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SYMBOLS

A cross sectional area

F net thrust gain due to combustion
n

P pressure

q velocity head

T temperature

WA air weight flow rate

Wf fuel weight flow rate
Sw÷w

W4V A+W f

P
08 sl, where P 1osl 29.921" Hg

osl.

T2 T
9 where TosI - 520OR

osi

Scombustion efficiency

Subscripts

T Total

sl Sea level standard conditions

1,2, 3, t4 As indicated in sketch, Fivure (23)
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quite comrplete as exhaust c-as samples typically showed less than one

percent con Mbustible s.

The configuration investigated was 7,arlced 11y a contrast~inF_ corm-

b~ination of high combustion efficiency, and a mild nre ssure-gain mnode of

combustion, but with a relatively poor thrust specific fuel consumption.

It is believed that the latter was partly due to poor matching between

UYha shroud nozzle ari~ and. th~ c; .~tr Test. revt~alud a trend

r4f' i-nr~rcvri t~hyniit, snerni fi n fiu,- r-icn'~1r'tr±ion writh increase of s>"iulated

airspeed. The variation of shroud overhangý leng~th shows that there Jis an

optimum length of shircud overhang beyond the end of the con'.ustor, which

infers that th',ýe is a tuning effect between the n~atural. frequ';.ncy of the

combustor and the surrounding shroud. The results of the investigation

support the contention that resonant,, valveless cor.!.u.stor confi~urations

can be dovisece to be operationally co'-inatlibie w.ith ran, sh-rcuds w.htch en~--

close t:.'em and operate ovcr a .:ide ra-n-e cf fu,.el flow. rates. Fres"i o,.er-

all slhrcuded r3sonant ocr.-.-tor -'erfcr~a.,ce over the. entire ra-n,.e from

zero airspeed to high sub~senic airqp.~ed., c-in be ox-ected fron a conr' Istor

--ith hicheszt static (i.e.,, zero air -pecd) ce-l'ibusion chan.lor pr'ýssure

\Cr 71X.Cifirc thr-ist) v-,d lcwest rtatlic th' ' ific tý_,l .c;u:to

Thi. rta'enent is depncrdent upen the. nrequirernent that the ccnfi -urat icn'c

,-i'1t *he arra:-ied cc t~at vc-* tn exn-t aset do nct interfere w.:th ",e

in~flow into the rar--:z.rcut2 ut ra-her are I .p s;' ar-unir *ihe cor." .so

w d.tui .,.e rl.rcud Tiurinj: thie i-vss-ure-rise rt C.' c:,:e C, r-.- ýýSti. c-d-cl.

It is reccc-r~-.cnded th.a' a su;cceedin.T- -hasc of wcrk boc 1basei cn the

investil-at~ion of paired !'-.u)-;u e ecriustors c-era'1iri 130o cut-v-f-p*,ase

with'in a ocpt-rn ram~ shroud.



INMrODUCTION

•.1 9asll, Concepts

The main purpose of this Phase II study, and of the previously com-

pleted Phase I study, has been to develop a combustor for high air speed

",peratiorn that takes advantage of the qualities of resonant combustion.

As explained in Reference (2), MResonant Combustion can combine high

combustion efficiency with a pressure rise during combustion. By contrast,

in steady flow combustlin, in which some pressure loss always occurs, it

i.3 chara:teristi-, that madimum combustion efficiency and miniam., pressure

!'s3 itn the same b.4-ner configuration are incompatible. In ojher wo:ds,

combastion efficiency in the steady flow case is gained at the expense of

increasing the combustion pressure los9s or vice-versa. The advantages of

resonant combustion are rather widely known. Howeve.?, as air speed increases,

air infiw losses have been shown to increase at a higher rate than is typical

of steady flow air breathing Jet engines. This characteristic performance

redurtion with Increasing air speed has heen the most critical factor in

preverjt~ng m;re widespread use cf .ngines using resonant or intermittent com-

b-otLor.. Therc. is some reason to believe that the concepts employed in the

Pna3e I and Phase TI studies may improve the utilization of resonant corm-

bustikn ir high speed valveleas pulsejets, and may also make it practicable

t,7, use this Type of .•mbustion in gas turbine cycles."

