (fig. 7) save fuel termeratures as high as 250° F over
e wido range of fuel flowe. When tho extormal hoat exchanger was
used, cooling wator was circulated through the coppor colls wrappod
around the shell. No differontiation is mads in the data with
regpoct to thoe mothod of fucl proheating uscd when the data woro
taken.

The alr flow through tho unit was calculated from moasurcnonts
of total pressures, static pressures, and indicatod tempeoratures
obtainod with a survey rakc mounted at tho diffwvser Inlet. The fuel
flow was moasured with a rotamotor and cooling-water flow was
measurcd with & cormmeorcial wator meter. Thrust was calculated (as
outlined in rofcrence 1) from force moasurcomconts obbained with the
wind -tunnocl scalc systom.

At pressure altitudos ranging from 6000 to 24,500 fceobt, the
ram-pressurce ratio across the unit was varied to tho maximm attaine-
eble at sach altitude. The fuel-alr ratic was varied from G.042 to
0.093 znd the fuel injectlion temperature was veried from 100° to
250° F. The ram-jet inlet-air temperature was maintalned at
10° £10° F for all conditions.
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SYMBOLS
The symbole used are defined as follows:

cross-gactional area, square feet
aFp

net~thrust coafficient, —
7uPobato

set thrust, pounds

net thrust, pounds

fuel-air ratio

Mack number

statlc pressure, powds pex eguare foot absoluto

free-gbtroam ambient presgurs, nmounds per scuare oot abaclute
total terperature, “R

velocity, foet mpex second

air flow, povnds per seccnd

fuel flow, pounds pér seddnd

ratio of speocific hest at consiant pressvre to speciflc heat
&% constamt volitne

ratlio of absolute tunnel ambilent mresgure to abmolute static
nressure £t NACL stanfard atuospheric tonditions at sed
level, pp/2118

over-all efliciency, mercent

combustion efficiency, percent

idoal over-zll efficiency, percent

P

ratio of ebsclute total tempersture ot exkavesi-nozzle exlt
t: absolute static temmerciture at MACA standord atmespheric
conditions =t soe lovel, T, /518

ratio of absolute total temperaisure abt exhovet-vozzlo exdlt
to ebsolute total tomperaturs of diffuser inlet, Ty /Ty

SONPIRiin
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To ratlo of absolute total temperature at exkaust-nozzle
exit to absolute tobal temperature at combustion-~
chamber inlet, Ty /Ty

Subscripts:

o) equivalent free-stream condition

L station 1, diffueser inist

2 station 2, diffuser exit and combustlion-chamber inlet
3 station 3, cambusbtbion-chamber exlt

4 station 4, exhaust~nczzle exlt

3 ultimate exha.ust-,jet_ condition (:pj = Dy}

Performance parameters:

Fi /B Jot thrust reduced to NACA standard atmospheric con-~
ditions at sea level, pounds
Fpn/8 net thrust reduced to NACA standard atmospheric con-
ditions at sea level, pounds
Moo/ T2 combustion-chamber-inlet Mach number paremeter
Vs,
-B—A/e‘_,‘ reduced alr-flow parameter, pounds per second
WeTp 3600 -
———— reduced fuel-conswption paramester, pounds per hour
S04 .
550 We 36800 . .
v net-power specific fuel consunption, pounds »er
“n 0 horsspower-hour

RESULTS AKD DISCUSSION

Preliminary work at sea level and a low ram-pressure ratio,
1.1, showed that the preheated fuel was flasking inbto vapor upcn
injection inbo the alr stream. The flemc was sezted on the Flams
holder and showod no tendency Ho flash back to the Tuel inJectoer.
The flames more completely £illed the combustion chamber and were
ghorter than when the fuel was unheated. Visual observations indi-
cated that it wasg posalble to reduce the fuel Injection temperaturc
from 300° to 200° F and the minimm fuol. injection pressure from

ORI
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100 to 50 pounds per sgquare inch gage without merkedly ckeanziny the
combusticn characteristica. Circulation of the fuel througk: the
solls made continuous opesration possible at stoichiometric Iuel-air
ratiog without overheating the portion of the shell covered by the
cnila. :

The data for the ram jot overating with preheated fuel in *the
altitude wind tunnel have been reduced and correieted by the mothods
discussed in reference 1.

, The improvement in combustion efficlency ackleved by vrelcating
the fuel 1s shown in figure 8. %he curves are arproximate envelopes
of the combustion-efficiency data presonted In figure 9 for nre-
heated fuel and in refercnce 1 (fir. 28(%)) Tor unheatod fuel. On
the averagc, by increasing tho fuel inlectlon tomparatiure i

40° to 200° F, the maximm combvetion offisiemcios atiaeined wero
increased by about 10 vercent and the mindnum cambustlon efficiencies
obtained were increared by avout 29 meicent. This lmproverent in
corbustlon efficiency is achleved hecauge the fvel-vancrization time
18 reduced and a better fuel-cir mixbuve ig cbtulned by wiehsating
the fuel. The cormbustion cf?isisrncy ixmroved with fuel-air ratio to
a maximm between fuel-air raiios of 0.04 end 0.06 with elther hoated
or unheated fuel. Further increase in fuel-air ratio mariedly
decreased the combustion efficicncy.

