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SYMBOLS

A cross sectional area

F net thrust gain due to combustion

P pressure
q velocity head

T temperature

Hk air weight flow rate
V} fuel weight flow rate
WL Hk + Wf
Po
- t
6 ?;;1’ where Posl 29.92" Hg
T2T (o)
e T;;I’ where T__, = S20°R

WB combustion efficiency

Subscripts

T Total
sl Sea level standard conditions

1, 2, 3, L as indicated in sketch, Firure (23)
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This proges = 18 sincerrad with an attempt o ~abe advantzge of
the pregsure rise thar occurs during resonant combustion. tut to aveid the
logses that have plagued the majority of resonant corbustion systems dur
ing the blowbuck or fiow reversal portisrn of the cycle, In order to avoid
Tinw reversal 1osses. as well as to <ak2 advantage of A ram pressure rise
(or comoressss pres,ire ric=)s toe rr30naat tombastor was placed inside a ram
shroud or dust whivh perinees a bypass fl:w ursqnduthe combustor. A large
pwehey of combustar Ay Liess wers nrovaded {(betwien 85 and 100 .rdets).
whize permitiecd sulme g the (nlods anp the combustyr sheli, and thus
reodusing the 2k o . gy arousd b erbustor and smpravarg the Sombustar acr
i Liw e ificient,

The s of L Taype ramber of 500 gniets alss cantz-butﬁ: TOA T4
durtion of birong cine ) wntrhowo, 0Lt d 1e an wonsieally agh ooperasling
Creguercy. Bacd el ar e ted Late s h ey anlet, An & Jet wwunp arranpgemen.,
This feature Jormietecd syt o (2o wirsp edd startog and gperation 0 the s
buator wher Lsingg jasems Tu2ls such as proparis,

The ades nlevs were aniticily a:rangee perpendicular to the wombustor
sheli. 1000 perpendysaddr o toe dorgetadiual axas of the combustor . Lut
2 new comiustyr wad develoepad during 2958 and evalnated 1n connecoedepipe
testse  IL bas the flasn air rriets sianted at 45% to the combustor axis
35> that the hl-uback 1y darecced aft, This slanting of the air nlets has
resulted noo presour sepain Lont antpon systén wibh hicvher perfermance than

the confiruration witk oethopgnind niatT,

Starting with “l=t.  Sperat.on . the comburtion was shown t5 be

Best Available GopY
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quite complete as exhaust gas samples typically showed less than cne
percent combustibles.

The configuration investigated was marked by a contrasting com-
bination of high combustion efficiency, and a mild rressure-gain mecde of
combustion, but with a relatively poor thrust specific fuel consumption,
It is believed that the latter was partly due to poor matching betwe=n
the shroud nozzle arrangewcue and the coubuwitor. Teste revealed a trend
~f dimnreved thrmist sned fic fuel ecrmaymrtion with increase of s mulated
airspeeds The variation of shroud overhan; length shows that there is an
optimum length of shrcud overhang beyond the end of the comlustor, which
infers that there is a tuning effect between the natural frequ:ncy of the
combustor and the surrounding shicude. The results cf the investigation
support the contention that resonant, valveless corl-ustor conficurations
can he devised to be opera*ionally commatible ith ram shrcuds vhich eno
close tlem and operate cver a wide rance cof fuel fleow rates. Fes® cver-
all shircuded resonant cer'ucter rerfcermance over the ertire rance from
zero airspeed to high subsenic airspeed, can Ve exrected fron a cor'ustor
vith hichest static (i.e., 2ero air cpesd) ceombustion chamber pressure
cor rmecific thrast) and lewest static thrust qecific furl consmuption,
Thir rtatenent is devendent upen the requirement that the cenii-uraticns
mict e arranced cco that cenvustion exbaust ases do net interfere with che
inflow inte the ramersiircuag tut rasher are iy-passod arcund <he corl :stor
witiin the rircud during the ;ressure-rise :xrtica ¢f the coriustion crele.

It is recemrended that a succeedin: phase of werk be based ¢n the
investigation of paired U-iule combusters cperating 130° cut-of-piase

within a cemmen ram shroud,
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~«  INTRODUCTION

Yex Basic Coacepts

The main purpose of this Phase II study, and of the previously com-
nleted Phase I study, has been to develop a combustor for high air speed
speration that takes advantage of the qualities of resonant combustion.

As 2xplained in Reference (2), "Resonant Combustion can cembine high
combustion efficiency with a pressure rise during combustion. By contrast®,
in steady flow combustion, in which some pressure loss always occurs, it
i5 chararteristi: that macimum combustion efficiency and minimum pressure
Iz53 1n the same burner configuration are incompatible., In 4.her words,
combastion efficiency in the steady flow case is gained at the expense of
increasing the combustion pressure lcss or vice-versa. The advantages of
resonant combustion are rather widely known. However, as air speed increases,
air infiow losses have been shown to increase al a higher rate than is typical
of steady fiow air breathing jet engines. This characteristic performance
reduc tion with increasing air speed has heen the most critical factor in
prevent.ng m:re widespread use c¢f 2ngines uaing resonant or intermittent com-
rustior, There is some reason to believe that the concepts employed in the
Phase I and Phase II atudies may improve the utilization of resonant com-
bustisn in high speed valveless pulsejets, and may alsc make it practicable
te use this type of < smbustion in gas turbine cycles."

