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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

INVESTIGATION OF THE PERFORMANCE OF A
20-INCH RAM JET USING PREHEATED FUEL

By Fugene Perchonck, Fred A. Wilcox
and William E. Sterbentz

SUMMARY

_ The performance chazracteristics of a 20-inch ram Jet designed
at the NACA Cleveland leboratory and operated with preheated
unleaded (62 octane) fuel in the Cleveland altitude wind tunnel arec
presented and analyzed.

The results of this investigation indicated an improvement
in the combustion efficiency and operating range of the rem jeobu
whon using preheated fucl. Concomitant increases were obtainecd in
the temperature ratio across the unit, the over-all efficiency, and
the not thrust. At & free-streem Mach number of 1.20, a combustion
efficiency of 84 percent and an over-all efficiency of 8.13 percent
were obbained. Sufficient heat could be recovercd from the ram-jet
shell to prcheat the fuecl to the desired fuel injection tomporature.

INTRODUCTION

As a part of the general program to evaluate and improve the
performance of the ram-jet engine, a series of experiments are being
conducted at the NACA Cleveland laboratory to determine the Der-
formance improvements that might be obtained by the use of preheated
fuel. It was anticipated that prehsating and the resulting flagh
vaporization of the fuel as it left the fuel injector would improve
mixing of the air and fuel and increase the rate of flame propa-

gation. Improved combusticn and over-all efficiencies would iike-
rise be expected.

Two mothods of preheating the fuel are discussed: a regenerative
heating system in which the fuel was circulated through coils around
the combustion-chamber shell; and, to expedite the research, a
gystern: with an external heat source preheating the fuel. The regecn-
crative system also cooled the combustion-chamber shell. The
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performance of the ram Jjet using preheated fuel ie compared with
the performance presented in reference 1 for a similar ram jet
operating under the same conditions using unheated fuel.

APPARATUS AND PROCEDURE

The performance characteristics of a 20-inch ram Jet were
investizated in the Cleveland altitude wind tunnel over a wide range
of operating cornditions. The general arrangement of the rem jet
in the tunnel (fig. 1) was similar tc that of reference 1. The unit
was mounted in the test section below & 7-foot-chord wing, which
wag supported at its tips by the wind-tunnel balance frame. Dry
refrigerated air at approximately atmosvheric pressure was supplied
directly to the ram jet through a pipe from the wind-tunnel make-up
air duct and was throttled to provide the desired diffuser-inlet
total pressure. The tail nczzle exhausted directly into the wind
tunnel, the pressure of which was varied to obtain different values
‘of ram-pressure ratio across the unit. A sealed slip joint inserted
between the ram pipe and the diffuser inlet afforded free movement
of the model.

The ram jet had & conicel diffuser with an 8° included angle,
a l4-inch-dismeter inlet, and a 20-inch-diameter exit. The combustion
chamber wag 20 inches in diameter and 12 feet in length. An exhaust
nozzle, 2 feet long and with & 17-inch-diameter exit, wes flanged to
the combustion-chamber exit. The combustion chamber and exhaust

il < Bius
nozzle were made of §-inch Inconel and were wrapped with z-lnch copper
tuhing for fuel preheating and shell cooling.

The coils were arranged to allow variation in the length of
the fuel path in order to facilitate fuel-temperature control over
a wide range of fuel flows. A schematic diagram of the regenerative

fuel-preheating and shell-coocling system is shovn in figure 2.

A Tlame holder and a fuel injector werc used in this investi-
gation, The flame holder (fig. 3) consisted of three equally spaced
50° V'g of 4-inch chord inserted with the vertices upstream. Tho
cold static-pressure drop of the flame holder was 1.2 times the
dynamic pressure at the combustion-chamber inlet. The fuel 1n
consisted of seven equally spaced F-inch steel tubcs arranged in an
80% V pattern (fig. 4) with the V base 5 inches downstrcam of the
diffuser inlet. Sixty-cight No. 70 holes were drilled in tho upstream
gide of the fuel bars. Theso holes wore equally spaccd along the
sevon bars. No holes were drilled within 2 inches of the dilffuser
wall., Four additional fuel bars installed in the system were not

ector

ct e i
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used in this investigation. A gas pilot cone and modified gnark-
plug combination (fig. 5) was used for ignition.