As indo!aled ia Reference (2.), and illustrated in Figures (1), (3),

and (4.) the basic Con-)ept3 involved ini this resonant ,ombustor resear..h
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are as Poli'ws: (1) fue! is introduced through a multitude of ýn'4ector

(jet pump) inlets; (2) air inflow is initially induced and is continued

by the jet pumping acticn of the fuel nozzles, and a si.,nific-nt anount

of mixing of fuel and air occurs in the inlet; (3) tne inner ends of the

air inlet tubes, when heated, act as multiple sources of ignition; (L) this

method of induction cf fuel and air through multirle Jet pun- irlets should

cause violent mixing and stirring in tha co~'bustor. The net result of

these concepts is to increase the effective burning rate, thit 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:. r-xouded as shovn

in Figure (2), to reduce the losses associated with air inflow to the

conbustion chamber. The &-4.ntages are apparent. The duct around the

resonant burner enables the designer to utilize the pressure rise available

from ran air, throuvh the use of a gocd diffuser on the duct inlet. :t is

not practicable to ,ppby a high-sreed diffuser directly to a pulse 'et air

inlet because of the high losses thit occur -Auring the reverse flow or

blow-back rorticn of the orerating cycle, when the co-bustion -ressure

rises above the ir.l-t rressure. The rlacine o' a duct arcund the re.snant

burner .p-rmits the birner to orerate in an enviro".ent in which the kinetic

enert,-" ýof the air is love-r than that in the surrounding fr"e air stro.--.

In this situaw`.cn, wen ccnuý-,tion rressure suddenly rinas above the inlet

presst:re, t.he blow-b!ack k directed into the shýrcud. The presr-re loss is

net now so ereat -ecause ýIL' "t. Inlet ýir has first beer. slowed dcw.r in

the shroud d.ffuser and 2ý *I.- -alcritv of *he blow-hack is disch!a-ged



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

dealt 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 area, and arrangement of inlets necessary to support 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 of

initial evaluation. A shrouded resonant combustor with multiple

ejector-type air inlets has been construc'.ed and demonstrated.

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

that can take advantage of the oualities of reson-nt combustion

(a con.jination of high combustion efficiency with a pressure rise

during combustion) without suffering from the air inflow losses

5
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characteristic of resonant combustion with increasing irspeed."

"The cycle frequency of this resonant combustor is indicative of

a very low burning time (high burning 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."

"TIe combustor was evolved in unducted static development

testing from a burner with seven cylindrical inlets that nro-

truded from the Iombustor 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 designed to permit rapid

variation of combustor parameters that Pffected 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 parameters 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."

6



"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

c) 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 variables and to discover trends which

would be useful in the construction and testing of a shrouded multiple-

inlet burner for use in connected-pipe tests.

2.4.2 Connected-Pipe Burner Testing and Dtvelopnent

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

reported in Reference (4), a multiple-inlet shrouded burner was constructed.

7
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This burner incorporated a large number (F0) of small inlets, with inlet

orientation and physical chiracteristics 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.

8
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3. EXPEMRWENTAL PROCEDURE AMD 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 450 upstream, 450 downstream, at 900 to the

burner axis, and at 900 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 range

of fuel flew rates over which resonant combustion would occur. It was

recognized that burner head pressure might be a misleading criterion, since

a rise or reduction in burner head pressure with a particular configuration

might indicate a change in ncsition of pressure conceintration within the

combustor, rather than a rise or reduction in overall combustcr pressure.

The superiority of the 45- downstream-angled inlets is shown in

9



Figures (12) and (13). Relative to the 450 downstream iniet configuration,

the performance of the other inlet configurations was found to be less

desirable in the following respects:

3.1l.1. 900 Tangential Inlet

The 900 tangential inlet configuration Produced tirust vs fuel flow

about equal to the 450 downstream inlets, but with a very much lower

burner head pressure and over a smaller range of fuel flows. Further,

the burner length necessary to achieve this was almost double the optimun

length for 45 downstream inlets.

3.1.1.2 45 Upstream Inlet

'With inlets inclined 45 upstream, thrust and burner head pressure

were appreciably reduced, and the range of resonating fuel flow rates

was lower.