As i1ndica%ed 1a Reference (1), and illustrated in Figures (1), {J),

and (L), the basic cor<epts involved in this resonant ~ombustor resear.h

°d
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are as “oli-~ws: (1) fuel is introduced through a multitude of in‘ector
(jet pump) inlets; (2) air inflow is initially induced and is continued

by the jet pumping acticn of the fuel nozzles, and a sisnificant amourt

of mixing of fuel and air occurs in the inlet; (3) tne inner ends of the
air 1inlet tubes, when heated, act as multiple sources of ignition; (L) this
method of induction cf fuel and air through multirle j2t pump inlets should
cause violent mixing and stirring in the combustcor, The net result of
these concepts is to increase the effective burning rate, that is, decrease
the combustion cycle time, which, generally speaking, cortributes towards
improved cycle efficiency.

In Phases I and II of the study, the combustor wa: rhrouded as shown
in Figure (2), to reduce the losses asscciated with air inflow to the
cormbustion chamher. The advantages are apparent, The duct around the
resonant burner enables the designer to utilize the pressure rise availahle
from ram air, throurh the use of a gocd diffuser on the duct inlet, It is
not practicable to »pply a high-speed diffuser directly to a rulse‘et air
inlet »ecause of the high losses that occur "uring the reverse flow or
blow=hack rorticn cf the orerating cycle, when the combustion rressure
risce above the inlet rressure. The rlacing of a duct arcund the rescnant
burner permits the burner to orerate in an envircnrment in which the xinetic
ereryy of the air is lower than that in the surrcunding free air strean.

In tris situacicn, when cemthurtion rressure siddenly rises ahove the inlet
rressure, the blow=tack i3 directed into the shrcud, The pressure luss is
not now sO 2reat -ecause i - the *‘nlet air has first heer slcwed cdcwr in

-~ 0N

the streud 3:iffuser and 2% the =atcrity of the hlow-hack is discharged
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into the shroud that surrounds the burner. This blow-back does

rrevent inflow to the burner, but the shroud air can bypass the burner
during this portion of the engine cycle, which has the effect of reducing
shock loss at the shroud diffuser. Furthermore, transverse or slanted
discharge of the blow-back gases into the shroud bypass airstream is
believed to cause less disturbance in the diffuser than if the blow-back
vere pointed directly upstream into the shroud diffuser. Phase I work
delt with inlets oriented transversely to the shroud airstream. Phase II
work studied the effects of angling the inlets in several directions,
including "downstream™ so that the blow-back was directed partly in the

downstream direction.

2.2 Phase I Development

As a direct result of the Phase I study, the combustor configuration,
inlet arez, and arrangement of inlets necessary to suprnrt resonant com-
bustion were predictable for the Phase II test hardware. The work done
and progress achieved in Phase I is briefly described in the Summary of
Reference (2), and is quoted verbatim below.

"A new resonant combustor concept has proceeded to the point cf

initial evaluation. A shrouded resonant combustor with multiple

ejector-type air inlets has heen construc.ed and demonstrated,

The main purpose of this research has been to achieve a combustor

that can take advantage of the aqualities of resonant combustion

(a conoination of high combusticn efficiency with a pressure rise

during combustion) without suffering from the air inflow losses




characteristic of resonant combusticn with increasing irspeed."

"The cycle frecuency of this resonant conbu;tor is indicative of
a very low burning time (high buraing rate) which was expected
to be a feature of the concept due to introduction of fuel and
air through a very large number of inlets. The ducted concept
permits air to bypass the basic combustor, which is an important
feature in reducing losses due to blow-back through the air
inlets during combustion. The shroud diffuser provides a ram

pressure rise."

"t e combustor was evolved in unducted static development
testing from a burner with seven cylindrical inlets that nro-
truded from the combustor shell, to a burner with as many as
one hundred fuel and air inlets that are flush with the outer
surface of the shell., Hardware was desizned to permit rapid
variaticn of combustor parameters that ~ffected resonant

operation in the static unducted environment."

"The connected-pipe test results presented were taken with a
burner that was evolved in unducted static development test-
ing. The only significant variation of paremeters undertaken
during connected-pipe testing was a variation of duct overhang
and some increase of fuel jet orifice size., Furthermore, o...y
one intermediate fuel flow rate was taken for each air flow
rate, rather than a range of fuel flow rates from lean-out to

rich=-out."

L s e - - B . AR O . —— =




"More detailed testing and optimization of parameters for

ducted operation is planned for Phase II."