Te 90-percent point for the unleaded 62-octane fuel (AﬂéF-ZE)
ooccurred at 202° F on the A.S.T.M. distillation curve (fig. 6).
The Reid vapor pressure for the fuel is 7 pounds per square inch

gage.

The fuel system was designed to provide a fuel flow ol
3000 pounds per hour at & fuel injection temperature of 300° F and
2 minimun fuel injection pressure of 100 pounds per square inch

888 .

A number of experiments were made est ishing the feasibility
of using heat from the rem-jet shell to preheat the fuel. e
gystem satisfactorily preheated 4000 pounds of fuel per hour ©o
30072 F, For a W1de renge of fuel flows, however, frequent changes
in the length of the fuel preoheating path were ”ocuired Conse-
guently, an external heating source was subel tituted for the regen-
erative fuel preheating system to expedite the research. A com=-
mercial heat exchanger using saturated steam 2t 100 pounds per
square inch gage was used to heat the fuel. The fuel temperature
was controlled by varying the steam flow through the heat cxXcuaanger.
This system (fig. 7) gave fuel temperatures as high ag 250° F over
a wide range of fuel f{lows. When the extornal heat exchanger was
used, cooling water was circulated through thc copper colls wrapped
around the shell. No differontiation is made in the data with
respect to the method of fuel prcheating usecd when the data were
taken.

The air flow through the unit was calculated from neasurements
of total pressures, static pressures, and indicated uemﬂofathvﬁ"
obtaincd with a survey rakce mounted at the diffuser inlet. 3 Fuel
flow was mcasurcd with a rotametcr and cooling-watcr flow was
measurcd with a cormercial water meter. Thrust was calculated (as
outlined in reforence 1) from force mcasurcments obtained with the
wind-tunncl scale systom.

;_

At pressure altitudes ranging fronm 8000 to 24,500 fcet, the
ran~-prossure rabio across the unit was varicd to the maximum attain-
able at each altitude.  The fuel-air ratio was varied from 0,042 to
0.098 and the fuel injection temperature was veried from 100° to
250° F., The ram-jet inlet-air temperature was maintained at
10° £10° ¥ for all conditions.
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SYMBOLS
The symbols used are defined ag follows:
cross-sectional area, square feet

eFn
net-thrust coefficient,

700 sl
jet thrust, pounds

net thrust, pounds

fuel-air ratio

Mack number

static prezsure, pounds pexr sguare foot absolut

free-gbtream ambient preasure, nounds per sguare foot absolute
total temperature, “R

velocity, fecet per second

air flow, poundsg per secoOx

fuel flow, pounds per second

ratio of specific heat at constant pressure to specific heat
at congtant volume

ratio of absolute tunnel ambi 8 o]
presaure at NACA standard atmospheric condition
level, po/2116

over-all efficiency, vercent

combustion efficiency, percent

ideal over-all efficiency, percent

ratio of absoly e oture ot exhaugb-nozzle exit
te absolu 8 bemp ure ot NACA standard atmospheric
conditions at sea level, T, /519

ratio of absolute total re at exhavet-nozzle exit
to absulute total temperature at diffuser inlet, Ty /T3

CONFTIDENTYAT
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To ratio of absolute total temperature at exhaust-nozzle
: éxit to absolute total temperature at combustion-
chamber inlet, Ty /To

Subscripts:

0 quivalent free-gtream conditvion

i station 1, diffuser inlet

2 gtation 2, diffuser exit and combustion-chamber inlet
) "~ gtation 3, cowbusbion-chember exit

4 station 4, exhaust-nogzzle exit

3 ultimate exhaust-jet condition (pJ po,

Performance parameters:

FJ/S jet thrust reduced to NACA standerd atmospheric con-
ditions at sea level, pounds

Fn/d net thrust reduced to NACA standard atmospheric con-
ditions at sea level, pounds

Mo/ Ta combugtion-chamber-inlet Mach number parameber
L /-
Ef“/eé reduced air-flow parameter, pounds per second
Weny 3600 ) )

- reduced fuel-consumption parameter, pounds per hour

Ba 84

550 Wf 3600 o )

V net-power specific fuel consumption, pounds per

0 horsepower-hour

RESULTS AI'D DISCUSSION

Preliminary work at sea level and a low ram-Dressure
1.1, showed that the preheated fuel was flashing into vapor
- , -~
injection into the air stream. The flame was seaved on th L htil]
holder and showed no tendency to flash back to the fu 1 1chcto$.
The flemes more completely filled the combustion chamber and were
shorter than when the fuel was unheated., Visual cbservations indi-

