-
Pr-=3 -

@ https://ntrs.nasa.gov/search.jsp?R=19930085756 2020-06-17T16:42:37+00:00Z

RM No. EBLOE

Ao o et
o s
SR
. o

RESEARCH MEMORANDUM

PERFORMANCE OF A 20-INCH STEADY-FLOW RAM JET AT HIGH
ALTITUDES AND RAM-PRESSURE RATIOS

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

Flight Propulsion Research Laboratory
Cleveland, Ohio

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON

June 25, 1947
Declassified May 25, 1956







NACA RM No. BELO6

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

“ RESEZEARCH MEMORANDUM

PERFORMANCE OF A 20-INNCH STEADY-FLOW RAM JET AT HIGH
ALTITUDES AND RAM-PRESSURE RATIOS
By Eugene Perchonok, William H. Sterbentz

and Fred A. Wilcox

SUMMARY

The results of an investigation conducted in the Cleveland alti-
‘ tude wind tunnel to determine the periormance of a 20-inch ram Jjet
are presenied and discussed. The investigation was conducted at alti-
tudes ranging from 7000 to 41,500 fect and at ram-pressure ratios
equivalent to free-stream Mach numbers as great as 1.84 using pre-
neated 62-octane fuel. Sunplementary tests to determine any change
in performance caused by changing the fuel to nreheated 100-octane
were also mads. An extension of the methods of data reduction and of
% tlhe generalizing periormance varvameters applicable at supersonic Mach
nimbers and over & wide range oi operating conditions is presented.
The mexznitudes of the total-prescire losses across the various phases
of the ram-jet cycle are analyzed and discusoced.

At an equivalent frce-stream Mach nuwber of 1.84 and a gas total-
temmerature ratio acrosas the engine of 5.7, the equivalent sea-level
net thrust was 6135 pounds. For these conditions, the over-all effi-
ciency was 12.6 wercent and the combustion efficiency was 70.3 percent.
The corresoonding net-thrust coefficient was 0.74. The investigation
also showed that no change in the performance or operating range of
the engine occurred when the frel was changed from preheated 62-octane
to nrcheated 100-octane gasoline.

INTRODUCTICN

Experiments have bsen conducted at the NACA Cleveland laboratory
to determine the feasibility of operating a ram jet at high altitudes
and at ram-pressure ratios eguivalsnt to supersonic flight speeds.
Performarce studics of 2 ram jet at equivalent free-streaw Mach numbers
to 1.26 and at albit.des to 37,000 feet were made at this laboratory
and irc reported in refercuces 1 and 2. Other rem-jet studies (ref-
grences 5 to 8) present subsonic ram-jet performance.
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In the present investigatien made to extend the performance data,
dry refrigerated air was admitted tc¢ a 20-inch ram Jet mounted in the
altitude wind tunnel. The desired ram-pressure ratio across the englne
was obbtained by throttling the inlet air to the ram jet from aprroxi-
mately sea-lavel pressure and adjusting the static pressure in lhe
tunnel, The performence of the engine was studied at altitudes un to
41,500 feet and ram-pressure ratios equivalent to Mach muwbers as great
as 1.64. The selection of the ram-jet configuration used in this study
was based on the results of previous investigations (references 1 ari )

The results obtained in this investigation are summarized and the
offact of a variation in combustion-chawber length on engine periormance
at high altitudes and at ram-pressure ratios equivalent to supersonic
flight speeds ls discusused. The development of the paramcters by means
of which the performance oi ram jets can be generalized to any desired
operatings conditions, criglnally presented in reference 1, has been
amplified to include additicnal varistions encountered in tlie greater
operating range covered in this investigation, 1In the expression of
the valucs of ram-pressure ratic at which the enginec was overated in
terms of equivalent free-strvom Mach number, the effect of shock lusces
that would occur at superscnic flight veloclties are included.

APPARATUS AND PROCEDUKE

The 20-inch ram Jet used in the investigation was nounted in the
altitude~wind-tunnel test section below a 7-Tfoot chord wing, which was
supuorted at the tipe by the wind-tunnel balence frame (fig. 1). Dry
refrigerated air wag supplied to the ram Jet through a pipe from the
wind -tunnel make-up air dunct. This ailr was availatle in the make-up
air duct at approximetely sea-lovel vressure and wae throttled to pro-
vidc the desired total pressure at the diffuser inlet. The ram Jet
oxhaugted directly into the wind tunnel, in which the pressurc altltuds
was varied to cbtain different values of ram-pressure rutio across the
unit. Restraint ol ths model by the ram pipe was obviated by a sealed
slip Jjoint inserted bebween the ram pipe and the diffuser inlet. The
tunncl balance system could then be used tc measure the thrust.