2,3 Phase II Objectives

The objectives of the Phase II Resonant Combustion program were to
determine the following characteristics of the shrouded burner:

a) combustion efficiency

b) total pressure loss or gain across burner

¢) heat release rate (BTU/hr/cu.ft.)

d) starting characteristics

e) combustor pulsation frequency and amplitude

f) effect of acoustical attenuation and resonant characteristics

of inlet and exhaust attachments that approximate gas turbine

and ramjet applications

In addition, transition to liquid fuel injection would be made.

2.4 Developmental Approach

2.4.1 Static Burner Testing and Development

As in the Phase I program, static burner testing and development was
first conducted to eliminate some variahles and to discover trends which
would be useful in the construction and testing of a shrouded multiple-
inlet burner for use in connected-vipe tests.

2.4.2 Connected-Pipe Burner Testing and Development

Based on the results and conclusions of the static burner testing, as

reported in Reference (h), a multiple~inlet shrouded burner was constructed.




This burner incorporated a large numher (£0) of small inlets, with inlet
orientation and physical characteristics based on the conclusions of the
static burner testing (see Figures 9 and 10). This shrouded burner was
connected to a "ram" air supply and tests were conducted to determine
system variables and trends and the effects of configuration changes on

these trends.

x" ER . e - - - % e A g —— o e =
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3. EXPERIMENTAL PROCEDURE AND RESULTS

3.1 Static Tests and Results

A full report of the static tests conducted, and the results thereof,
is presented in Reference (4), which constituted Progress Report No. 3 of
this phase of this contract., The static testing showed the effects of
varying combustor elements, and indicated trends and conclusions which
are enumerated below. The specific effects studied were (see Figure 8):

a) direction of inlet inclination

b) fuel nozzle penetration into inlet

c) inlet tube penetration into combustion chamber

d) inlet tube length

In additior, a general observation of the effects of combustor length

and exhaust configuration was conducted.

3.1.1 Inlet Configurations

Inlet tubes were inclined 4S° upstroam, LSC downstream, at 50° to the
burner axis, and at 90° to the burner axis but tangential to the burner
(see Figure 8). Evaluation of each :onfiguration was based on thrust rroduced,
burner head pressure, combustor length, resonant starting ability, and rarge
of fuel flcw rates over which resonant combustion would occur. It was
recognized that burner head pressure might be a misleading critericn, since
a rise or reduction in burner head pressure with a particular configuration
might indicate a change in rcsition of pressure concentration within the
combustor, rather than a rise or reduction 1in overall combustcr rressure.

The superiority of the Iy downstream-anyled inlets 1s shown in




Figures (12) and (13). Relative to the L5 downstream iniet configuration,
the performance of the other inlet configurations was found to be less
desirable in the following respects:

3.1.1.° 90° Tangential Inlet

The 900 tangential inlet configuration produced thirust vs fuel flow
about equal to the LS° downstream inlets, but with a very much lower
burner head pressure and over a smaller range of fuel flows. Further,
the burner length necessary tc achieve this was almost double tiie cptimum
length for 45° downstream inlets.

3.1.1.2 L5° Upstream Inlet

With inlets inclined bSo upstream, thrust and burner head rressure
were appreciably reduced, and the range of resonating fuel flow rates
was lower.
3.1.1.3 90° Inlet

The 900 inlets, although providing generally equivaient thrust to
the bSo downstream inlets, gave a lower burner head rressure and a lower
resonating fuel flow range. Further, *he 95° inlets resulted in a sig-

nificant falling off of thrust at the top of the fuel flow range.

3.1.2 Burner Length and Exhaust Diameter, LE® Downstream Inlets

The L45° downstream inlet configuration, being judzed the superior
configuration of the several tested, was used ir additional tests to
determine the effects of burner length and exhaust diameter. 3urner
length was varied from 25-3/8" to L5-5/8", within which range three exhaust

diameters were t:sted on the four inch d:ameter comtuster (see Figure £):

10
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&) L" diameter (unaltered)
b) 3-1/2" diameter (nozzle affixed)
c) 5" diameter (diffuser affixed)
The best configuration appeared to be 30-5/R" burner length with exhaust

diffused to 5" diameter.

3ele3 Fuel Nnzzle Penetration intc Inlet

Using the L5° downstream inlet configuration with 30-5/8" burner
length and exhaust diffusizn to §7 diameter, the effect of depth cf fuel
nozzle peretraticon into tle inlet tube was investigated. The effect 1=
quite pronounced, Fsur positions were investigated:

1) nozzle 1/L" outside plane of inlet tube entiance

2) nozzle in plme of 1nlet tube entrance

3) nozzle projecting 1/L' into inlet tube

L) nozzle vrojecting 1/27 into iniet tuke
The position with ncazlss in the riane .{ the iniet tube entrance gave
the best results, resulting in thrust anc burner head pressure hiher
than with nozzles 17" outside tre inlet tube entranze rlane., «ith nczz.es
projecting int> the inlet tubes 1/L" and 1/2, resenant »urring would not

commence withoul an sir blast,

Jeleu  Inlet Tube Penetration irs” C-mius=iin chamber

——————— e

le effcct of distance of inlet tuke peretration int~ the combustion

chamber was investigated, Witk the LS~ downstream inlets. 0-5/" bummer

lerpth, and exhanst i.ffucicr te §" d1amecer,  From Figure (@r. Sketch (i),

o

it 15 seen thut t,.» inles, fubes were mounted i iniet bushins . The distan’e




of penetration into the combustion chamber could then he varied by moving
the inlet tubes axially. Tests were nade with the inlet tubes flush with
the inner ends of the bushings, with the inlet tubes extending 1/4", 1/2"
and 3/4" beyond the ends of the bushings, and with the inlet tubes scarfed
LS° on the ends to make the plane of the inlet end parallel to the longi-
tudinal axis of the burner. In general, the highest thrust was obtained
with the inlets flush with the bushing ends or protruding 1/4", and the
lowest with the scarfed inlet ends. Resonant turning was possivle at all

positions.

3.1.5 Inlet Tube Length

Starting with an inlet tube length of 3", the tubes were reduced to
2-3/8" leng'.., then scarfed L5° on the inner ends, and finally reduced
to 1-11/16" length. Performance deteriorated noticeably as the inlet tube
length was reduced, although resonance and the resonating fuel flow range
did not appear to be affected until the tube length was reduced to

1-11/16" (% - 3.0).

3.1,6 Conclisions Derived from Static Testing

The static burner testing led to a number of conclusions, which were
reported in Reference (L) ard which are repeated here, as follows:
(1) " For any given “urner configuration, thrust varies app-soximately
linearly with average pressure zcross the burner head over
most of the fuel flow range, but not necessarily with fuel
flow rate. Near rich-out, the thrust bSegins to lag, and may

even reverse with some ccnfigurations.
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(2) "For a particular burner, each direction of inlet tube into
the combustion chamber provides a characteristic of thrust
vs average burner head pressure peculiar to that direction
of inlets, and the effect of inlet direction on burner per-
formance ic very strong.

(3) "For a given burner configuration, lengthening of the burner
results in easier starting and a greater fuel flow range over
which resonant combusticn will occu ',

(L) " A contracting burner exhaust results in a lower rate of
change of thrust with respect to average burner head pressure,
poorer starting, and a lower fuel flow range for resonant
combustion than does an expanding burner exhaust.

(5) "Use of an expanding burner exhaust results in a greater fuel
flow range for resonant combustion than with a constant area
exhaust, but does not significantly affect thrust versus average
head pressure.

(6) "Burner thrust versus average head pressure appears to be not
nearly so sensitive to “urner length and exhaust configuration
as it is to direction of inlets. On the other hand, ease of
starting and the range of fuel flow to support resonant com-
bustion aprear to he more dependent on burner length and exhaust
confiyruration than on inlet direction.

(7) "The average hurner head press:ure required to rroduce a given
thrust is a function of inlet tube direction, and can vary

widely from one dire~tiorn of inlet tube to another.

13




(8) "The optimum location of the fuel nozzle exit is in the
plane of the inlet tube entrance.
(9) "In general, performance decreases severely as the inlet

tube penetration into the combustion chamber increases and
as the inlet tube length is reduced below some optimum
value (for a given burner).

(10) "The particular shape of the curve of burner head pressure
vs radial distance from the bu'ner axis appears to be set
by inlet tube characteristics, and appears similar to
(and therefore predictable from) the shape of the curve
obtained when air alone is blown through the fuel nozzles
and there is no combustion,

(11) "For a given hurner length (which for practical purposes
would certainly be as short as possible), resonant burner
performance is highly sensitive to inlet tube direction,
length, degree of penetration into the combustion chamber,
and exhaust configuration, and these areas should eventually
be explored further as a means of optimizing “urner performance.

(12) "4tile recognizing the necessity for an expanded future program
of static burner testing to optimize performance and basic
design parameters, it is recommended that a shrouded 100~-inlet
combustor now be built and tested to verify that the gap
betueen a static burner with a small number of inlets and a
shrouded bumer with a much greater numher of smaller inlets

can be bridged in a yractical manner?

1L
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3.2 Connected-Pipe Tests and Results

As noted in paragraph 2.L4.2 of this rerort, a multiple-inlet shrcuded
burner was constructed for connected-pipe tests based on the results and
conclusions obtaired from the static hurner testing. Early attempts to
use liquid fuel with this burner indicated linuid fuel system requirements
to be fairly incompatible with gaseous el system requirements. This
necessitated that liquid fuel experimentation “e put aside temporarily
in favor of determining optimized hurner rarameters with gaseous fuel,
and returning to licuid fuel testing toward the end of the program if
time permitted.

Burner characteristics were investigated over a range of shroud over-
hang lengths (8-3/L", 6-3/L", s", L-1/L", and 3-1/2"), for a range of ram
air flows within each of which a ranre of “uel flow. from lean-out to
rich-out (or near 1icheout) was investi-ated, The resuits rermit an
evaluation of thrust, rress.res and temroratures, ram air fiow effects,
fuel consumption, com~ustion efficiency, resonant frecuency, combustor
shroud overhang effects, and combustor ccn”isuration. For rurroses of
continuity and ease of data ccmpiriscn, the data wre presented in accordarce
with the method used i HReference [2), using s hscrirts identified in

Fi-ure (23).