,_.
, d‘

cated that it wag noss1ble to reduce the fuel injection temperature
o o
from 300° to 200° F and the minimum fucl injection pressure from
CONFIDENTTIAL
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100 to 50 pounds per square inch gage without markedly charins the -
combustion chaerasteristics. Circulation of the fuel throuvgl the
coils made continuous operation possible at gtoichiowmetric fus'.-air
retiog without overheating the portion of the shell covered by *the
collg.
The data for the ram et operating with preheated fuel in the
altitude wind tunnel have been reduced and correleted by the msthods
discusgsed in reference 1.
The improvement in combustion efficiency achievsd by preheating
the fuel is shown in figure 8. The curves are ar-proximate enveiopes
of the combustion-efficiency data mressnted 1n 21 @)
heated fuel and in wsierence 1
the -average, by incr ”ﬂfﬂg the fue
40° to 200° F, the maximum wOMb“'Tf S d
increased by abOhu 10 nercent and the minimum oomhrq*‘ efliclencies
obtained were incrersed : by about 20 percent. Thig improvement in
combustion efficiency is aou¢eved hecarge the fuel »vauc,;4h0¢om Sime
is reduced and a be‘Lﬂr uLL-hwr L--*”D ig obtaired 1
the fuel. The coul : murroved with 5
a maximum between f“n_ O.?& and 0.C8 wi
or unheoted fuel. Furthex ‘mcreu@“ in fuel-air ratio mazri
decreased the combustion efficisncy. z
The combustion-efficiency data fox ;rchcaugc otted
againgt fuel-air ratio in figure 2.
indicatc the values of
combugtion efficiency;
pressure pp, combustl ;ch number M,, and com-
bustion-chamber-c* sta oTeE Po-
he combustion-cham d congtant for this
1nvocti‘a*10n. The metho iore taken makes it
difficult to szeparate qua of each of the
variables on combiustion ef , 4oWever, an lncreass
in connusulon—oLamner-Lnleu e decrease in the combustion=-
chamber static-pressure level regulted in o decrease in combustior
efficiency.
A calcvlation of the approximete hect loss through the ran-jet
shell was made from measurements of the I rote and the temperaturs
rise of the cooling water. Cn the average, the coo water absorbed
approximately 3.3 percent of the lower heating value of the fuel. The
heat losses through tiie ram-jet shell were not includcd in the calcu-
lations of the combustion efficiency. If these heat losses were
included, the combustion-cfiiciency values would be acpproximately -
3 percent higher than rveporied.

CONF TDENT T AL
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The gas total-temperature rise T4 - Tz during combustion of
heated fuel and unheated fuel is shown in figure 10 as a function
of free-stream Mach number Mg. Figures 10(a) and 10(b) can be
used as an indication of the general temperature trends, for they
hoth cover-approximately the same altitude and fuel-alr-ratlo range.
&t low My the combustion temperatures were much higher with the
heated fuel than with the unheated fuel. At My values near 1.00,
the combustion temperatures with heated fuel were slightly higher
than with unheated fuel. Because of the improved combustion effi-
ciency, however, these temperatures were attained at lower fuel-air
ratios with pre Ae“Tod fuel than with unheated fuel. The effect of
preheated fuel on the range of Mo obtainable with this ram-jet
configuration can be cbserved in figure 10. The maximum Mo reached
before blow-out with preheated fuel was 1.23 as compared with 0,96
with the unheated fuel as reported in reference 1.

The greatest combustion-chambor-inlet velocity Vp at which

the unit was operated using preheated fuel was 151 feet per gecond .
This velocity was measured at a pressure altitude of 24,400 foel
when the unit was operating under choking conditions at the nozzle
(Mp = 1.20). When using unheated fuel (reference 1), the greatest Vp
at which the same unit was operated was 164 feet per second at a
pressure altitude of 20,000 feet and an Mp of 0,94. These veloc-
ities are not the limiting combustion-chamber-inlet velocity for this
burner; when it was operated using unheated fuel in a ram jet with