The diffuscr had an &% included angle, a 14-inch-diameter inlet,
and a 20-inch-dismetcr exit. The engine was overated with replaccable
20-inch-diameter, 5- and l2-fuot combustion-chumber sections to which a
converging nouzle 2 feet long with a 18.8-inch-diameter exit was
attached., The shell was cooled by circulating water through copper
tubing wrapped arcund the combusgtion chamber and exhaust nozzle.

1wo different fuel injector systems (fig. 2) were used with no
arparent change in operation of the engine, One system consisted of
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four 1/4-inch steel tubes having a total of 68 No. 70 holes drilled
along the tube lengths. These holes were equally sraced elong the

four tubes and extended to wlthin 2 inches of the diffuser wall.

The other system consisted of seven steel tubes having the same number
and size of holes equally spaced along the tubes. The total of 11 tubes
were equally spaced and arranged in an 80° V pattern; the open end of
tlhe V wag 5 inches downstream of the diffuser inlet. The fuel was
injected directly upstrean.

A flame holder (fig. 3), consisting of a grid of horizontal
and vertical 30° V's 1 inch across the open end and with 24-inch

vertex sracing, was mounted at the combustion-chamber inlet with the
vertices of the V's facing unstream. A gas pilot to start combustion
was built into the flame holder and ignition for the pilot was pro-
vided bty a modifled ailrcrai't spark plug. The cold static-pressure
drop across the flame holder was 2.9 times the dynamic pressure at
the combustion-chamber inlet.

The steam heat-exchanger fucl-preheating systenm described in
reference 2 was also used in this investigation. The fuel temperature
was maintained at 220° $40° F by regrlating the steam flow. An
unleaded 62-octane gasoline (AN-F-22) was used. Supplementary tests
were also made using a leaded 100-octane gasoline (AN-F-28).

During opecration, local hot spots were observed on the combustion=-
chamber shell under the coyper cooling colls. " An exnerimental section
(fig. 4), which eliminated all tendencics toward local overheating,
was inecrted as part of the combustion chamber. The section was cone
structed by seam-welding an outer shell corrugated to form a helical
cooling-water path to a swooth, cylindrical inner shell.

, Static pressures, total nreassures, and indicated tcmperatures
were measurcd with a survey rake mounted at the diffuser inlet.

These pressures and temperatures were used to compute the alr flow

throvgh the enginc and the velocities at the diffuser inlet and exit.

The fuel flow was determinsd with & rotameter. Fuel temperatures

and pressurce wore measured at the injector manifold.

Data were obtaincd at precsure altitudes ranging from 7000 to
41,500 feet. The fuel-air ratlo was varicd from apnroximately 0.040
to 0.067. Undocr choking conditions at the exhaust nozzle (Jet Mach
number greater than 1), the maximum fuel-air ratio was limited to
0.051 because the neak delivery ratc of the fucl pumn had been
reached and the minimm fuel-air ratio was limited to approximately
0.042 because the fuel-injcctor pressure drovped below the fucl vapor
pregsure at this point. Th: inlet-air temperature was maintaincd at
109 HOV F. ‘
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SYMBOLS
The following symbols are used In this paper:
cross-secticnal area, square reet

el

net -thrust ccefficient,
7o%haty”
gpecific heat at constant pressure, Btu mer pound per
jet thrust, vounds
net thrust, pounds
fuel-air ratio
acceleration of gravity, feet per second per second
lower heating value of fuel, 19,000 Btu per nound
mechanical. equivalent ol hcat, foot-pounds per Btu
Mach number
mass gas flow, slugs per second
total pressure, pcunds per square foot absolute
static pressure, pounds per square foot absolute
X and =) 4 ~ "' ~ - e c
gas constant, Toot-pound per pound per F
. o
total temperature, "R
o , o
gtatic temperature, R
velocity, feet per second
air flcw, pounds ner second
fael flow, vpounds per second

ratic of spocific heat at constant pressure to
specific neat at constant volume
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lhS

o

rd

ratio of absolute tunnel ambient pressure to abso-
lute static pressnre at NACA standard atmospheric
conditions at sea level, po/2116

ratic of absolute total temperature at exhaust-
nozzle exit to absolute static temperature at
NACA standard atmospheric conditions at sea lovel,
/519

over-all elficiency, percent
combusticn efficiency, rercent

ratio of absolute toial tewperature at exhaust-
nezzle exit to absolute total temperature at dif-
fuger inlet, T4/T1

ratio oi' absolute total temperature at exhaust-
nozzle exit to absolute total temperature at
combugtion-cnamber inlet, T4/T2

i

Subscripts:

0

18]

Peric

F./5

equivalent free-stream cond tion

(&

tation i, subsonic diffuser inlet
tion
nlet

[

e (O

4.
9]