3.1.1.3 900 Inlet

The 900 inlets, although providing generaily equivalent thrust to

the 4 downstream inlets, gaxe a lower burner head rressure and a lower

resonating fuel flow range. Further, the OY' 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, 45 Downstream Inlets

The 0 downstream inlet configuration, being judted the superior

configuration of the several tested, was used ir additional tests to

determine the effects of burner length and exhaust diameter. 9urner

length was varied from 25-3/9" to b5-5/8", within which range three exhaust

diameters were t,!sted on the four inch d-.ameter combuster (see Fig-ure E):

10



a) 41" diameter (unaltered)

b) 3-1/2" diameter (nozzle affixed)

c) 5" diameter (diffuser affixed)

The best configuration appeared to be 305/P" burner length with exhaust

diffused to 5" diameter.

3.1.3 Fuel Nozzle Penetra~ion intc Inlet

Using the 45 downstream inlet configuration with 30-5/8" burner

length and exhaust diffusion tc 5' diameter, the effect of depth of fuel

nozzle penetration into te irilet tube was investigated. The effect i•.

quite pronounced. Fou r ?..3`tions were investigated&

1) nozzle -/4" outside plane of inlet tube en-trance

2) nozzle in plTie of inlet tube entrance

3) nozzle projecting 1/h4 into inlet tube

4) nozle nrojectiL- `/72" into inlet tube

The position with nozzles in thoe rine ,I' th inlet tube entran,-e g~ave

the best results, resulting in thru•st and burner head press;ýue hijher

than with nozzles .11'4 ous"de the -nlet. tube entzrance rane. ,4ith nczz-es

projecting intD the inlet tubes i/i" and 1/P', ros'nant murn'.ng wcI1d not

commence withoui ;n, rir blast.

3.1."' :nlAt, Tube Pene-ýr,',.ti_-.n %" }': -n h ,b.,

TIe effrot of distance of irilet tuht por.etriti--.7. i.0- Th' com:1ustion

chamber was iyiveoti7ted, with the 45' lownstroan inilet3,,.10-5/k" borner

length, rind ex!L.tusf IYu-r tc '' 1' 'r- i:r igUYr - skcch

it. is s-,en th'÷ '.o LKe' "ubes were 7.V.,"n -ri½!. buh'-n: * The da-



of penetration into the combustion chamber could then be varied by moving

the inlet tubes axially. Tests were iade with the inlet tubes flush with

the inner ends of the bushings, with the inlet tubes extending 1/41", 1/2"

and 3M4' beyond the ends of the bushings, and with the inlet tubes scarfed

450 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. Rezonarit bizniing was possible 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" lengt'., then scarfed 450 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

1-116" L a 3.0).

3.1.6 Conclusions Derived from Static Testing

The static burner testLng led to a number of conclusions, which were

reported in Reference (4) and which are repeated here, as follows:

(1) "For any given burner configuration, thrust varies apppoximately

linearly with average pressure across the burner head over

most of the fuel flow range, but not necessarily with fuel

flow rate. Near rich-out, the thrust b)egins to lag, and may

even recerse with some configurations.

12



(2) "For a particular burner, each direction of inlet tube into

the combustion chamber provides a characteristic of thrust

vs average birner head pressure peculiar to that direction

of inlets, and the effect of inlet direction on burner per-

formance ie 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 .

(4) "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) 11 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 rn.ge of fuel flow to support resonant corm-

bustion aprear to ',e more dependent orn burner length and exhaust

confi,-uration than on inlet direction.

(7) "The average burner head pressure required to rroduce a given

thrust is a function of inlet tube direction, and can vary

widely fron one dire-tion of inlet tube to another.

I



(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.

(1i) "For a given burner 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) "While recognizing the necessity for an expanded future Trogram

of stitic 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

between a st.atic burner with a small number of inlets and a

shrouded burner with a much greater number of smaller inlets

can be bridged in a Tract!cal manner".

14~



3.2 Connected-Pipe Tests and Results

As noted in paragraph 2.4.2 of this rerort, a multiple-inlet shrouded

burner was constructed for connected-pipe tests based on the results and

conclusions obtained from the static hurner testing. Early attempts to

use liquid fuel with this burner indicated liquid fuel system requirements

to be fairly incompatible with gaseous fuel system requirements. This

necessitated that liquid fuel experimentation Le put aside temporarily

in favor of determining optimized burner rarameters with gaseous fuel,

and returning to liquid fuel testing toward the end of the program if

time permitted.