5-foot combustion chamber and a 1l7-inch nozzle exit, a maximum Vp
of 196 feet per second was obtained. (See reference 1.) Any dif-
ference in Vg, for the same exit nozzle and approximately the same
Mp value, is a result of the dependence of Vp, for approximately
constant Ts, on T4. (See equation (22), reference 1.) Th
combined effects of increased combustion-chamber iength and fuel
preheating are an increase in T, and a resulting decrease in V.

cO
-

eL
P
4
D45

.
s F |
The variations with My of the parameters -, TFj, Fl“ 5 |

Wy ,— Wenp 3600 1 550 W- 3600
Moa/ T = i3 s - 1 S =2 L an
Mon T2, M3 3 Vo, 58, ° g Tp, N, 8an

i~ are shown in figures 11 to 22 for the engine operating

with preheated fuel. The difference in performance between using
unheated and preheated fuel can be obtained by comparing these

figures with the related figures in reference 1. The differences
in performence are a result of the differences in the temperature

ratic Ty, (14/Tl). Some of the differences are due to variations
in specific heats and momentum pressure drops, which accompany
changcs in T,. (See reference 2.)
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The maximum value of Jet thrust Fj developed by the cngine
roduced to NACA standard atmosphoric conditions at sca lovel T 3/8
was 5517 pounds at Mg = 1.23 (fig. 11). The actual values of Fs
measured and the approximete altitudes at which these data wor i
obtained can be determined from figure 12. The pressurc-altitude
contours arc based on the reduced Jet-thrust curve of figure 1i.

At a given Mg, 1if the temperavure ratio T; wvas maintained
constant, the net thrust Fp sould not be affected by prehcating
the fucl. The maximm net thrust developed by the ram jet reduced
to NACA standard atmospheric conditions at sea level Fpn/8 was
3375 pounds at Mg = 1.23 and Ty = 6.9 (fig. 13). Tho cifocts
of My and T on the net-thrust coefiicient Cp eare shown in
figure 14. The maximum Op was 0.686 at Mg = 1.23 and T) =8

The maximum over-all efficiency n attained in this 1
gation was 8.13 percent at Mg = 1.20 and Ty, = 84 percent
The corresponding actual net-power specific fuel congimption was

1.65 pounds per horsepowcr-hour (fig. 22). The combustion-efficiency
contours are approximate in that the offect of variations of Tp arc
not included.

As previously indicated, the cooling water absorbed apnroximatoly
3.3 percent of the lower heating valuc of' the fucl. Only 0.5 percent
of the lower heating value of the fuel is required to raise the fuel

temperature from 40° to 200° F. This margin would pexrmit the use of

a regenerative fuel preheating system with a combustion chamber
shorter than that used in this investigation.

SUMMARY CF RESULTS

From an investigation of the nerformance of a 20-inch ram jet®
with a 12-foot combustion chember end a 2-foot exhaust nozzle
17 inches in dlameter operating on preheated unleaded (62 octane)
fuel and from data obtained in an earlier investigation with a
similar configuration and the same fuel, the following resulis were
obgerved :

1. The combustion efficiency of the ram jet was lmproved by

ection temperature was
increased from 40° to 200° F, the combustion efficlenciles were
generally increased approximately 10 percent.

2. The higher combustion efficiency attained with preheated

fuel resulted in an increase in over-all efficiencies, temporature
ratios, net thrusts, and net-thrust coefficients as comparcd with

CONFIDENTIAL
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those attained with unheated fuel, The meximum over=all efficiency
attained was 8,13 percent at a free-stream Mach number of 1,20 and
a combustion efficiency of 84 percent.

3, It was possible ©o recover sufficient heat from the
combustion-chamber shell and the nozzle shell to raise the fuel-
injection temporature from 40° to 200° F, For these conditions it
is necessary to add to the fuel the equivalent of 0,5 percent of its
lower heating value. The shell rejected at least 3 percent of the
original lower heat content of the fuel. This margin will permit
the use of a regenerative fuel preheating system with a shorter
combustion chamber than the one used in this investigation.

Aircraft Engine Research Laboratory,
‘National Advisory Committes for Aeronautics,
Cleveland, Chio.
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Gas pilot cone and modified spark plug
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bustion chamber and |7-inch-diameter exhaust nozzle.

CONFIDENTIAL




BG5S

Fige « I CONFIDENTIAL NACA RM No.
NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
5500
5000
Fuel injection /
temperature
4500 (SP)
O 100 - 149 ?
0O 150 - 199
O 200 - 255
4000
o
~ 3500
Q"\
- %
Py
3 3000
£ [
.
»
&
T 2500
0
3
&
2000 /
1500
1000
500
(o]

<

.

