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RESEARCH MEMORANDUM

METHOD FOR SHORTENING RAM-JET ENGINES BY BURNING
HYDROGEN FUEL IN THE SUBSONIC DIFFUSER

By A. J. Cervenka and J. W. Sheldon

SUMMARY

Merging of the subsonic diffuser and the combustor appears feasible
with a highly reactive fuel such as hydrogen. At typieal ram-Jet operat-
ing conditions the flame speed of this fuel is high enough for burning
to be stabllized at veloclties of 600 feet per second by means of a fuel
Injector alone. Thus it was possible to seat the flame at a station where
the Mach number was 0.4 to 0.5 rather than 0.2 as is done conventionally.
Besides the decrease in engine length and weight, a further gain was
found due to a uniform exhaust-gas temperature distribution which varied
as little as +7 percent from the mean of 2100° R. Also, combustion ef-
ficiency was Improved at lean fuel-air mixtures; values of 20 percent or
higher were obtalned at equivalence ratios as low as 0.1l. However, the
total-pressure loss coefficient increased to 9.8 from 2.6 for the con-
ventional system at s temperature ratio across the combustor of 2.8. An
estimate of the net effect of these factors was made on the basis of
range potential of a ram-jet-powered missile. At a lean fuel-air ratio
the gain in range was estimsted as 16 percent above that of hydrogen
fuel used in & conventional configuration.
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This progrem is part of an NACA investigation to determine the OCT 23 1956

possibility of improving the range of jet-propelled aircraft through the
use of high-energy fuels. Aerodynamic anslyses have shown (ref. 1) that
e ram-jet-powered misslle of a glven welight has a range potentizl as much
as 70 percent greater with hydrogen than with hydrocerbon fuels., TIt may
be possible to further increase the potential of these speclal fuels such
as hydrogen by meking use of their high reactivity to reduce engine
length and welght.

One of the obstacles to shorter engines is the subsonic diffuser.
Its function is to reduce air velociiles from Mach numbers near 1 to
values of around 0.2 at the diffuser exit. The method most freguently
uged to shorten diffuser length 1s to make the divergence angle greater
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than the conventional 6°. However, this often results in nonuniform air
flows and fuel-air mixtures and consequent reduction in thrust due to
tempersture stratification as well as engine failure due to overheating
of walls. g :

The objective of this program was to investigate the feasibility of
nerging the subsonic diffuser and the combustor. This would have the
obvious advantage of shortening the over-all engine length. Another
possible advantage would be a uniform flow profile at the point of fuel
introduction. In addition, with a controlled rate of heat release, sharp
divergence angles could be tolerated without separation, since a favor-
able pressure gradient could be maintained. Obviously, these advantages
would be welghed against the increase in total-pressure loss duvue to addi-
tion of heat at a high Mach number.

The resﬁlts of experiments with a 92—inch ram Jet installed in a

free-jet faclility are reported. Tests were conducted &t an inlet-air
pressure of about 1l atmosphere and over a range of temperatures from
100° to 400° F. Burner-inlet Mach numbers based on meximum ccmbustor
crosse section were around C.2. The variables investigaeted and their ef-
fect on range were diffuser and fuel-injector geometry. In addition, an
estimate of the rate of temperature rise along the combustor axis was
made for two dissimilar fuel injectors and for a range of Inlet-air
temperatures.

SYMBOLS
The following symbols are used in this report:
cross~sectional area, sq ft
diffuser length, £t

Mech number

total or stagnation pressure, 1b/sq ft abs

YY" = B »

total-pressure-loss factor

dynamic pressure, lb/sq ft abse

total or stagnation temperature, °r

§y B8 e

temperature-gtratification factor

t gstatlic temperature, °r

6TT%
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\'i linear velocity, ft/sec_

v 4 engine-welght factor

' specific-heat ratio

1 combustion efficiency

T ratio of total temperatures
Subscripts:

é:g:g:g’ stations in analytical engine
m mean

x station in snalytical engine
1,2,3,4,

engine stations (see fig. 2)

APPARATUS
Free-det Facility

A free-Jet facility is a very useful tool for evaluating supersonic
ram-jet engines slnce it provides s good slmulatlon of supersonic flight.
However, for many combustlon studies a much simpler and cheaper connected-
pipe facility is adequate. An attempt to combine the simplicity of
connected-pipe operation with supersonic flight simulstion was made in
the Installation diagramed in figure 1. As can be seen in this drawing,
the system is a free jet which can also be operated as a connected-pipe
facility through the simple mahipulation of valves. The accessiblility
of a connected-pipe rig has been retained since most of the test engine
is exposed.