Burner characteristics were investigated over a range of sh-roud over-
hang lengths (e-3Li", 6-3/1", 9', 4-l/L", and 3-1/2"), for a ringe of ram

air flows within each of which a ranr-e of "uel floý. from lean..out to

rich-out (or near i ich-out) was invest i.ated. The results rer.it an

evaluation of thrust, rress-:res and temrerat,:res, ram air flow effects,

fuel consumption, com'ustion efficiency, resonart freque.ncy, combustor

shroud overhang effects, and combustor ccn-7,uration. For rurroses of

continuity and ease of data ccmp-t-iscn, the iata ire presented in aclordan'ce

with the method used i Reference '12), using s.hs-Crits identified in

Fi,-ure (23).

3.2.1 Thrubt

Thrust war, noas-ired viricus r-i air flow rtt-, in.-i f.ol flow

r tes at ?he i•Pe differert n77710 Over"Mg . fir. wi". ?'r> rA-

f.r flv.::n,', x. ! t -er. with tl-e mn:x.,e 1r~rat: .r exý,"Ist ,-s es



flowing out the engine exit in addition to r in air). The relationship

of thrust to engine nozzle exit pressure is shown in F-igure (14), with

a total of 174 test points (87 -with ram air only and 87 with comrbustion)

superimposed on a theoretical curve (see Reference 2 for derivation).

Although almost all of the "cold" -oints lie above the theoretical curve,

indicating error either in the measuring of thrust or of press3ure, the

"hot" points (where the burner was operating) showed relatively good

correlat ion.

The gain in thrust ("hot" thruf:t minus "cold" thrust) is the thrust

gain tUrparted by the burner, and is shown as a function of fuel flow

rqte at various nozzle overhang lengthr and various air flow rates in

Figures (2h) through (2E). The data of •igures (24) through (2E) show

a lower thrust gain than actually.- existed. This is hecause the air flow

was reduced by as much as 20. when burnin.? .egar, .fiving a lower effective

thrust due to air flow and ý"onsecouently a higher value of thrust gain tC.n

is ohbtained from. calculating "hot" thrust minus "cola" thrust. From the

fii'ures it is seer that the thrist-fuel flow rplationship at a given air

flow is about the sine for all the nozzle overhang ler!.:ths t-sted. The

rAnc:e -f fuel flows *vor whioh tte 'turner wouij ra,,nnite is seen to be

lar.-st -t ,-3A4" nozzle overhang, to `e s•i:t.- tly snaller V •-i/+ "

overh-a:, q-,d to -iecr,-af; f'arly rapidy as rr :!le cver, ar.n; is ',d iced ýo

Fressures aM "e.-r.•r•ures ;Lstr• f .- er --it the e :.
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exit were measured on each run. The correlation of measurel pressure with

measured thrust as seen in Figure (14) is evidence as to tne 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 plot of Figure (16). Here the measured weight flows are

plotted 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 : work and reported in Reference (2).

These theoretical curves, based on the derivation of Refejrence (2), show

the measured values of temper-ture to be too high. Since the exhaust

temperature was measured at a singlP 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 of the data.

Pressure Loss Coefficient and Temperature Rise Ritio versus air flow

are shown in Figure (20). (The facing page, Figure (19), shows the data

points obtained in the Phase I work and reported in Reference (2)). In

order to improve the lcgibility of Figure (20), the plotted data are

reduced to a minimum, A complete set of data is plotted for the 6-3/b"

nozzle cverhang, but the L-1/4" nozzle overhang data are eliminated and

the data shown for 8-3/h", 5", and 3-1/2" over)rang is limited to that

obtained with maximum and minimum fuel flow at maximum and minimim air

flow. Three conclusions are derived from the curves of Pressure Loss

Coefficient.



(1) the 6-3/41" 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 6-3/4",

the rise in pressure loss when burning is started becomes

progressively greater;

(3) although fuel flow rates are not indicated on the curves,

the smaller pressure loss increases occur with the minimrm

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 temperature

T t4
data are believed to be considerably in error. The - 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 'elease carabilities of the inclined-inlet burner (Phase II) are about

double that of the 900 inlet burner (Phase I).