2, dirfuser exit and ccmbustion-chamber

station 3, combustion-chamber exit

tation 4, exhaust-noczzle exit

62}

gxhaust-Jel condition at ambicrnt pressure
( = n)
VP = e
J {

ance Huaranme ters:

jot thrust re:
c

duced to NACA standard atmospheric
oniitions at

ses level, pounds

net tinust reduced Lo NACA standard atmospheric
conditions at sea level, rcunds

combustion-c.amber-iniet Mach number parameter
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/ool =y .
n(l +-v1j) over-all cfficiency paraweter, mercent

|,_:.
p
Q
L
L1 5]
[}
H
©
=3
@,

%— (1 + /17) ideal over-all effic ter, percent
b

V/OQ ajr-flow parameter, pounls per second

Yf?b 3500

fel-consurption parameter, pounds per hour

TR not-now“r specific fuel consumpticn, wounds per net
PrVy thrust hwrsepower -hear
S50 Wp 2600
= S net-power specific fuel consumpiicn parameter, pcunda
ano(l + vqi) rer net thrust horsepower-hour

850 W. 3800

My sdeal nt-nower svesific fael consumpblon paremeter,
F.Vo(1 + /T7) pounds per net thrust horsspcwer-hcur

RESILTS AND DISCU3SICN

At all Thel-air ratios at which the engine was cierated, Ilame
comuletely filled tue combusticn chamber. High-speed umotion-picture

sx‘ﬁ;ﬂo indicated, ncwever, that the burning, which anpearel to be

gueoth but was accomuanied by a stesdy buzzing connd, wag actually of
3 nlJI ~frequency wuleatin nature.

Below choking (Jot Mach number less than 1), the flame emitted from
trp exhaust nozzic wes continucis excent fcr cccasicnal flashes curling
ward, Atove chexing (Jot Mach pimber greater than 1), the ocperation
he engine eeemcd independent cf turnel aribient vressire and shock
tanie were clearly viesible in tae exposed {lame. These shock banis
wore srtaced aprroximately unifcrmly along the Jet Pfrom the nozzle exit,
Little Tlape color could be secn between the nozzle exit and the firgt
brigit bana (fig. 5). (For an expositicn of tae aerodynemic character-
istica of supersonic gas Jeta, see reference Tz

L)

2oy
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In general, the data for this investigation have been reduced
and correlated by methods discussed in reference 1. 1In certain
instances, however, the oerformance parameters of reference 1 were
overgimplified because of the narrow operating range covered and
proved inadequate for correlating the data at the high Mach numbers
obtained in this investigation. A refinement and an extension of
the performance varameters and methcds of data reduction applicable
to performance at high Mach numbers and over a wide operating range
are presented in the anpendix.

The equivalent free-stream Mach number Mgy 1is taken as the
independent variable in presenting the data. This quantity is calcu-
lated from the equivalent frec-stream total pressure and the tunnel
ambient static pressure. For valuves of Mg less than 1, the diffuser-
inlet total pregcurc was taken as the equivalent free-stream total
pressure. For values of Mgy greater than 1, supersonic diffuser
losses were added to the measnred subsonic diffuser-inlet total pres-
sure to obtain the equivalent free-stream total pressure. The
assumptions used in obtaining the equivalent free-stream total pres-
svre and My frow the measurcd diffuser-inlet total pressure and the
tunnel eambient static pressure for My>1 are given in the appendix.

The relations of. the performance parameters to My for the
5-foot comwbustion-chamber engine are presented in figures 6 to 20.
An investigaticn uging 100-octane gusoline (AN-F-28) showed no change
in the merformance of the engine as compared with the performance when
62-octane gasoline (AN-F-22) was used. For this reason, no date rfor
the performance study veing l00-octanc gasoline are prescnted. With
the exception of the combustion-efficiency data, the test points for
the 12-foot comb.stion chamber fell along the curves established for
the 5-foot combustion chamber (figs. 6 to 19). Therefore, only the
jot-thruet (figs. 6 and 7) and the combustion-efficiency date (fig. 21)
for the 1l2~foot combustion chamber are presented.

The highest equivalent free-stream Mach number for operation
with the 5-foot combustion chamber was 1.84. This maximum was set
not by an operaticnel limit of the cngine but by the pumping capacity
of the test apperatus. With the 12-foot combustion chamber, the
highest Mgy at which the engine could be operated before blow-out
was 1.19.