Combustlion air was supplied by the laboratory air supply system.
The same supply furnished primary alr for the ejector altitude exhaust.
Combustion air was metered and throttled before entering the inlet plenum.
From the plenum the flow path led through the free-jet nozzle, the engline
and spill-gair line, and to the altitude exhsust system. Modulation of
the motivating air flow to the ejectors was the only means for controlling
the pressure level in the engine.

—
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Ran-Jet Engine

A sketch of the engine is shown in figure 2. The engine inlet for
all configurations tested was a splike diffuser designed for a flight
Mach number of 1.8. This diffuser was 1dentical to that used for the
free-flight configuration of reference 2.

Pilot fuel was introduced into the centerbody between stations 1
and 2, and ignited by a spark plug. The air for the pilot recirculsted
from the downstream end of the centerbody, and the hot gases from the
pilot ignited the main fuel. The main fuel was injected in the plene of
station 2, and the combustion chamber extended to station 8. This sta-
tion was the inlet to a convergent-divergent exhaust nozzle designed for
the same Tlight conditions as the inlet.

Combustor Configurations

The variocus configurations investigated are shown in flgure 3.
All of the configuration changes consisted of variations in the center-
body and fuel inJectors. The axial distances between stations were held
constant. The pertinent features of each configuration are summarized
ag follows:

6TTY
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Config- Centerbody design Fuel injector
uration

Station 1 to station 2

Station 2 to station 7

A

Conical section, 6%—

inch 0.D. at station 1
tapered to 4-inch 0.D.
at station 2

Conical section of con-
figuration A plus vor-
tex generators attached
at station 1

Cylindrical section,

6—38=-inch 0.D.

Y

Cylindrical section,
1

5
6§-inch 0.D., llg

inches long. Zg-inch-

long conical section
tapering to 5.14-inch
0.D.

Cylindrical section,
E%-inch 0.D., u,g

inches long. Zgninch-

long conical section
tapering to 5.82-inch
0.D.

No centerbody

Y
Conical section tap-
ered from 6%—inch 0.D.

to 4-inch 0.D. with
length of 11 inches

Conilcal section tap-
ered from G.Jé:-inch 0.D.

to 4-inch O.D. with

length of 5% inches

Conlcal sectlon tap-
ered from S.l4-inch
0.D. to 4-inch 0.D.

with length of

3% inches

Conical section tap-
ered from 5.82-inch
0.D. to 4-inch 0.D.
with length of Bg

inches

Eight radial
spokes inject-
ing normal to
alrstream

Ammular ring in-
Jecting normal
to eirstream

Annulaer ring in-
Jecting down-
stream

—— ——

———
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Puel System

The hydrogen fuel was supplied in cylinders with totel capacities
of 420 pounds of hydrogen and a gas pressure of 2400 pounds per square
inch gage. The fuel was taken from the cylinders through pressure- ——
reducing valves, a metering orifice, and a throttle valve to the engine
manifold. A gas analysis showed the fuel to be more than 89 percent

pure.

Instrumentation

6TT?

The combustion air and spill alr were measured by orifices in thelr
respective ducts. The fuel-flow rate was measured by an orifice con-
forming to A.S.M.E. stendards. The differential pressures were indi-
cated on manometers, and the line pressures were 1ndicated on Bourdon-

tube gages. : -

Inlet and exhauét plenum pressures and static pressures at various
stations along the engine and free-Jjet nozzle were indicated on mancmeters.

A self-balancing potentiometer recorded exhsust temperatures meas-
ured by 20 chromel-giumel thermocouples at station 9. Temperatures in
the fuel and combustion air lines were read on nonrecording potenticmeters. -

Probes designed to measure total gas temperature and total pressure
at a point were used to traverse the dlameter of the duct at stations 7,
8, and 9. Static taps were located in the engine wall opposite these o
probes. Each probe consisted of a l/B-inch-diameter totel-preassure tube
and a chramel-alumel thermocouple, both located in a 3/8-inch-diameter
radiation shield. This shield was parallel with stream flow and open at
elther end, allowing flow over the thermocouple and totel-pressure tube.