High speed pressure measurenents were made of the combustor and shroud

pressures, and the test data were recorded on oscillograph tapes. Pressures

18



were measured at three shroud overhang lengths (8-3/4", 6-3/h", and 5"),

at maximum and minimum air flow ft each length, a id at maximum and minimum

fuel flow at each air flow. 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 nt 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 nressure 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 graphs, it ib apparent that

the high combustor pressure described above was unique to one or two

conditions. However, the 6-3/4" overhang length is seen to have higher

combustor pressure than shroud nressure (to reo.harge from a reservoir at
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lower pressure) under three of the four condtions tested. As is evident

from Figure (33), the oscillograph results show the combustor pressure

graph to be i800 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 possible to

increase oscillograph tape speed without compromising legibility of the

traces.

3.2.3 Resonant Frequency and Starting

The shrouded burner would start resonating automatically upon the

admission of fuel at air flows from .5 to 1.65 lbs per second. No attempt

was made to test at lower air flow rates. As the nozzle overhang length

was decreased below 6-3/4", the fuel flow rate rerniired to start at any

given air flow was increased. All resonance was within the range of 275

to 330 cps. On starting with a cold burner, with medium fuel flow rate,

the initial frequency was 285 cps. d~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 distinot frequency shifts. Just prior to shift-

ing, resonancr would become unstable and the burner would sound as though

it were n-issing 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 3hifts are due to burner expansion while
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heating, since there is no further shift after the burner is heated

unless fuel flow rate is 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

frequency, 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.

3.2.4€ Ram Air Flow

As would be expected, the effect of ra- air flow on some burner

performance characteristics is pronounced. Figures (24) through (2P)

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 shoim 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 be 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 reacLed. For this burner configuration, however, resonant burn-

ing could not be maintained above the maximum air flow rate shown, as

noted previously.

Figures (24) 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 rapiily 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 .034 -bs), the range is very much reduced.
sec-in

3.2.6 Combustion Efficiency

Figure (22) show. 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 combustion efficiency is
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derived by dividing theoretical fuel flow by the measured fuel flow, the

theoretical fuel flow being obtained 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 Overhang

Since combustor shroud overhang was one of the basic 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 6-3/41". 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 8-3/4" nozzle length appears to be about the

same as the 6-3/4" length, perhaps not quite as good. When the overhang

is reduced below 6-3/A" the coefficient increases with increasing severity

as overhang length is reduced.

Figures (24) through (28) show the best length from tne standpoint

of resonating fuel flow range to be 6-3/A". At e-3/h" the range is

slightly smaller, and at lengths below 6-3/h" the range becomes increasingly

smaller as length is reduced.

The effect of overhang length on specific fuel consumption appears to

be almost negligible. based on the plot of Figure (1F). 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 hy air flow rate. Figure (29) 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

45 downstream is a superior combustor to the previous combustor with

900 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, and often

even a reduction, in pressure loss coefficient. Figures (21) and (22)

show the present configuration to accomodate 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 (14) a

higher thrust. These tLrrovenents indicate the sureriority of the

present confib-uration, and ag-in indicaTte the validity of static test

results obtained with a small number of large inlets to rredict per-

formance trends of co-nected-ripe ccrbustors with a large n*m',er of

small inlets.
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r 4. CONCLUSIONS

L.1 The slanting of the air inlets so as to direct the combustor exhaust

r blowback gases downstream was shown to be a decided improvenent over the

earlier configuration in which the blowback entered the shroud perpendicular

to the by-pass passage-way.

I .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 (simulated) airspeed.

1h.3 Starting with static operation, the combustion was shown to be quite

complete as exhaust gas samples týypically showed less than one percent com'-

bustibles.

4.4 The configuration investigated was narked by a contrasting ccnriination

of high combustion efficiency, and a mild pressurt-gain node of combustion,

but with a thrust specific fuel consumption (Tsfc, lb fuel per hour per pound

I of thrust) which was more like teat of a ranijet than a pulsejet. It is be-

lieved that the Tsfc would be improved with better matching bc 'ween the

s'ru-oud nozzle and the ccnbustecr.

6.5 The variation of shroud overhar.; 'enejth r'.ows t.-Iat t' -re is an

optimum lengith of shroud cv-rhan,- "-.yc'd hc e:'d of th.e c< 's•tcr, C,

infers th.a" t:.ere is a tuuing ef.vc' it,:er .'c i* :r-! .- e 4':1 .e

c stcr and tne s,;rrcundi s. f d.