The maximm Jot thrust develoncd by the enginc with the S5-foot
combustion chamber, reduced to seca-level conditions FJ/& (P 1g. 6)
was 14,690 ponnis at Mg = 1.84. The actual jet thrusts Fj meas-
ured end the altitudes at which these deta were obtailncd are prosented
in figurc 7. The pressure-altitude contours are based on the reduced
Jet-thrust curve of figurc 6.
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As was to be expccted, both the Jet thrust and the ret thrust
nercased sharply with My (figs. 6 to 8). The net thrust coeffi-
iont aloo increased with M. in the range of this invsstigation
fig. 9). At the highest equivalent frec-stream Mach number attainecd
1.84), the net thrust reduced to sea-level conditions was 8135 pounds
fig. 8). The corresponding net-thrust ccerficient Cp was Q.74
fig. 9). Both the reduced net thrust and the net-thrust coefficient
increased wich an increase in the total-tempcrature ratio across the
enging .

Equation (10) of the arpendix indicates that the ideal over-all

efTicisncy paramcter .+ JW 18 a function of only MO and a

T.b
sirgle curve was obtained when this paramcter was nlotted as a function
of M, (fig. 10). Likowise, a single curve was obtained by plotting
550 We 3600

the i1deal net-vnower specific fuel consumntion parancter
FpVo(l +./T7)

as 2 function of M, (rig. 11). The over-all c¢fficicncy paramcter

(l-+~/Ti) and the net-power svecific fubl coneumption paramcter

550 Wy 3600
— arc plotted in figures 12 and 13, respuctively, as

ano(l ip ﬁ{)

functicns of M, and combustion ¢friciency My From thesc flgures
the combustion cificicncy at which the data wcro Ob*&lnbd can be easily
determined. The cembusticn-efriciency contours cn figures 12 and 13
wore determined frem the curves of figures 10 and 11, recspectively.
Figurcs 12 and 13 can be used to calculatc the ¢ﬂtka] valucs of engine
over- -all cfficiency ard not-power spccific fuel censumpticn. The values
or T which arc necdcd to dctermine the over-all efficlency and net-
power s secif'ic fucl constmption, can be obtaincd from figurc 9. Fer
convenicnes, the actval values of over-all efficiency n and nct-power
, 550 W, 3600
gpceiric fucl consumption — =

arc prcscnted as a function of
FnVO

My in figures 14 and 15, respectively. No curves for diffcrent valucs

of My have boen drawn bhrcugh the data bocause variations in Ty

caused the data to scattor.

The over-all cfficicncy paramcters (figs. 10 and 12) and thc over-
gl efflciency (fig. 14) inzreased rapidly with Mach nunmber. Concur-
rently, a rapid decrcasc in the nct-power spocific fucl conguwption
paramctors (rigs. 11 and 13) and the nct-power specilic fucl ccneumption
(

fig. 15) occurrcd. At M, = 1.34, a total -temperaturc ratlo across

3
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the engine T; of 5.7, and a combustion efficiency My of 70.3 per-
cent, the cver-all efficiency 1n was 12.6 percent (fig. 14). Toe
550 Wf 3600

corresponding net-power snecific fuel consumption
FnVo
was 1.06 pounds per net thrust horsepower-hour (fig. 13).

The variation of the ultimate exhaust-Jet Mach number MJ with
My is shown in fignre 16. Choking at the exhaust nozzle begins
approximately at My = 1.16. Also presented in figure 16 are theo-
retical curves of My as a furction of M, and total-pressure ratio
across the engine PJ/PDI asguming the ratio of specific heats at
the free-stream condition 70 and the exhaust--jet condition 7y

equal to 1.4 and 1.3, respectively. These curves are based on equa-
tion (13) of the anpendix. The correlation of these theoretical
curves and the experimental data ind‘cates the magnitude oi’ the
total-pressure losgs through the engine.

A discussion and evaluation of the varicus types of pressure
logs in a ram Jjet are g:ven in rererences 8 and 9. From the figures
of reference 8, the magnitude of tlie total-pressure losses across
the vari..s phagses cf the ram-jet cycle can be estimated. At a
typical engine-performance condition of MO = JLo 70l Ty = 6.0, and
My, = 0.14, the theoretizal total-pressure retin is 0.93 across the
normal shock in a convergent-divergent supersonic diffuser with
cotimum contraction ratio (reference 8, fig. 2), 0.96 across the
Tlame holder with a cold vressure-dron coefficient of 2.9 (refer-
ence &, fig. 5), and 0.91 across a constant-area combustion chamber
as a result of burning (reference 8. Fig. 6). Inasmich as the total-
pressire ratic across the engine was 0.75 at My = 1.70 (fig, 186},
there remains a total-nressure ratio of 0.92 attributable to losses
resulting from shell friction, frel-injector dragz, and subsonic dif-
fuser and exbaust-nozzle incfficiency.