PROCEDURE

Free-jet operation of the facility required simply opening of the
spill-air valve and meintaining a minimum pressure ratio across the
system. Supersonic flow was thus established in the free nozzle, and a
maximum of one-half of the alr flow was captured by the engine. The re-
mainder passed through and was metered in the spill-air line. Engine air
flow was the difference in total ailr metered ahead of the plenum end
spill air. 8ince the altltude exhaust capaclty was quite limited, the
required pressure ratio could be maintained only with the Mach 1.4 free-
Jet nozzle.
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During connected-pipe operation the .splll-air-line valve was closed,
and all of the alr flow metered by the combustion zir orifice passed
through the engine. The flow veloclity through the free-jet nozzle was
subsonic.

A ram-jet combustor and diffuser of conventional design in which air
is diffused to a Mach number of approximately 0.2 before fuel 1s injected
was lnvestigasted initially and the results were used for reference pur-
poses. In subsequent configurations, fuel was Introduced intoc a higher
velocity airstream. This variation in air velocity at the fuel station
was achieved by sultable manipulstion of the cross-sectional area of the
centerbody, rather than by actual movement of the fuel injectors. Flow
blockage at station Z is shown in the following table:

Config- | Flow blockage &at
uration | station 2,
percent of total
cross section
Fuel Center-
injector | body
A 10.1 18.8
B 10.1 18.8
C 10.5 41.0
D 10.5 41.0
E 10.5 41.0
F 11.2 27.9
G 11.2 35.5
H 11.2 35.5

With each configuration the data required to determine combustion effi-
ciency, temperature and velocity profiles, and burner total-pressure
lose were recorded.

Combustor Operating Conditions

The varlious configurations were compared at the following combustor
operating conditions:

Inlet-air static pressure, In. HE 8bs . « & ¢ ¢« « ¢ o s » « o « « 3042
Inlet-air total temperature, OF . ¢« ¢« « ¢« ¢ ¢« ¢« ¢ ¢ ¢ s o « « o 220410
Inlet-air velocity, fE sec . ¢ ¢ ¢ ¢ o = ¢ ¢ &« ¢ = o « « . 250 %0 270

These values correspond approximately to the cambustor-inlet conditions
in a ram jet flylng at a Mach number of 1.9 at a 40,000-foot altitude.
Two of the combustor configuratlions were alsc operated at Ilnlet-alr tem-
peratures of 100° and 400° F. Since a section of the burner immediately

rwv——
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downstream of the fuel injectors was uncooled, maximm fuel-air ratio
was limited by burner wall temperature. This limlt varied somewhat with
configuration, but the usual maximum was an equivalence ratioc of 0.3.

Temperature and Velocity Surveys

' Temperature and velocity surveys at stations 7, 8, and 9 were made
with movable probes. The cambustor-inlet conditions listed in the pre-
ceding section and the maximum fuel-air ratio that could be measured
without damage to the survey instruments were held constant during the
survey. Data were recorded at each position of the survey probe, at
approximately l-inch intervals across the combustor diameter. Wall
static pressure was measured at each survey station and was assumed to
be constant for that plane. From this static pressure and the total
pressure measured at a given point, the local Mach number was deter-
mined. The local velocity was then readily calculated from this Mach
number and the measured total temperature. Corrections to the total-
temperature readings were assumed to be negligible, since a radiation
shield was used.

Cambustion Efficiency

Cambustion efficiency was determined over a range of equivalence
ratlios with each configuration. Equivalence ratio is the metered fuel-
alr ratio divided by the stoichliametric fuel-air ratio of 0.02%4 for
hydrogen and air. The temperature of the exhaust gases at station 9 was
measured with 20 bare-wire thermocouples. The method for correcting the
thermocouple readings and for calculating combustion efficilency was
similar to that of reference 3. Since the thermocouples were located
upstreem of the nozzle rather than at the nozzle throat as in reference
3, the radiation and recovery factors were slightly different for the
two cases. An arithmetic average of-the corrected temperatures at sta-
tion 9 wae used to determline the enthalpy rise of the exhaust products.
Combustion efficiency was defined as the ratio of the enthalpy rise of
the exhaust products to the heating value of the fuel used. Gaseous hy-
drogen at 75° F has a lower heating value of 51,571 Btu per pound.