The combustian-sfficiency data for prehoatod fuel are plotited
ageingt fuel-air ratio in figure 2. The nwrbers opnosite each point
indicata the values of cther verishles thought to influence tise
comhuation efficlency; namely, combustion-chanber inlet statilc
oresgure pp, combustion-chamber-inlet Mech number M, and com-
bustion-charber-exit stotic vrossure (smbient static pressure) po.
The combustion-chenber-inlet termwcrature was keld conshbent for thls
Investigation. The method by which the datz wore taeken mokes 1t
difficult to separate quantitetively the offoct of ecach of the
variavlos on combusticn efricilemcr. In geoeral, howcver, an incroeaso
in combustion-chamber-inlet Mach number or a decrease in the combustion-
chamber statlic-pressure level resulted in a desrezse in comhustion
effliclency. '

A calcuvlation of the approximete heat loss through the ram-Jet
shell was made frum mecsurements of the flow roto and the terperature
rise of the cooling water. Cn the avorogs, tiie cocling water chsorbed
approximately 3.3 porcert of the lower hecting value of the fuel. The
heat losses through tite ram-Jlst shell ware mrt includcd im the calcu-
lations of the combustlon efflciency. IT these heat losses were
included, the combustion-sfflciency valuss would be approximntcly
3 percent higher than ryeporued.
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The gas total-temperature rise T4 - T2 during combustion of
heated fuel and unheated fuel is shown in figure 10 as a function
of free-stream Mach number M. Figures 10(a) and 10(b) cen be
used as an indication of the gensral temperature trends, for they
both cover approximately the same altitude and fuel-alir-ratio rangs.
At low My the combustlon temperatures were much higher with the
heated fuel than with the unheated fuel. At My values near 1.00,
the combustion termperatures with heated fusl were slightly higher
than with unheated fuel. Because of the improved combustion effi-
clency, however, these temperaturss were attained at lower fuel-air
ratios with prehezited fuel than with unheated fuel. The effeact of
preireated fuel on the range of Mg obtainable with this ram-let
configuration can be observed in figure 10. The maximmm M, 1oached
before blow-out with preheated fuel was 1.23 as compared witkh 0,86
with the unheated fuel as reparted in roference 1.

The greabtest combustion-chambecr-inlet velocity Vo at which
the unit was operated using prelisated fuel was 151 feet per sccond.
This veloclity was measured at a pressure altitude of 24,400 foeth
whon the unit was operating under choking conditions at the nozzlo
(Mp = 1.20). When using unueated fuel (reference 1), the greatest Vo
at which the same wnlt was operated was 164 feet per second at &
pressure altitude of 20,000 feet and an My of 0.94. These veloc-
ities are not the limiting combustion-chamber-iniet velocity Jor this
burner; when 1t was operated using unheated fuel In & vrem Jet with
& S5~foot combustion chamber and a 17-inch nozzle exit, a maximm Vg
of 196 feet per second was obtained. (See reference 1.} Any dif-
ference in Vg, for the same exlt nozzle and approximately the same
Mp valwe, is a result of the dependence of Vo, for approximately
constant To, on T4. (See equation (22), reference 1.} The
combined effects of increased combustion-chember iength and fuel
Preheating are an increase In T4 and a resultling decrease in Va.

F. F
The variations with My of the paremeters -2, Fy, 2 op,

&
W, Wy 3600 550 We 3600
& figds) n
T V4 ik Tl_qb-’ Ty, e N, &l

ere shown in figures 11 to 22 for the englne operating

Hzl\/ To, MJJ

550 Wy 3600

FrnVo . .
with preheatod fuel. The differcnce in perforrence between using
unheated end preheated fuel can bo obtained by comparing those
Tigares with the related figures in reference 1. The differonces
in porformance are & result of the differences in the temperature
ratic Ty, (Tg/T;). Some of the differonces are due to variations
in specific heats snd momentum pressure drops, which accompany
changes in Ty. (See reference 2.}
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The maximm value of jet thiust F 3 developcd by the ongline
roduced to NACA standeord atmosphoric comditicorms et son leve)l F
was 5517 pounds at Mgy = 1,25 (fig. 11). The actual values of Fy
measured and the a.pp:m:zima.ta altitudes at which these daia woro
obtalned van be determined from figure 12, Tho pressurc-altitude
corrbours arc based on the reduced jot~thrust curvo of figure 11i.

At a given Mg, 1If the tomperature ratic T7 wes maintelined
congtant, the net tkrust 'Fpn would not be affected by prehocating
the fucl. The maximm net thrust developed by the ram Jot roduced
tc WACA standard atmospheric condltions at soa level Fn/B wos
3375 pounds at Mo = 1.23 and Ty = 6.9 (fig. 13). Tho cffocts
of Mp end T3 on the neb-thruet coefficient Cp eroc shown in
figore 14. The maximm Op wos 0.856 at Mg = 1.25 amd T = 6.2,

The maximum ovey-all efficipncy . 1 attalned in this invoetl-
gation was 8.13 percent at Mg = 1.20 ard my = 54 percemt (I:g. 21).