It is dimpossible Lo reduce the greatest of the total-pressure
losses, the loss caused by combustion in a congstant .area tube, if
maximum chrust coefficients are desired because the ram Jet must be
cperated at high valucs of T and My. With continued research
and'develo3munt, it should be possible to decrease the total -pressure
iosses caused by the flame holder and to decrease the fuel-injector
drag, the slell fricticn, and the diffuser and exhaust-nozzle ineffi-
ciencies. S

The data in figure 16 can be uscd to extrapolate the nerformance
of the engine to Mach numbers in excess of thosc at which the engine
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wvag operaled because all of the engine losses, exceut the supersonic
diffuser losses, will remain relatlvely constant for conditions at
which MJ>’1 (Tl and Mo constant). The decreass in the theoretical
total-pressuvre recovery across the supersonic nortion of a converging-
diverging diffuser of opLimum contraction ratio with an increase In
My can be determined from figure 2 of reference 8. By application of
these calculated losaes to the total-pressure ratio across the ergire
at Mj =1 (fig. 16), an extrapolatsd curve of My can be obtained
from an extensicn ¢f the pregsure-ratio contours on that figure.

I the absolute tctal-temperature ratio T, and My are assumed
for some degired orerating conditlon, then the Mach number at the
combustion-chamber entrance Mz can be estimated from figure 17, In
this [igure, the combustion-chamber-~inlet Mach number parameter Ms./To
was praciically indepondent of MO at Mach numbers greater than 1,
although choking first cccurred at My = 1.1€.

The air-flow perameler —%«/gi and the fuel-cons:mption narzmeter
(

Wenp, 3600

VP
tively. The air-Tlow and fuel-cons.umption parameters were not aflected
by cnoking at tie exhaust nozzle and coutinned to increase at M0>>l.16.

‘

are plotted as functions of Mg 1in figures 18 and 18, respec-

The fuel-consumption arameter is presented as a fiaction of T, in

. P K
o
addition to My to incluide the effect of the term (l - Tﬁ | of equa-
& \\ i ;

7

tion (28), reizreuce 1.

Combu:gtion-efficiency data are -resenied as a function of fuel-air
ratic f/a ior the S-foot and 12-fcot combustion chambers in figures 20
and 21, respectively. A comparison of these data indicates that length-
ening the compustion shawber from 5 tvo 12 feet improved the combi:stion
efficiency about 10 vercent over the ruel-alr-ratio range at which the

engine was operated. As in reference 2, the ‘ieet losses through the
ram-jet shiell were nct ﬁﬁol.de“ in the calculation of combustion effi-

clency. If thesme hent losscem were included, the combustion -effiziency
values would be 3ancxrmui 31y 3 mercent higher for the engine havingz th
12-foot combusticn chenber and 1 nercent higher for the engine with vie
S5-foot combustion chamber. The numbers opposite each voint indicate the
vaiues of combustion-chamber inlet static nressure ro, combustion-
chamber-inlel Mach nuwber Mp, and exhaust nozzle outlet static nressure
p. (ambient static ypressure). These variables are the cnes tiought to
influence combuation efficiency ir the couwb:ustion-chamber-inlet temper-
ature To 1is constant, ‘
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It was difficult to separate quantitatively the effect of each
variable on combustion efficiency. As mentioned in references 1
and 2, a decrease in the combustion~-chamber static-pressure level
or an increase in Moy usnally resulted in o decrease in combustion
efficiency. With avproximately static sea-level pressure maintained
at the combustion-chamber inlet, pressure altitude anparently had
no effect on mny, after choking conditions were attained at thc
exhavst nozzle. No investigotion was made of the effect of reduced
p, on combustion ei'ficiency and blow-out.

The greatest combustion-chamber-inlet velocity Vo at which
thie burner was operated with a 5-foot combustion chamber was 152 feet
per second. This velocity was measured at a pressure altitude of

7,000 feet when the engine was operating under choking ccenditions
at the exhaust nozzle (M; = 1.33) and at a total-temperature ratio
across the cowbustion chamber T, = 5.0, Blow-out did not occur at
this condition and it should not be considered as the limiting
combustion-chamber-inlet velocity for this burner. The maximum Vo
attained with a 12-foot combustion chawber was 140 feet per second
at a cressvre altitude of 23,000 feet. This valve was obtained when
the engine was operzting under choking conditions at the exhaust
nozzle (Mg = 1.19).

SUMMARY OF RESULTS

From an investigation of the performance of a 20-inch ram jJet
over a wide range of pressure zltitudes and cquivalent free-stream
Mach numbers. the following rcsults were observed:

1. A net thrust of 8135 pounds reduced to standard sea-level
ccnditions, a net-thrust coefficient of 0.74, and an ovsr-all effi-
ciency of 12.6 percent were attained at the maximum equivalent frec-
stream Macih number of 1.84 at which the engine with a 5-fool com-
bustion chamber was operated. The corresponding spec fic fuel con-

vmption was 1.06 ncunds per net thrust horsepower-hour. At this
cocndition the total-tempsrature ratio across the engine was 5.7 and
the combustion eifficiency was 70.3 percent.