J.dol Thrust

Thrust was measured with viricus ra alr flow rates and el flow

rites at the five differer!i norsle overnang jerngths, first Wit oniy ra-

alp flowine, ar! then with the angi.e Crerating SCarnustion exhalst gases




flowing out the engine exit in addition to ram air). The relationship
of thrust to engine nozzle exit pressure is shown in Figure (1l4), with
a total of 174 test points (87 with ram air only and 87 with combustion)
superimposed on a theoretical curve (see Reference 2 for derivation),
Although almost all of the "cold" roints lie above the theoretical curve,
indicating error either in the measuring of thrust or of pressure, the
"hot" points (where the burner was operating) showed relatively good
correlation,

The gain in thrust ("hot" thrust minus "cold" thrist) is the thrust
gain imparted by the burner, and is shcwn as a function cf fuel flow
rate at various nozzle overhang lengths and various air flow rates in
Figures (24) through (2f). The data of <igures (2L) through {2f{) show
a lower thrust gain than actually existed, This is hecause the air flow
was reduced by as much as 20! when burning nega~, -iving a lcwer effective
thrust due to air flow and conseauently a higher value of thrust gain than
is ohtained from calculating "hot" thrust minus "cold" thrust, From the
fiyures it is seer that the thrist-fuel flow relationship at a given air
flow is about the sarme for all the nozzle overhang leniths testeds The

range of fuel flows nver whick the ‘urner would rescnate is seen to he

‘s

larcost at £=3/4" nozzle overhang, o “e sli-htly snaller at S=3/y"
overtar:, and %0 decreass Tairly rapidly as roccle coveri ang is reduced to

o lel/l, and 3.1/27.

Jeleld Iressures and Temperatiures

Troseyres and temprera‘ures urstroxm :f *ve ‘irmer ard 3t the axhimict
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exit were measured on each run., The correlation of measured pressure with
measured thrust as seen in Figure (1L) is evidence as to the accuracy of
the exhaust pressure data, which were obtained at a single point in the
exhaust rather than by a wake traverse., The measured "hot" exhaust temper-
ature data, on the other hand, appear to be considerably in error, based on
the theoretical piot of Figure (16). Here the measured weisht flows are
piottad versus measured pressures, superimposed on a set of theoretical
curves for several temperatures. The facing page, Figure (15), shows the
data points obtained in *he Phase I work ard reported in Reference (2).
These theoretical curves, based on the derivation of Reference (2), show
the measured values of temper-ture to be too high. Since the exhaust
temperature was measured at a singlie point rather than by a wake traverse,
it is assumed that the data are in error, and the theoretical values of
temperature as obtained from Figure (16) will be used to complete the
analysis cf the data.

Pressure Loss Coefficient and Temperature Rise Ratio versus asir flow
are shown in Figure (20). (The facing page, Firure (19), shows the data
points obtained in the Phase I work and reported in Reference (2)). In
order to improve the legibility of Figure (20), the plotted data are
reduced to a minimum, A complete set of data is plotted for the 6-3/4"
nozzle cverhang, but the L-1/L" nozzle overhang data are eliminated and
the data shown for &-3/L4", 5", and 3-1/2" overhang is lamited to that
obtained with maximum and minimum fuel flow at maximum and minimum air
flow. Three corclusions are derived from the curvec of Pressure Loss

Coefficients
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(1) the 6-3/L" nozzle overhang is the best of those tested from
a pressure loss standpoint, since the increase of pressure
loss when the burner is started is less than with any other
overhang, and in a number of cases pressure loss is decreased;
(2) as nozzle overhang is decreased progressively from 6-3/L",
the rise in pressure loss when burning is started becones
progressively greater;
(3) although fuel flow rates are not indicated on the curves,
the smaller pressure loss increases occur with the minimum
fuel flow rates at each overhang length and at each approximate
air flow rate.
The curves of Temperature Rise Ratio are included for continuity,
although these curves have limited experimental significance since they are
not actually test data. As was previously noted, the test tempercture

Ty

data are believed to be considerably in error. The T’E points plotted in
t
2

Figure (20) are theoretical values obtained from the plot of Figure (16),
from a knowledge of the pressures and weight flow rates during the tests.
However, this was the method used in obtaining the Phase I curves (Fig. 19),
so that a comparison is justified. As is evident from the two figures, the
heat release capabilities of the inciined~inlet burner (Phase II) are about
double that of the 90° inlet burner (Phase I).