Burner Pressure Loss

Burner-pressure-loss coefficient wes defined as (Pl - Pg)/q7. The
total pressure at the burner lnlet Pl wag calculated from measured
values of air flow and static and total temperatures at station 1 Pg

wag obtained either by direct measurement or by the same method used to
determine P;; g7 1is a fictitious velocity pressure which would be

-—
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realized at the maximum burner area if an isentroplec expansion cccurred
between station 1 and the maxlmum burner cross section. Pressure-loss
date were obtained both with cold alr flow and burning for most of the
configurations.

RESULTS

Eight combustor confligurations were evaluated on the basls of uni-
formity of temperature and veloclty of the combustion gases, total-
preasure loss, and cambustion efficiency as a function of burner length.

These results were obtained with connected-pipe operation of the facillity

except where noted.

Temperature and Velocity Profiles

The temperature and veloclities measured at stations 7, 8, ang 9
with configuration A are shown in figure 4(a). Configuration A was con-
sldered representatlve of conventional designs for hydrogen fuel where
the subsonlic diffuser srea ratio is sufficient to reduce the flow Mach
number to a value near 0.2 gshead of the combustor. In all of the re-

maining configurationas fuel was injected into a higher velocity airstream

where the Mach number was 0.4 to 0.5. These profiles were quite typlcal
parabolic distributions with the peaks at the center of the duct, and
the average temperature lncreasing with combustor length. The regions
of high temperature were also high-velocity regions, which resulted in
a fairly uniform Mach number at a given station. Near the combustor
wall gas temperatures were essentially the same as the inlet-alr temper-
ature, indicating & very low mixing rate. The ratic of maximm to mini-
mm gas btemperature was greater than 2. The use of vortex generators In
the diffuser, configuration B, produced slightly flatter profiles (fig.
4(b)) than those measured with configuration A.

Configuration C represented the opposite extreme from the two pre-
ceding configurations in that no length was allowed for diffusion from
a high to a low subsonic veloclty. Fuel was Iinjected into the uniform
flow field before this sudden expansion. With configurastions in which
fuel is injected into a high-velocity airstream, the annular injector

was belleved to give better fuel distribution than the radial tube system.

An initial test with configuration C, an annulsr fuel Injector having

128 orifices, 3/64 inch in diasmeter, exhibited a poor temperature pro-
file. Additional tests made with an injector having 96 of the same size
orifices showed an improved tempersture profile. Results for the S96-Hole
injector are shown in figure 4(c). Some flattening of the temperature
profile over thaet found with configurations A and B was noted, and the
mean temperatures at stations 7, 8, and 9 indicated that combustion was

~

o —————
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completed at station 7. However, burning stabllity at lean fuel-air
ratios was poor with this injector, and succeeding tests were conducted
with the 128-hole 1njector.

The addition of a conical section to the centerbody, configuration
D, provided a more gradual transition in flow ares downstream of the
fuel-injectlion station. Since with hydrogen fuel flame 1s readlly seated
on the fuel injectors, a simultaneous heat addition and diffusion process
occurred. The temperatures and veloclties measured with configuration D
are presented in figure 4(d). Excellent temperature profiles were ob-
tained with a variation of +150° in 2100° R at station 7 where burning
was complete. Similar results, shown in figure 4(e), were obtained with
configuration D in free-Jet tests. Engline operation was smocoth with
supercritical diffuser flow. ) '

From the standpoint of temperature profiles, little improvement
could be expected from further modifications. However, as is dlscussed
later, the total-pressure loss with configuration D was higher than with
configurations A and B. The followlng discussion reviews the results of
attempts to obtaln a combination of a uniform profile and a low total-
pressure loss.

Two methods for reducing pressure loss were trieds; one consisted of
reducing the Mach number at the polnt of fuel inJection and the other
reducing the heat release in the diverglng part of the combustor. The
Mech number at the fuel injectors was reduced by lncreasing the flow
area at the point of fuel injectlion. The heat release in the diverging
part of the combustor was reduced by two methods; one was to lncrease
the diffusion angle and the other was to inject the fuel in a downstream
direction. The diffuser angle was increased in configuration E; the dif-
fuger angle was increased and the fuel injectors were located in a larger
annular area in configuration F; and the fuel injectors were relocated in
configuration G. Fuel was injected downstream in configuration H. The
temperature and veloclty profiles with these configurations are glven in
figures 4(f) to (1). The temperature surveys with these configurations
at station 9 gave the following resulis. With configuration E the vari-
ation in temperature was *110° F; with F, +200° F; with G, #60° F; and
with H, £460° F at a mean temperature of about 1800° R.