2. The engine with a 5-foot combustion chamber was operated at
corbustion-chamber-inlet velocities up to 152 feet per second. This
velocity was attained during choking at the e¢xhaust nozzle and at a
ratio of absolute total temncrature at the exhaust-nozzle exit to
that at thc combustion-chamber inlet of 5.0.
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3. In the range investigated the principal total-pressure loss
was caused by combustion, At an squivalent free-stream Mach number
of 1.70, a combustion-cliamber-inlet Mach number of 0.14, and at a
total-temmerature ratio across the engine of 6.0, the total-pressure
ratio across the engine was 0.75. For these condlitions the estimated
total-pressure ratios across the variovs vhases of the ram-jet cycle
that contribute tc total-pressure losses werc as follows:

Total-pressure ratio across the supersonic »ortion

©aP GRLDTEETY 5 6o 5 6 5o 8 0 @ 9 0 o 0 0G4 odo 6o do o WEE
Total-pressure ratio across flame holder . . « « « « +» « « o 0.96
Total-pressure ratio across combustion chamber as

a vepult of comBustion [« « ¢ « « & « & .0 s « s s s o ¢ & 0,90
Total-pressure ratio caused by losses across sub-

sonic portion of diffuser, exhaust nozzle, fuel

injector, and combustion chamber as a result of

ghell Peiction |o - o slc @ o 5 6 @ = o 0wk o oe oo s A ow s O.92

4, AC a constant gas total-temperature ratio across the engine.
and 2 constant cormbustion efficiency, the performance curves of the
engine were not noticeably affected by changes in the combustion-chamber
length. Although increasing the combustion-chamber length from S to
12 feet improved the combustion efficiency, the omerating range of the
engine was reduced .
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5. No change in the nerformance or operating range of the
engine was observed when the i'uel was changed from preheated
unleaded 62-octane to preheated leaded 100-octance gasoline.

Flight Provoulsion Ressarch Laboratory,
National Advisory Comnittee for Aeronautics,
Cleveland, Ohio.
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\PPENDIX - METHODS OF DATA REDUCTION

The data presented in this paper have been reduced and correlated
for the most part by the methiods discussed in reference 1. Because
gome of the data were obtained at equivalent free-gtream Mach nuubers
Mg warkedly greater than those in reference L, the uethods ol data
reduction have been modified to include the effects of variables that
erc negligible at the lower equivalent freec-stream Mach numbers.

Equivalent Free-Streem Mach Nuwber

The equivalent free-stream Mach number M, was determined from
the relation

| ' | 7o-1 ]
L/ PN Y ,
2 2 [ ¢ d\ 0
M8 = e i 2 =l 1
7’\) - 1 |‘\ po ; ( )
i < o

For values of MO less than 1, the diffuser-inlet total pressure Pl
was taken as the free-stream total rressure Pjy.

For valies of M reater than 1, the measured inlct total pres
surce was adjusted in the ratic of the total vressures acrassg an assamed
supersonic diffuser. This pressure ratio was taken as the theor:ztical
wregsure ratio across a normal shock at the throat of a convergent-
divergent superscnic diffuser designed to allow shiock entrance at the
wertinent Mach number. (See reference 10.) Because even more favorable
pressure ratios have been obtained on a different tyve of supersonic
diffuser (references 11 to 13), this assum“Tlon scemed reasonable.

—

Exhaugt-Nozzle-Exit Tsuperature

]

As derived in reference 1, the exhanst-nozzlc-exit temperature T,
was deternminec. from the expression

. s
{ . i
T 54A}::J _ ‘34‘1\.42(-,\4 = .DU) N i.. Ji) J - AI)_\‘LL - PO)‘ (?)
. S e ) 2 i
med ngG 25Jcp,4mg

When the ultimste exhaust-jet Mach nuwmber My is less bthan 1, an error
ree

in T, of less than 2 p ant results if », is assumed equal to po.
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This assuwption, however, leads to increasingly erroneous values of
Ty for conditions of M; greater than 1. It is necessary to deter-
mine n,; Wore accurately at the conditions for which M, 18 greater
than 1. B

Becailse My is apnroximately equal to 1 rfor all conditions of

MJ greater than 1 74
) e
P (.7‘4_ S ~~\'._
{ (3)
&

=3

Further, the jet tirust FJ can be exvressed as

{ 74 '.l _|
! s |
274 i P‘i\\ £ ;
F, = A e R e ) (4)
- ] =44 \ /) 4154 0
J 74 = l ; P4/ ‘ i

From a comb’'nation of .equations (3) and (4), the following exwression
results:
o Po

SC S VI (D B (ORI D) S

Equation (5) was used to determine » for all data presented for
conditions where MJ was greater than 1.