S.6 "rencr-Ld •eccl.sions

(1) It dcc!T nct sctn pos-ihle tc ,ive incontmrt'rtihle prcf at this
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sta-e of the art, hit the evidence sure 'ts t'.at the benefit ;;ained

from the featire cf Silnergin; the air inlets ir ccn rc,-d~ed by the

need to reduce the length of the air inlets in order to sultmerge them.

Whereas submerging the air inlets nay have reduoed the air inflow losses

and contributed to a trend of improving performance with increasing air-

speed, this is believed to have been counter-balarced by a reduction

in combustion chamber rresoure 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 nake the inlets

flush with the ccr. uctor exterior, and was accomplished only 1y usirg- a.

unusually large nurn1 r of inlets (30).

Althicugh the confi"uraticn c-:s tocd startingf characri•tiic:;

(usually ,rit!icut requirin- a blast of startinf' air), carplet.e ccm! -. ttcrn,

and reasona"ily good heat cutput 'with respect tc vclume, it ir relatively

low in thnist output, at low airspeeds.

(2) The results of the investigation strenLjly support the :cn--enticn

that resonant, valveless corf-ustor ccnfiu.-uratiens can .)e de':ised tc le

cperaticnall$y conpatible with ram shrouls which tnclose ti.en. However,

best cverall shrouded resonant ccmi ustor , erfcr..ance over the e-Atir.'

rxrge from zero airspeed to high sutionic air speed, can b1e c....tcd frn -

.C,. :tcr •-ith highest static (i.e., zero air st-eed) cenl usticn chamber

p.-ssure (or ::Ž:.!it t:rt) and loiest static - c -ific fuel con.•wn-tj-_'.

.'u, nt is re:endent .ipcn Ihe ryqrnent th.a* ttr cr-nfi-uraticrs

7,%:tt le nrra:t.-ed so Vtat coI ,!iLcn ex:a-.s-', :-ases d( nc" intcr'Yre "d,'th
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the inflow into the ram-shroud but rather are by-passed around the

com1)urtor .:ithin the shroud during the pressure-rise portion 9f the com-

bustion cycle.

It is msggested 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 oDnbustor 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 more 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 combustors. It has been demonstrated with a variety

of pulsejets that they can be operated 1800 out of phase, i.e., when inflow

is occuring in one comhustor, the other one is discharging. When matched

engines are enclosed in a common shroud, and operate 1800 out of phase, 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.

5. RECOIMDATIONS 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. A pair of U-shaped ccr.!burtcrr in wh1ich the air in1'-t. arid

tailpipe are faced in the same dir'cctirn, an~ exenrlri-i-d

'by tho- - used in the "Pulse Renic cr!7" I-ein- devvlolwd 1)y

this Contraictor under U. S. !.avy ccntract -oa(s) -9-(,401ýc

(IRef. 6),t 'he pair of cnl-u~tors to ie eperated I1800 u't

of phase vrthin a sini1e sirc-.d.

2. A rtzcrant ccmr&2,tcr in w,.hich there arve a tctal cf -'-ree

tc feven air inlets, with cne sm-all up:Strean facini.: inlet

and the cthtr inl-_t~s -raced arcund the ccrilsti Ta.71 e r

ati inlet tules directed Qlcwnstreamw t~r. +Ile ram-Eý,rcu(.

qdWe
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i~~re'cesssedi aiir inlets

FIG. 14 INITIAL CONCEPTION OF RESONANT COMBUSTOR WITH
MULTIPLE INJECTOR-TLYPE AIR INLETS

FIG. 2: INITIAL 0CQ4CEPTION OF' MULTIPLE INJECTOR-TYPE
AIR IN;LLT RESONANT COMBUSTOR IN USE-AS A DUCTED
VALVELESS PUI.BEJET,9 RESONANT RAMJET, OR RESUNANT
COMB3USTOR IN A GAS TURBINE CYCLE



FIG. 3: IULTTPLF-INLET RESONANT COMBUSTOR. "BOILER-PIATE" NDDEL IS
USED TO TEST EFFECTS OF AIR INLET LiNGTH AND LOCATION ON
RESONANT COMBUSTION. AUDIO OSCILIATOR IS USED TO DETERJIINE

`UNDAIWTAL COMBUSTION FLEQUENCY.