Pressure Loss

The total-pressure-loss coefflicient (Pl - Pg)/q7 across the various

combustor configurations is shown as a function of combustor temperature
retio in figure 5. The total pressures were determined at stations 1 and
9, and the dynamic pressure q was based on the maximum burner area.

6TTY
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The pressure losses for configurations A and B were lower than for
the others. Configuration D, which gave uniform exhaust temperature pro-
files, had a pressure-loss coefficient of 9.8. However, with the excep-
tion of configuration E all of the cold-flow coefficlents were moderate.
With this configuration the cold-flow coefficient increased from 4.5 to
7.4 with the addition of a typical value of fuel rate. The volume of
fuel-air mixture before combustion increased by 14 percent. It is
particularly Interesting to note the trend in pressure loss with temper-
ature ratio across the combustor (configuration G, e.g-). The two limit
curves represent the maximum and minimum losses possible assuming all of
the heat was released iIn either the minimum or meximum diffuser area.

At low fuel-alr ratios the pressure-drop data follow the minimum curve
but shift towards the maximum with richer operation. This shift indi-
cates that the quantity of fuel burned in the minimum diffuser ares
increased with increaséd fuel-air ratio. The effect of fuel-injection
method is seen by comparing the data of configurations G and H. Normal
fuel injection gave higher losses than downstream injection.

Combustlon Efficiency

The burner-inlet conditions at which these tesis were conducted
were quite favorable for combustion. Pressure was 1 atmosphere or great-
er, temperature was 100° to 400° F, and velocity was 240 to 300 feet per
second. It was desired, however, to operate at lean fuel-air mixtures,
which according to reference 4 have essentlially zero flame gpeed. Ob-
viously, if high combustion efficlencies are to be obtalined at over-all
lean fuel-air rgtlos, burning must proceed rapidly enough so that the
locally rich mixture at the injector is burned before it is diluted.

The combustion efficlenclies shown in figure 6 can be considered in this
light. PFuel injected normel to the airstream (configuration G) mixed
more rapidly than that injected downstream (configuration H). Conse-
quently, combustion efficiencies dropped off more rapidly as the fuel-
glr mixture became leaner with normal than with downstream injection.

An even more rapld loss 1n efficiency was observed with configura-
tion A, which also had normal fuel Injection. A possible explanation
for this was that the fuel Injectors were located In a region where the
alr flow was nonuniform and locally aggravated the mixture dilution.

At equivalence ratios greater than 0.25 combustion efficlencies of
90 to 100 percent were obtalned with all the configurations tested.
DISCUSSION
Evaluation of a combustor configuration must consider the cambined

effects of combustion efficiency, pressure loss, temperature stratifi-
catlion, and engine length on over-all engine performance. Since a

.
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ram-jet engine burning hydrogen would probably find application in a
long-range misslle, the influence of some of these parameters is con-
sidered in reference 5. The conclusions of that study are the basis for
anelysilis of the experimental results. Moreover the authors of reference
S supplied some unpublished relastions that made possible an estimate of
the effect of temperature stratification on range.

Very briefly, the various factors influencing range were estimated
in the following manner. Range is directly proportional to combustion
efficiency. An isothermal pressure-loss coefficient of 1 1s equivalent
to a l-point loss in combustion efficiency. For the case of burning in
the diffuser, the pressure drop above the minimum was considered an in-
crease in the isothermnl pressure-loss coefficient. The exhaust-gas
temperature-gtratification effect was estimated as & 2-percent loss for
a parabolic profile where the ratic of meximum to minimum temperature
was sbout 2, and there was no loss for the flst-profile case. The
engine-welight parameter was calculated as follows. An increase 1in en-
gine weight from O to 150 pounds per square foot reduced range 9 percent.
However, since the supersonic diffuser and the exhaust nozzle were esti-
mated to represent one-half of the engine weight, eliminating the sub-
sonic diffuser and the combustor would increase range less than 5 per-
cent. For a constant-angle subsonic diffuser, the length required to

dlffuse from sonic velocity to a Mach number of 0.2 is 4% timeé the

length required for diffusion from sonic to 0.5 sonic speed. Therefore,
the simplification was made that the first part of the subsonlic diffuser
was weightless. It should be noted that the range comperison is spe-
c¢ifically for the conditions covered-in reference 5. The rating of the
varlous combustors varies with assigned operating conditions. However,
the comparison presented, in addition to being illustrative, provides

a comparison at fairly typical ram-jet conditions.