Over-All Efficiency Parameter

The over-all efficiency parameter was mcdified to include the
effect of variations in the total-temmerature retic across the engine
T (To assumed cqual to Tl) cn the over-all efficiency. This

effect became noticeable at high values of M. The over-all effi-
clency of the engine is

_ output _ FﬁVO. (6)

input thJ
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It 1s assumed that the ratio of specific heats 7 does not change
through the ram Jjet, that nu energy loss occurs in the diffusicn and
efTusion vrocesses, and that the ges flow is essentially the air flow.
Then the net thrust Fp, free-stream velocity Vg, and fuel consump-

tion We can be stated as follows:

‘d ST e
Fy= E?VC (v T - 1) (7)
Mo/ 7 o6RT,
= (8)
/ 1
i 7o T
rL o+ M
/ 2 J
W . C. n ( g = I )
Wl = g t)).“ = L (J)
: My

Substitution of equatious (7), (&), and (9) into equation (8) gives,

as an apnroximation, the over-all efficiency in terms of MO’ nb,
and T_. Thus
1
B 2
(7 - .L\ 14 7 il =N
0 0] :
o= / b \ (10)
% L. 5 A1 & J/T7 /
Ly ey S VT

Equation (10) shows that the quantity cif’ n(1l + ,/?1) ig primarily a

function of M, and 7. The quentity n(l +~/?j) was therefore

0
plotted as a function o My and 7.

Similarly, by surstitution of equation 10) into equation (6),
550 W, 3600
the net-power specific fuel consnmption parameter : sy is
nJ

primarily alsc a function of MQ anad M This quantity was therelore
plotted as a function of MO and My, * :
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Ultimate Exhaust-Jet Mach Number

For conditions at which the ultimate exhaust-jet Mach number
M; was less than 1, its value was calculated by the method described
in reference 1. For valves greater then 1, M; was calculated in
the following manner: :

Because tiere is relatively small loss in total nressure between
stations 4 and j, Jjet Mach number MJ cen be expressed as

J

7 .=1 ]
s

BINE
5.2 = B | ol (11)

RS Tl RV

Inasmich as M is anproximately equal to 1.0 for all conditions of
M; greater than 1, P, from equation (3) can be substituted into
equation (11). Thus, assuming 73 equal to 74

o

5 7.+ 1 pgN 74 |
R el e Y (12)

o 7J '\_f{) l

The exhaust-nozzle-exit static pressure p, is given by equation (5]

Total-Pressure Ratic Acrouss Engine

The thecretical curves of M as a function of My and the
total-nressure ratioc across the eﬂgihe PJ/PO nresented in fig-
ure 15 were calculated by means of the following expression:

| e
1 7J - l 1 2' y‘j-l
1+ YN
S 2 ! J (13)
PU o '3.2&1“
Yo - 1 w2 701
b =g

Equation (1) ‘s based on tlhe assumption that pJ is equal to po.




18

NACA RM No. EGLO6

RE.L —JP-E'NC‘JL)

1. Perchonck, BEugene, Wiicox, Fred A.;, and Sterbentz, Wililiam H.:
Preliminary Develcpment and Performance Investigation of a 20-Inch

Steady-Flow Rau Jet.

NACA ACR No. E6DOS, 1946,

2. Perchonok, B gene, Wilcox, Fred A., and Sterbentz, Willlam H.:
Investigation of tle Performance cof a 20-Inch Ram Jet Using Pro-
heated Fuel. NACA RM No. Z6I235, 1946.

3. Peterson, C., and DeVault, R. T.: Subsonic Ram Jet Development oL
tlie Marquardt Alrcrait Co. C-20-.85 Ram Jet Engine. (Sunmary
Revort) USCAL Rev. No. 2, Univ. Southern Calif., Dec. 1, 1945.

(Revised, March 15,

1946.)

4. Bevans, R. S., Suipwan, J. J., Smith, F. W., end Williems, G. C.:
Subgonic Ram Jot Combustion Chamber Program. (Summary Report)
DIC 6201, Jet Pronulsion Combustion Chamber Res., M.I.T., April 16,

1945,
S Pabst Vorldifize Aitteilung Uber den Versuch un der FW~wa"dﬂso im
indkunal AJ devr LFA BIL“USChYbHQ. Bericht Hr. U2 045, Gasdynamische
Vr“sunn84r3uaLu, Focke ~Wwuli Flugeugbaw G.m.b.H. (Bremen), 1944

(aprrox.).