FIGURýE 4: RE3ONANT COM[BUSTOR 14ITH THIRTEEN AIR INLETS FLUSH W4ITH
CHAMER SURFACE. ONE-HALF INCH INSIDE DIAMETER AIR IN-
LE]TS ARE ONE INCH LONG.



#llL

FIG. 5: FOUR.-INCH DIAMETER RESONANT COMBUSTOR TUBE WITH 96 AIR INLETS,
ONE INCH IDNG BY 1A INCH DIAMETER, INSTALLE) FLUSH WITH
OUTER SJRFACE.



FIG. 6: 1OO-INLET RESOANT COMBUSTOR AND RAM SHHDUD, DISASSM(BLI).



FIG. 7:RESONANT COMBUSTOR ASSEMBIM) IN RAM SHRUMT.
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FIGURE 11: TEST STANDp SHOWING VERTICALLY-MOU?~rED COM131JSTOR AND AIR
SUPYPIPE FOR CONMECTED-PIPE TESTS
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ADVANCED RESEARCH division of HILIER AIRCRAFT CORPORATION
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ADVANCED RESEARCH d~vis ion of HILLFR AIRCRAFT CORPORATION___

PHROUD PRESS RE ___

0 Max. kirFl~w, Mi *Fue Flow

(3 Min. ir Fi)w, Mii. *F'ue Flowl

MAX. PRPSSJRE ---

_vm- _ ~ a q IRV.

4

- ~ - -1



U) C) .

_n .00'0C

-.. cn C\0 "o IA.- 0\ Hc *N
rn 70 \ Cl) CJ aON 4. C .0 co, cz r-, a Co .0 r Co 0 H

IJ. CCI 0 em 1 1 a

_:I' H~ Cl- Cl-. LUR _z ia

M 4 C1 0. C'j0
=L (nU~~ 0)- U)~C.x IJl. Cl.- C . UC- Cl-.

\40 .0 .0 H
H H VH~

0 0o\ mH \o-:
Ct)-4 rl 0 4)C Ar H) C 0 4-) r- C\ ( A r- -

fl0 fL co .0 ' \

t_: .0j Di a '\ Hc . o .5- H\ Co .0j aO C 40
+) H3 +).0 O a:H 4. . H-)

.C- Hr U H oH ~ 0 +.0 cLO.~ (n 0 i.D XD C-rl(* H

C.) -4 rO C-) Z -4 C'J4 H 4 CJ

54) 0
.0 H\ O N t p

(a. i4 ) +). -CC 4) .4 -" * .
EX,- Co )r l l t. (. u"(

r-4

tin rCo j 0. Z. c. P-4 W, r -

.r Co4 0 .0 Ho.. to r-) r, Hr. - M ý
.0.0 CL Co f-4 r-) u-. Co4 C-. .0. 0 )

H " Hi UIN k0- 1-\ Ur 2. eH l
Or-4 O' O H U ..-4 '~z

1- H ON * O . ) .' N 0 4.. 0. O * H o . X

r- f -) c4 CL J -4 CJ 1 CHI\J0

CC- CN. C/C. 1.? C-. C. .C- l. a a C

4J 4Jcr: C

MR F0 32 A9VHII 17 U F-"



PUA..LDhw'..SARWll dtvlston of IITLL'2R AIRCR1AFT COROItATION

so ri

H441
Cali

C. IS 14 In

4) C',i -1

4:1 1 -- 4

r-F-r
0 tu

FTIURF 33: COWMUSTWR ANDf SMftUHi) T;nIMSiiU11 CYCLF'~;

-- 'I-la w2V'1 20



I A --al Theorv

V, Run I Over,, Air I.. (I
__p AA J ?%q~. 1.0

6- A_7___ .. _I3
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Actual Theory

Rn Over, Air F TrI - _e0L \fL '78 T -
Hag ..Deed iZ'q i f e A4TI A*. V''-4
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Act ual Theory® ® I ' Q@ Ii__ @ '
w,\re- Run Over Air F Pr'- ''4 - TT- - - 7A~ C( No. Han Spned 64 -d-' •V

95 H 100 .30h -. 30 .027 2725 4,876 3.30 __.67
26 -H 100 .2A6 .2 .025 2h7j 3.305 2.75 83.
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