The net effect on range is the product of the coambustion efficlency
1, pressure-loss factor &P, engine-weight factor ¥, and tempersture-
stratification factor F. For example, with configuration A at an
equivalence ratio of 0.15, combustion efficiency was 82 percent; the
cold-flow pressure-loss coefficlent, AP/q was 0.5 and therefore & was
0.995; the temperature-stratification loss was 2 percent, which gave a
g of 0.98; and the engine-welight parameter ¥ was 0.91. The range
parameter was the product of these values and equalled 0.74 for this
cage and 0.86 for configuration H. Similar estimates for other con~
Tigurations and equivalence ratios were made, and the range parameters
are plotted in figure 7. For lean operation, configuration H was best
mainly because combustion efficiency was the highest (97 percent at an
equivalence ratio of 0.15). At an equivalence ratio of 0.3, the range
of all three configurations was the same, but at slightly leaner opera-
tion configuration G was the best.

BTIT?



4119

NACA RM ES6G27 L 13

It is important to note that configuration G is best suited for op-
eration over a limited range of fuel-air ratlo, but within these limits
its range potential is the greatest. The reduction in over-all engine
length with this configuration was estimated as 50 percent of the con-
ventional engine design. Since a long-range ram-jet engine cruises at
a Tixed temperature ratio across the combustor, a method for designing
a conflguration such as G for operation at a glven fuel-sir ratio 1s
discussed in the following sections.

ANALYSIS AND DESICGN APPLICATION -
Analysis

It has been shown from a range standpoint that merging of the sub-
sonic diffuser and combustor is desirable, particularly for engines de-
signed to operate over a narrow range of flight Mach number and fuel-air
ratio. 8Since decelerating flow is conduclve to flow separation, this
design problem may be solved by maintaining a constant gas velocity in
the diffuser by the addition of the right amount of heat. To achleve
this flow condition the relation between temperature rise and area
change must be determined. Also, experimental data for heat-release
rate as a function of inlet conditions, fuel-air ratio, and fuel in-
Jector geometry are regqulired. The relation between temperature and area
retio for constant gas velocity and the methods used to arrive at total
temperature from static-pressure measurements are discussed in appendixes
A and B, respectively.

A typical plot of total temperature along the axis of the combustor
ag calculated from statlic-pressure measurements l1ls shown in flgure 8.
With fuel injection normal to the alrstream, the temperature rose rapidly
in the first half of the burner, and little rise was noted in the down-
stream half. The average temperature measured at the combustor exit is
1720° R compared with & calculated temperature of 2070° R. In tempera-
ture surveys made with configuretion G and shown in figure 4(h), no
measurable rise in tempersture was noted between stations 7 and 9. A
comparison of measured temperature at the cambustor exit with calculated
temperature at statlon 7 shows good agreement, and 1t appears that the
further calculated temperature rise is due to friction pressure drop
psst station 7.

The temperature rise between stations 1 and 6 as calculated from
wall static-pressure measurements is shown 1n figure 9. The variables
investigated were fuel-air ratio, inlet-air temperature, and fuel-
injection method. At this test condition inlet-air temperature did not
influence the rate of heat release.
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Tempergture rise lncreased with increasing fuel-sir ratio for both -,
normel and downstream injection, but the rate of increase was much great-
er with normal than with downstream lnjection. From these results it
was concluded that at these operating conditions mixing of the fuel and
air rather than chemical-reactlion rate controls the rate of heat release.