Tho corresponding actual ne't-pCTWO“ gnocific fuel consvription wos

1.65 pounds por horsepowor-hour (IZigz. 22). Tho combusw.on-of'- iclency
contours are approximate in thet the effect ¢f variatlons of T are
not Includod. ’ .

Ag proviously indicated, the cooling water absorbod wpnroximatsly
3.3 percent of the lower heating veluo of the Tuel. Only 0.5 percont
of the lower heating value of the fuel ims required to ralse the fuel
temperature from 40° to 2009 This margin would permit the use of
a regenerative fuel preheating system wlth & combusiion charber
shorter thon that used in this J.mrestiga.ﬁlon.

SUMMARY (F RESULTDS

From an investigation of the performance of a 20-inch ram Jet
with & 12-Toot combustion chambor end a 2-fooh exhaust nozzle
17 inches in dismeter operating on prehsated unleaded (62 cotene)
fuel and from data obtained in an earliler investigation with a
similar configuration and the seme fuel, the followlng resulte were
obsosrved:

1. The combustion efficlency of the rem Jet was lmnroved oy
the uee of proheated fue;.. When the fuel injection temperature was
increased from 4C° to 200% F, the combustion officlencles were
genorally increased approximately 10 percent.

2. Tho higher combustion efficicncy attained with preheated
fuel resulted in an inecrease in ovor-all efficlencies, tomperature
ratics, net thrusts, and net-thrust coefficlcnts as comparcd wlth

GO
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those attained with unheated fuel, The maximum over-all efficiency
attained was 8.13 percent at a free-gtream Mach numbor of 1.20 and
a combustion efficlency of 84 percent.

3, It was possible to recover sufficient heat from the
combustlon~chamber eshell and the nozzle shell to raise the fuel-
injection tempsrature frcm 40° to 200° F, TFor these conditlong it
ig necessary to add to the fuel the eguivalent of 0.5 percent of its
lower heating wvalue. The shell rejected at least 3 percent of the
riginal lower heat content of the fuel. Thils margin will permit
the use of a regenerative fuel preheating system with a shorter
combustlion chamber than the one used in this investligation.

Aircraft Engine Research Laboratory,
Natlonal Advisory Committes for Aeronautica,
Cleveland, Ohlo.
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Figure 3. - Three-v flame holder for 20-inch ram jet using
preheated fuel.
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Figure 5. - Gas pilot cone and modified spark piug used
initiate combustion in 20-inch ram jet.
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Figure 8.~ Range of combustion efficiencles obtained with
unheated and preheated fuel. 20-inch ram-jet unit with 12-=foot
combustion chamber and 17-inch-dlameter exhaust nozzle, (Data
for unheated fuel from reference l.)
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Figure 10. - Variation in gas total temperature rise T4~T, with equivalent free-stream
Mach number My for heated and unheated fuel. ZO—incﬁ ram—jet unit with [(2-foot com-
bustion chamber and |7-inch—diameter exhaust noxzle. )
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eombuation chamber and 17-1nch-d:,am¢éer exhaust nossle, Jet thrust reduced to
NACA standard atmospheric conditions at sea level,

@iy

§¢9


http://www.abbottaerospace.com/technical-library

.

. NACA RM No. EG6123 GubshinjisinEey R Fig.
2200

12

NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS I
2000 /
<
“@ 1800 } /
M Fuel Injection / j
b temperature
(°F)
O 100 ~ 148 / / ?
1800 0O 150 - 199
‘{ 200 - 255 ) /
. / [
1400 { /
ir
. Pressure / / /
1200 pltitlde
(£ /
La
~ 5,000 Ji
- - 10, 000~
- 1000 15,9 \i /r /
5 20,0p0~_| ao/q /
" 25,000~ -~ /
12} L1
£
; . /
>
2 800 // o
/&5 //
- &/
/
200 id
‘/////
4
0
8- o4 .6 . 1.0 l.2 1.4
. Equivalent free—stream Mach number, M,

Figure 12.- Effect of equivalent free-stream Mach number NM,, fuel injection
temperature, and pressure altfitude on jet thrust Fy;. 20-inch ram—jet unit
with 12-foot combustion chamber and 17-inch-—diameter exhaust nozzle,
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Fig. 3
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Figure 1l4,~ Effect of equivalent free-stream Mach number » fuel injection
temperature, and temperature ratio < on net~thrust coefficlent Cp. 20~
finoch ram-jet unit with l12-foot combustion chamber and 17-inch—diameter
exhaust nozsszle,
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Flgure 16,— Effect of equivalent free-stream Nach number ¥, and fuel injection
temperature on ultimate exhaust—jet Mach number M,. 20-inch ram-jet unit with
12~-foot combustion chamber and 17-inch-diameter exBaust noazle,
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Fig. 21 Colnbimfsity i NACA RM No. E6123 .
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Figure 21.— Effect of equivalent free-stream Mach number ¥,, fuel injection
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