High speed pressure measure.sents were made of the combustor and shroud

pressures, and the test data were recorded on oscillograph tapes. Pressures
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werc measured at three shroud overhang lengths (8-3/L", 6-3/L", and 5"),
at maximum and minimum air flow szt each length; ad at maximum and minimum
fuel flow at each air fiow. Plots of the results are shown in Figures (30)
through (33). In Figure (30) is shown the maximum and minimum combustor
pressure versus nozzle overhang length for the various flow conditions,
Note the pronounced effect of air flow, fuel flow, and overhang length

on combustor pressure. Here the 6-3/4" overhang length gives a striking
pressure rise at low air flow and low air-fuel ratio; further, Figure (31)
shows the shroud pressure to be only about 1 psi at this condition,
indicating a combustor pressure rise of 3,5 psi. Note, also, that at

this condition the combustor pressure varies by only about 1.2 psi and

the shroud pressure by about 1.2 psi, but that the combustor pressure at
its minimum is about 2.3 psi higher than the maximum shroud pressure. The
jet-pumping effect of the fuel spray is indicated here by the ability of
the combustor to re-charge with fresh air from a reservoir which is &t a
lower pressure, unless re-charging takes place at a different point in the
shroud than where the pressure was measured; and where a standing wave may
give a higher shroud pressure.

Figure (33) shows a plot of typical rressure graphs in the combustor
and in the shroud for each of the conditions tested, and Figure (32), on
the facing page, shows the values of the engine parameters which existed
at the time of each condition. From these prarhs, it is apparent that
the high combustor pressure described above was unique to one or two
conditions. However, the 6~3/L" overhang length i5 seen to have higher

combustor pressure than shroud rressure (to re-charge from a reservoir at
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lower pressure) under three of the four cond tions tested. As is evident
from Figure (33), the oscillograph results show the combustor pressure
graph to be 180° out of phase with respect to the shroud pressure graph
at all conditions tested., The oscillograph record showed the pressure
graph as straight lines between maximum and minimum points, Had it been
possible to increase tape sneed, it is believed that the pressure graph
would have appeared as a wave form; however it was not pessible to
increase oscillograph tape speed without compromising legibility of the

traces.

3.2.3 Rescnant Frequency and Starting

The shrouded burner would start resonating automatically upon the
admission of fuel at air flows from .5 to 1.65 1lbs per second. No attempt
was made to test at lower air flow rates. As the nozzle cverhang length
was decreased below 6-3/4", the fuel flow rate reanired to start at any
given air flow was increased. All resonance was within the range of 275
to 230 cps. On starting with a cold burner, with medium fuel flow rate,
the initial frequency was 285 cps. #ithin about 5 seconds the burner
would automatically shift to 292 cps and, within an additional 15 seconds
it would shift to 310 cps. Sometimes an intermediate frequency of 300 cps
would occur, making three distinct frequency shifvs. Just pricr to shift-
ing, resonanc?: would become unstable and the burner would scund as though
it were nissing every other firing; then with the following shift to the
higher frequency, resonance would become strong and stable. It is con-

cluded that these resonance shifts are due to burner expansion while

20
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heating, since there is no further shift after the burner is heated
unless fuel flow rate 1s varied widely. At very low fuel flow rate,
initial resonance is at 275 cps, and at the highest fuel flow rate
tested, final resonance is at 330 cps. In general, the final resonant
frequercy, increases slightly as fuel flow rate increases and increases
slightly as overhang length decreases. These trends were verified by
the oscillograph records made during the high-speed pressure measure-
ments. As in previous resonant combustion work, it was noted that the
burner automatically seeks a frequency at which it can resonate strongly

and with stability.

3.2,k Ram Air Flow

As would be expected, the effect of ra~ air flow on some burner
performance characteristics is pronounced. Figures (24) through (28)
show that the thrust gain due to burning increases nearly linearly with
increasing air flow rate at any fuel flow rate. A cross plot of these
curves, showing thrust gain versus air flow at a constant fuel flow rate,
is shown in Figure (29) for each nozzle overhang length tested. The
similarity of trend for each nozzle length, and the near linearity of
thrust increase with air flow increase, is apparent. Note specifically
that this thrust is the net thrust gain due to burning only, and is
obtained by subtracting the thrust due to air flow from the total thrust
measured with the burner operating. For this burner configuration,
resonant burning could not he maintained at air flows in excess of the

maximum shown.
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The effect of air flow rate on pressure loss coefficient may be seen
in Figure (20). For any of the overhang lengths shown, the "cold" pressure
loss coefficient is approximately constant over the small range of air

flow rates considered, which is reasonable to expect.
3.2.5 Fuel Flow

Consistent with the approximitely linear increase in thrust gain with
increase of air flow rate which was noted previously, Figure (18) shows
specific fuel consumption to vary approximately inversely as air flow.
This trend would pro! ably be reversed after some optimum air flow rate
has been reached. For this burner configuration, however, resonant burn-
ing could not be maintained above the maximum air flow rate shown, as
noted previously.