6. Singer, E., and Bredt,

- - . . 1 1
T.: Uver einen Lorinantiev fir Strahljéger.

o 5 A — i o
Deutsche Forschungsaistait rir Segeliiug E.V., "Lrnst Udet", z.
Zt. Ainring, Deutsche Iuftfalatforschrng, Unte uchungen nd
Mitteilvngen Nr. 3509, ZWB (Berlin-Adlershof), Oct. 1943,

7. Anon,.: Suversonic Flow and Shock Waves. A Manual on the Mathewatical
Theory of Non-Linear Wave Motion. AMP Rep. 38.ZR, AMG-NYU No. 62,
New York Univ., Appl. Math, Group, NDRC, Anpl. Math. Panel, Aug. 1944.

8. Silverstein, Ate: Internal Aerolynamics of Ram Jets. Dapers mre-
gented before the NACA Conference on Suverscnic Acrodynamics
(Ames Aero: Leb.), June 4, 194C.

9., Williams. Glenn C., an

OS.{” Jet -Fx LY clled 1

d Cuirn, John C.: Ram Jet Power Plants.
9.
iesiles Panwl, Coordinutor Res. and Develop-

ment, U.3. Navy (qun ingten, D.C. ), Muy 1945.

10. Kantrowitz, Arvhur,

and Donaldcon, Ccleman duf.: Preliminary Inves-

tigetion of Sipersonic Diflusvrs. WACA ACR No. LiD20, 1945.




NACA RM No. E6LO6 49

11. Oswatitsch, Kl.: Der Druckrﬂﬁkgewinn bel Geschossen mit
Riickstossantrieb bei hchen Uberschallgeschwindigkeiten (Der
Wirkungsgrad von Stossdiffusoren). Bericht Nr. 100S,
Forschungen und Entwicklungen des Heereswaffenamtes, Kaiscr
Wilhelm-Inst. f. Strémungsforschung, GOttingen, Jan. 1944. -
(The Pressurc Recovery of Projoctiles with Jet Propulsion at
Iigh Supersonic Syceds (The Efficiency of Thrust Diffusors).
Trans. by Douglas Aircraft Cc., Inc., 1946.)

12, Oswatitsch, Kl., and BShm, H.: Luftkrdfte vnd Strémungsvorgénge
bei angetriebenen Geschossen. Bericht Nr. 1010, Nr. 1010/2,
Forschungen und Entwicklungen des Hecreswalfenamtes, Kaiser
Wilhelm-Inst. f. Strémungsforschung, GOttingen, Aug., Oct.

1944. (Air Forces ond Flow Phenomena on Propelled Projectiles.)
Trans. by Douglas Aircraft Co., Inc., Feb. 14, 1946.)

13. Mocckel, W. E., Connors, J. F., and Schroeder, A. H.: Investiga-
tion of Shock Diffusers at Mach Number 1.85. I -~ ProjJecting
Single-Shock Cones. NACA RM No. E6K27, 1947.







Figure

l.—installation of 20-inch ram jet with lZ-foot

16.8-inch-diameter exhaust nozzle

in altitude

combustion chamber and
wind tunnel .

*ON WY VOVN

90193

614






Figure 2.

Installation

of

four-

Four-tube

and seven-tube
di ffuser.

Seven-tube

injector

fuel

NAT {ONAL ADVISORY
COMMITTEE FOR AERONAUTICS

injectors in 20-inch

injector

ram-jet

*ON WY VOVN

90193






NACA RM No. E6LO6 . Fig.

NACA
C. 13975
12.20- 45

Figure 3. - Flame holder used in wind-tunnel investigation
of 20-inch ram jet.
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Figure 4. - Modified combustion-chamber section used in wind-
‘ tunnel investigation of 20-inch ram jet.
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Figure 5. - Exhaust jet issuing at supersonic speeds from
exhaust nozzle of 20-inch ram jet during wind-tunnel
investigation. :







Reduced jet thrust, F,/6, 1b
J

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
14,000
12,000
Combustion-
chamber
length
(rt)
10,000 (@) L)
a 12
8000
L
6000
4000
2000 r
0

o 2 .4 .8 .8 1.0 1,2 1.4 1,6 1.8 2,0
Bquivalent free-stream Mach number, L)

Figure 6,- Effect of equivalent free-stream Mach number My and combustion—-chamber length on reduced jet
thrust PJ/G. 20-inch ram jet with 16.8-inch-diameter exhaust nozzle; Jjet thrust reduced to WACA
standard atmospheric conditions at sea level,
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Reduced net thrust, P /6, 1b
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Figure 8.~ Effect of equivalent free-stream Mach number My and total-temperature ratio 1y on reduced

net thrust Pp/8, 20-inch ram jet with 5-foot combustion chamber and 16.8-inch—diameter exhaust

nozzrle; net thrust reduced to NACA standard atmeospheric conditions at sea level.
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Figure 9,- Effect of equivalent free-stream Mach number M
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