.8

1.0

Equivalent free-stream Mach number, "O

1,2

1.4

Figure 11,- Effect of equivalent free-stream Mach number M, and fuel injection
temperature on reduced jet thrust PF,/8,

combustion chamber and 17-inch-diameter exhaust norzle,

NACA standard atmospheric conditions at sea level,

CONFIDENTI.AL

20-inch ram=jet unit with 12-foot

Jet thrust reduced to

§¢9




6:55

N A

1b

Fj'

Jet thrust,

CA RM No. E6123 CONFIDENTIAL EliEgre
2200

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS I

2000 /

4
a1 / /

Fuel injection /]
temperature

(°F)
O 100 - 149
1600 0O 150 - 199

O 200 - 255

[

Pressure / / g /
e h1tithde a

(£t]) /
5,0p0 / j

10, 0P0~_ d /
e 15,0p0

20,0p0 {
25.,0p0 | o/s/ [

iy 1/(
800

ihi

/57 A

400

200 /

AN

ol .4 oD A2 2 ) AR 1.4
Equivalent free-stream Mach number, Mo

Figure 12,- Effect of equivalent free-stream Mach number Mo, fuel injection
temperature, and pressure altitude on jet thrust F., 20-inch ram-jet unit
with 12-foot combustion chamber and 17-inch-diameter exhaust nozzle.
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Figure 13,- Effect of equivalent free-stream Mach number M_, fuel injection

temperature, and temperature ratio = on reduced net thrust Fn/b. 20~

inch ram-jet unit with 12-foot combustion chamber and 17-inch-diameter
exhaust nozzle, WNet thrust reduced to NACA standard atmospheric conditions
at sea level,
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Figure 14,- Effect of equivalent free-stream Mach number M;, fuel injection
temperature, and temperature ratio T, on net-thrust coefficient Cp. 20-
inch ram-jet unit with 12-foot combustion chamber and 17-inch-diameter

exhaust nozzle,
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Pigure 15,- Effect of equivalent free-stream Mach number M, and fuel
1nfeotion temperature on combustion-chamber-inlet Mach number parameter

M2{T2. 20-inch ram-jet

unit with 12-foot combustion chamber and 17-

{nch-diameter exhaust nozgzle,
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Figure 16.- Effect of equivalent free-stream Mach number “O 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 exhaust nozzle,

CONFIDENTIAL




S 6 s BT CONFIDENTIAL NACA RM No. E6123
NAT IONAL ADVISORY
! COMMITTEE FOR AERONAUTICS
|
Fuel injection
160 temperature
(oF)
(o) 100 - 149
O 150 - 199
O 200 - 255
140 J
120
©
o
©
e
o
-
100
s ro
| }f
3“'0 g
% 80
o
»
#
o
4
o
o
z 60
~
[
)
)
«t
o
® 40
3
<o
@
4
20
0
0 . .4 6 .8 %0 2 (57 1.4
Equivalent free-stream Mach number, My

Pigure 17.- Effect of equivalent free

-stream Mach number Mgy and fuel

injection temperature on reduced air-flow parameter _g. . 20-inch ram-—

jet unit with 12

-foot combustion chamber and 17-ineh—-diameter exhaust

nozzle. Air flow reduced to NACA standard atmospheric conditions at sea
level,
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Figure 18,- Effect of equivalent free-stream Mach number M; and fuel

injection temperature on reduced fuel-consumption parameter
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atmospheric conditions at sea level.
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Pigure 19,- Effect of equivalent free-stream Mach number Mg and fuel
injection temperature on ideal over-all efficiency n/nb. 20-inch ram—
jet unit with 12-foot combustion chamber and 17-inch-diameter exhaust
nozzle,
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Figure 20,- Effect of equivalent free-stream Mach number My 2and fuel injection
temperature on ideal net-power specific fuel consumption Sooee D Ty

20-inch ram—jet unit with 12-foot combustion chamber and 17-inch-diameter
exhaust nozzle,
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Figure 21.,— Effect of equivalent free-stream Mach number Mg, fuel injection
temperature, and combustion efficiency on over-all efficlency m. 20-inch
exhaust

ram-jet unit with 12-foot combustion chamber and 17-inch-diameter

nozzle,
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