Figures (2L ) through (28) show the effects of nozzle overhang length
and air flow on lean=-out and rich~-out fuel flows. The resonating fuel
flow range is reduced rapidly as nozzle (shroud) overhang length is
decreased, with the range reduction occuring almost entirely on the lean-
out end. The resonating fuel flow range does not show a clear trend with
respect to air flow, except that when air flow is at the low end

(less than .03} 10s ), the range is very much reduced.

sec-1in

3.2.6 Combustion Efficiency

Figure (22) shows fuel flow rate and combustion efficiency versus air
flow rate, and the same curve from the Phase I work is shown on the facing

page (Fig. 21) for ready comparison. Here the combusticn efficiency is
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derived by dividing theoretical fuel flow by the measured fuel flow, the
theoretical fuel flow being ohbtained from Figure (17). #hile Figure (22)
does not show thrust level, it permits a general comparison with the
Phase I points, and the increase of efficiency with increase in air flow
rate is readily seen. This increase in efficiency is discussed in

Sections 3.2.4 and 3.2.5, and is evident also in Figures (18) and (29).

3.2.7 Combustor Shroud Overhagg

Since combustor shroud overhang was one of the hazic variables in
the test work, evidences of its effects may be seen on several curves,
Figure (20) shows the best overhang length from the standpoint of pressure
loss coefficient tc be 6-3/4". At this overhang length, the pressure drop
from the shroud inlet to the engine exit is in a number of cases reduced
when the burner is operating. In almost all the other cases at this over-
hang length, the coefficient (computed from the measured data) increases
slightly with burning. The 8-3/L" nozzle length appears to be about the
same as the 6-3/L" length, perhaps not quite as good. when the overhang
is reduced below 6-3/L" the coefficient increases with increasing severity
a8 overhang length is reduced.

Figures (2L) through (28) show the best length from tne standpoint
of resonating fuel flow range to be &=3/L". At 8-3/L" the range is
slightly smaller, and at lengths below 6-3/L" the range becomes increasingly
smaller as length is reduced.

The effect of overharg length on specific fuel consumption appears to

be almost negligible, based on the plot of Figure (1€). There appears a
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trend towards higher fuel consumrtion as overhang length is decreased,
but the air flows are not the same in each case, and efficiency has been
shown to be affected by air flow rate. Figure (2%) indicates the over-

hang length to have no apparent effect on specific fuel consumption.

3.2.8 Combustor Configuration

It would appear that the present combustor with inlets inclined
hSo downstream is a surerior combustor to the previous combustor with
90° inlets which was developed for the Phase I connected-pipe tests.
Comparison of Figures (19) and (20) show the present configuration to
provide a higher temperature rise ratio with a smaller rise, anc often
even a reduction, in pressure loss coefficient. Figures (21) and (22)
show the present configuration to accommodate higher fuel flow rates
than the previcus configuration, and consequently a larger resonating
fuel flow range. Figures (15) and (16) show the present configuration
to achieve a higher exhaust rressure at a lower gas flow rate than the
previous configuration, and therefore, according to Figure (1L) a
higher thrust., These imrrovements indicate the sureriority of the
present confi-uration, and again indicate the validity of static test
results obtained with a small number of large inlets tc rredict rer-
formance trends of comnected-ripe combustors with a large numher of

small inlets.
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L. CONCLUSIONS

L.l  The slanting of the air inlets so as to direct the combustor exhaust
blowback gases downstreamn was shown to be a decided impreovenent cver the
earlier configuration in which the blowback entered the shroud perpendicular

to the by=pass passage=way.

k.2 The combustion chamber average pressure was quite low when operating
under static conditions, as compared to representative valved and valveless

pulsejets, but it increased with increasing (sirmulated) airspeed,

Le3 Starting with static operation, the combustion was shown to be quite
complete as exhaust gas samples typically showed less than one perceni com=-

bustibles,

L.k The configuration investipated was marked by a contrasting ccmbination
of high combustion efficiency, and a mild pressure~gain mode of combustion,
but with a thrust specific fuel consunption (Tsfc, lv fuel per hour per pound
of thrust) which was more like :hat of a ranjet than a pulsejet. It is be=-
lieved that the Tsfc would be improved with better matching bc‘ween the

shroud nozzle and the ccnbuster.

L.5 The variation of shiroud overhar:: Yength sliows that t ore is an

[#]

optimum length of shroud cverhan: wycend tihe end of the ccotuster, wil

+

infers that tiere is a tuning ef ¢t belveen the o atral Sooovoney oF the

con'usteor and the surrcunding sircud,

L.6 tencr1l lonclusions

(1) It dees nct sewm posrihle %e ive incontrovertible procf at this
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staze of the art, but the evidcnce surre-ts 'hat the renefit iained
from the feature of suimerging the air inlete ic cemrremised by the
need to reduce the length of the air inlets in crder to suimerge them.
Whereas submerging the air inlets may have reduced *he air inflow losses
and contributed to a trend of improving performance with increasing aire-
speed, this is believed to have been counter-balarnced by a reduction
in combustion chamber rrescure rise (and specific thrust) that may be
associated with the reduction in relative length of inlets, A great
reduction in air inlet length was necessary in order to make the inlets
flush with the cen ustor exterior, and was accomplished only bty usirg an
unusually larpe numtcr of inlets (30).