Design Application . _

The design application 1s based.upon a method of keeping the veloc-

- H
ity constent in the terminal part of-the subsonic diffuser where the E
Mech number is 0.6 or less. As discussed in the previous section, the © i
criterion of constant veloclity in the diffuser gives a reasonable com-
promise between pressure loss and temperesture profile. .
Constant veloclity in the diffuser is achieved by letting

Ix o 5x '

T2 Az
This can be seen in the continulty expression 1f lncampressible flow 1s -

assumed or in the numerical examples in appendix A in which compressible
flow relations are used.

In order tc select a rate of-area change with length, it is neces-
sary to know the rate of change of temperature with length. The average
rate of change of temperature ratio can be found from the experimental
data. The average rate of change of temperature ratio is spproximately

T v,
6 m
equal to T, Tig—:—igy, where Vyp 18 the arithmetic mean velocity, sta-

tion 2 1s the point of fuel injectlon, and station & is the point of
measurement of outlet temperature.

For constant velocity to exlist in the diffuser, AG/AZ must be ap-
proximately equal to TG/TZ, or <, and so 1t may be written that

Yoy .. _'m
3 A ey 7

A plot of this parameter is shown in flgure 10 for two methods of fuel
injection. The effects on rate of heat release discussed in connection
with figure 9 are apparent in figure 10 slso.

The parameter VﬁAﬁ/LAz can then be used in designing & constant- '
velocity flow region. For operation at a fixed fuel-air ratio, as is '
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usually assumed for a long-range ram-jet cruise, the normal fuel-injection
design hasg a greater range advantage than downstream injection. From
considerations such as these, & value of VﬁAﬁ/LAz is determined. The

gas veloclty V, and diffuser area ratio AG/AZ are calculated at the

fuel-injectlon station, and the diffuser length L required can then be
obtained. If lncreased thrust is required, additional fuel can be added
downstream of the diffuser. It may be possible to epply the design
parameter VmAG/LAz to lower and higher values of velocity YV, than

those (540 to 820 ft/sec) covered in this investigation.

CONCLUSIONS

Shortening ram-jet engines by merging of the subsonic diffuser and
the combustor appears feasible with a high-energy fuel such as hydrogen.
When this technique was used, the temperature profile varied 7 percent
at an average combustion temperature of 2100° R. This profile was ob-
tained with a total—pressureiloss'coefficient of 9.8.

Heat-release rate, which determines the total-pressure loss, is in-
fluenced by the methed of fuel injection. Injection normal to the air-
stream gives a higher heat-release rate, more uniform temperature pro-
file, and higher total-pressure loss than downstream injection. Both
gsystems gave efficlencies of 95 to 100 percent at equivalence ratios
above 0.25; however, at an equivalence ratio of 0.1 downstream injection
gave combustion efficlencles 20 percent higher than normal injection.
Reasonable total-pressure loss and temperature profiles may be obtained
by keeping velocity constant in the diffuser.

It was estimated that engine length could be reduced by SO percent
by merging the subsonic dlffuser and combustor, which would result in a
3-percent galn in the range of & ram-jet missile. Further gains with
the system are due to improved temperature profile and higher cambustion
efficiency. However, increased pressure drop reduced range slightly,
and the net galn in range was estlmated as 16 percent.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautlcs
Cleveland, Ohio, July 30, 1958
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APPENDIX A

FILOW ANALYSIS WITH SIMULTANEQUS HEAT ADDITION AND DIFFUSION

A calculation of the required temperature rise to mainteln constant
veloclity throughout-a diverging combustor for various Iinlet Mach numbers
can be made once the flow area is known as a function of length.

The followlng flow assumptions are made:

(1) A1l flow is one-dimensional.

(2) No viscous losses or frictional effects exist.

(3) The gas constant, specific-heat ratio, and mass flow are constant.

(4) No momentum effects of fuel addition exist.
The diffuser_flow proceas 1g assumed to occur in a series of steps, each
involving an isentropic expansion and a constant-area temperature rise.
Sufficient heat additlon at constant area 1s used to regain the velocity

lost in the expansion. The following is & sketch of the assumed step
diffuser, with various stations noted:

e i
A
C
B E
D G
F
 I—

A1T#%
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The isentropic relations applied to the expanslion step are:

_{Ll_)_
1+ X =1 p\a(r-1
=My

Ay My

Ap T Ma Y - 1.2
1 + 5 MB

Py =Fp

_ Yy -1.2

tA_ 1l + > MB

AR

The relations applied for heat addition in the constant-area step
(following table) are:

2
2 y-1
E__ME 1+ B\ 1+ 12
Tn o2 2 Y - 1,2
A ACEE ==
y -1 1
Pg [1+7 1 + 5= MR\

Pn = 2 Yy -1.2
c 1+ 7Mg/\1 + Mg

2 2\2

T T ME\1 + rM2
The ratio of Mach numbers at polnts A and C becomes

Ma _ [t
Mg ta

These calculations of the total-temperature rise and expected total-
pressure loss were made for a range of combustor-inlet to exit-area ratios
and are presented in the following table for a burner-inlet Mach number
of 0.4 and equal velocities at stations A, C, B, G, I, K, M, and P. It
may be noted that configuration D had a subsonic diffuser areg ratio of
1.37 and from the table 1t may be seen that a temperature ratio of 1.32
1s necessary to maintain constant velocity in the diffuser.
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Sta- Tx/TA Ax/AA M, Px/PA Process used to get
tion from previous station
A |1.0 1.0 [0.40{1.0
B 1.0 1.2 .32(1.0 Isentroplc area change
c 1.2 1.2 .36 .984|Constant-area heat addition
D l.2 1.37 .32| .984|Isentropic erea change
E 1.37 |1.37 34| .975|Constant=area heat addition
F |1.37 |1.61 .29} .975|Isentropic area change
G l.60 {1l.61 31| .972jConstant-area heat addition
H |1.60 |1.83 .28| .972|Isentropic area change
I 1.80 (1.83 30| .965|Constant-area heat addition
J 1.80 {2.01 .27| .965|Isentropic area change
K 2.00 |z.01 .28| .960|Constant-area heat addition
L {2.00 [3.00 .19] .8960|Isentroplc area change
M {3.00 [3.00 .23| .945|Constant-area heat addition
N |3.00 {4.05 .17| .945|Isentropic area change
P 4,00 [4.05 .20} .932|Constant-area heat addition

8TT%
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APPENDIX B

CALCULATION OF TOTAL TEMPERATURE FROM STATIC PRESSURE

The total temperatures at stations 3, 4, 5, 6, 7, and 9 were calcu-
lated from statlc pressures at each of these stations. These pressures
were messured under burning conditions and calculated for isothermsal
flow at the same inlet Mach number. A particular station calculation of
temperature consisted of two steps:

(1) Calculation of a fictitious static pressure and Mach number
based on isothermal flow: Configurations G and H were run using typical
values of fuel and eir flow, but with no burning. Isothermal losses
were determined across the fuel injectors and over the abrupt area change
at the downstream end of the centerbody. These losses, expressed as
AP/q, were applied to combustor-inlet conditions that existed during
normal burning operation. Statlc pressures and Mach numbers were calcu-
lated at variocus axial stations.

(2) Calculation of total temperature under burning conditions:
During the burning runs wlith configurations G and H, static-pressure
measurements were. made at stations 1, 3, 4, 5, 6, 7, and 9. The relation
of the hypothetlical flow conditions, as calculated in step (l), to the
actual flow conditions et any axial statlon is given by the constant-
area heat-additlion flow relation. Therefore, the total temperature at
each axial station may be determined.
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Diffusers, Subsonic l.4.2.1.1
Engines, Ram-Jet 3.1.7
Combustion and Combustors 3.5
Combustign - Ram-Jét Engines 3.5.2.3
Fuel Systems - Englnes, Ram-Jet 3.12.1.7

Cervenka, A. J., and Sheldon, J. W.

METHOD FOR SHORTENING RAM-JET ENGINES BY BURNING
HYDROGEN FUEL IN THE SUBSONIC DIFFUSER

Abstract

Merging of the subsonic diffuser and the combustor eppears feasible
with & highly reactive fuel such as hydrogen. At typical ram-jet op-
erating conditions the flame speed of this fuel is high enough for burn-
ing to be stabilized at veloclties of 600 feet per second by means of a
fuel injector alone. Thus it was possible to seat the flame at a sta-
tion where the Mach number was 0.4 to 0.5 rather than 0.2 as is done con-
ventionally. With this configuration engine length was reduced, exhaust
temperature profiles were more uniform, and combustion efficiency was
improved at lean fuel-air ratios over the conventional design. BHBowever,
combustion pressure loss lncreased, and the net effect of these factors
on renge was estimated.
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