Althcugh the confiruraticn shet:s ccd starting characteristics
(usually withcut requiring a blast cf starting air), complete ceml .ctien,
and reacona“ly good 7eat cuiput with respect te vclume, it ir relatively

low in thrust output, at low airspeeds.,

(2) The results of the investigaticn stron;ly suppert the :cn-enticn

that rescnant, valveless comiustor coenfipuraticns can oe devised *¢ be
cperaticnally compatitle with ram shrcuds waich enclose tiem, However,
tect cverall shrouded rescnant com! ustor jericrmance cver the ertire

rangce {rom zerce airspeed & hipgh subscnic air speed, can be expected frenm a
cev) ister vith hichest static (1.e., zere air speed) cormtusticn chamter
pressure {or vwoaific thriet) and leovest static s ecific fuel consmrtiv.
This otascement is dependent upcn the regiirement that the ceonfiuraticns

=ust e arranced so tiat combrirticn exhaust rases do net interfere with
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the inflow into the ram-shroud but rather are hy-passed around the
combuctor ithin the shroud during the pressure-rise portion ¢f the com-

buetion cycle.

It is sugpested that the best single combustor configuration for operation
within a ram shroud will have several inlets (as many as six) that extend
out of the cmbustor shell but are turned downstream, (a) so as to take ad-
vantage of the thrust from these so-called inlets and, (b) so the blowback
from these inlets will help to induce flow through the ram shroud rather than
blocking flow as would be the case if the inlets pointed upstream. However,
the U-tube shaped engine is morc fully developed for both static and for low~
speed operation. Particular advantages are to be gained with this configura-
tion in the case of twin comhustors. It has been demonstrated with a variety
of pulsejets that they can e operated 180° out of phase, i.e., when inflow
is occuring in one combustor, the other one is discharging. When matched
engines are enclosed in a common shroud, and operate 180° out of ﬁhase, both
the inflow through the shroud diffuser and the jet efflux from the shroud
nozzle is greatly smoothed, This should result in better performance of the
ram shroud, as far as ram recovery and propulsive efficiency is concerned.
An important by-product of pairing combustors is a reduction of the noise

radiated at the fundamental or operating frequency of the combustors.

Se RECOMMENDATIONS FOR FUTURE INVESTIGATION

The following two types of resonant combustor configuration are recom-

mended for further investigation in ram-shrouds:
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1,

2o

A pair of U-shaped cermbusters in which the air inlet and
tailpipc are faced in the same direct*irn, as exenplilied
by tho.. used in the "Fulse Reac‘crs" teins develoysd by
this Contractor under U. S. YNavy ccntract “oa(s) "G=(07Sc
(Ref, 6), *he pair of cemtustors to te cperated 130° cut

of phase within a single shreuide

A rcscnant comiucter in vhich there are a tectal of three
tc feven air inlets, with cne small upstrean facing inlet
and the cther inlets Tmaced arcund the cembustion chamber

<iith 1nlet tubes directed dewnstrean -itiin the ram=<ircud,.
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fuel jets

recessed air inlets

FIG. 1; INITIAL CONCEPTION OF RESONANT COMBUSTOR WITH
MULTIPLE INJECTOR-TYPE AIR INLETS

FIG. 23 INITIAL CONCEPTION OF MJLTIPLE INJECTOR-TYPE
AIR INLET RESONANT COMBUSTOR IN USE AS A DUCTED
VALVELESS PULSEJET, RESONANT RAMJET, OR RESUNANT
COMBUSTOR IN A GAS TURBINE CYCLE
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FIG, 3:

MJLTTPLE~-INLET RESONANT COMBUSTOR. "BOILER-PLATE"™ MODEL IS
USED TO TEST EFFECTS OF AIR INLET LENGTH AND LOCATION ON
RESONANT COMBUSTION. AUDIO OSCILIATOR IS USED TO DETERMINE

FUNDAMENTAL COMBUSTION FREQUENCY,
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FIGURE U

RESONANT COMBUSTOR WITH THIRTSEN AIR INLETS FLUSH WITH
CHAMBER SURFACE. ONE-HALF INCH INSIDE DIAMETER AIR INe
LETS ARE ONE INCH LONG.

. T —
-~




’/
2

MRS RRER A

’»"- -
at b2 e

FIG, 5: FOUR~INCH DIAMETER RESONANT COMBUSTOR TUBE WITH 96 AIR INLETS,
ONE INCH IONG BY 1/l INCH DIAMEIER, INSTALLED FLUSH WITH
OUTER SURFACE.




FIG. 6: 100~-INLET RESONANT COMBUSTOR AND RAM SHROUD, DISASSEMELED.




FIG. 7: RESONANT COMBUSTOR ASSEMBLED IN RAM SHROUD.
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FIGCURE 10: COMRUSTOR JITH SLANTED IMLSTS, (TSST ARTICLE)




FIGURE 11: TEST STAND, SHOWING VERTICALLY-MOUNTED COMBUSTOR AND AIR
SUPPLY PIPE FOR CONNECTED-PIPE TESTS
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