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NATTORAL ADVISORY COMMITTEE FOR AERONAUTICS
RESEARCH MEMORANDUM

EFFECT OF ATR DISTRIBUTION ON RADIAL TEMPERATURE DISTRIBUTION
IN ONE-SIXTH SECTOR OF ANNULAR TURBOJET COMBUSTOR
By Hermen Mark and Eugene V. Zettle

SUMMARY

As part of a program conducted to determlne a method of con-
trolling radial exhaust-gas-temperature dlstribution in a gas-
turbine combustion chamber, an experimental investigation was made
in a one-sixth sector of an annular turboJet combustor. A partic-
nlar design method of controlling the radial variation of the com-
bustor exhaust-gas temperature was studied. The method chosen
consisted in adjusting the radial dlstribution of secondary or
dilution air entering the combustion zome. This adjustment was
achieved by one or both of two methoda: (1) by ducting the dilu-
tion air into the combustion zone in & predetermined manner through
hollow redial strute, or (2) by modifying the basket-wall open-hole
area.

The combustor modifications investigated consisted of combi-
nations of design modifications in three principal sections of the
combustor: (1) the primary-zone basket wall, (2) the secondary-
gzone basket wall, and (3) the hollow radial struts. The results
of an experimental investigation of 16 separate combinations of
such design modifications indicated that in this combustor secondary-
zone basket-wall modifications have a large effect on the radlal
distribution of exheust-gas temperatures. Modificatlons in the
secondary-zone basket walls must be accampanied by a suiltable
primary-zone basket-wall design, however, +to make possible actual
control of the exhaust-gas radlal temperature distribution. 4
suitable primary-well deslgn in the combustor under comsideratlon
consisted of e primary-zone basket wall, which provided aliternate
fuel-rich and air-rich seoctors longitudinally along the combustor.
Modificetions of the hollow radial strute for ducting dilution alr
into the combustion zone have some effect on the exhanst-ges radlal
temperature distribution. For the combustor investigated hereln,
this method does not make posslble complete control of the exhaust~
gas redial temperature distribution. Fach row of such hollow radial
gtrute resulted in combustor pressure losses epproximately double
those of a compustor without struts.

G,
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INTRODUCTION

For each gas-turbine design, a turbine-inlet-temperature dis-
tribution exists that will allow maximum blade strength and mexi-
mum blade life at the operating. temperatures. Maintenance of a
proper temperature distribution at the combustor outlet is there-
fore desirable.

As part of the combustlon research program being conducted at
the NACA lewis laboratory, an experimental Investigation was made
in a one-sixth sector of an anmular turbojet combustor. The Inves-
tigation was conducted to study a design method of controlling the
radlel varistion of the gas temperatures at the combustor outlet.
The method consisted in varying the radial distributlion of dililution
alr entering the combustion zone by modifyling the design of the
basket wall or by introducing the alr through hollow radial struts.

The performance of a combustor designed to control the radial
distribution of dilution alr entering the combustion zone was deter-
mined and then the combustor was redeslgned in an attempt to improve
performance. The performance of each new design was Inveatigated
and the information obtained was used in determining the next deaign.
The most important steandard of performance in such an investigation
was, of course, the outlet-temperature distribution. In redesigning
the combustor, howsver, all the principal performance characteristlcs
wore congldered. TFor most of the modifications, these characteristica
included the sltitude operating limits, the combustor total-pressure
losa, and the combustion efficlency. In some cases, investigatlon
of all the performance characteristlcs was considered unnecessary if
one or the other of the characterlistice already determined was
extremely undesirable. No attempt was made to show or to discuss
all the modifications that were investigated. Performance data are
presented for 16 combustor designs illustrating some of the factors
that must be considered in attempting to control radial temperature
distribution at the outlet of & gas-turbine combustor.

APPARATUS
Installation

A schematic diagram of the installation is shown in flgure 1.
Combugtion alr was supplied to the setup fram the laboretory alr-
supply system at pressures up to 55 pounds per squere inch absolute.
The leboratory exhaust system removed the exhaust gases and could
maintain pressures as low as 2 pounds per square inch absolute
within the combustlon chamber.
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A gasollne-fired air preheater was located npstream of the
setup In a bypass to control combustor-inliet temperatures. The
quantlty of alr flowing through the bypass, the total air flow,
and the combustlon-chamber pressure were regulated by three remote-
control valves. '

Two quartz cobservetion windows were installed in the side wall
of the combustion chember for wvisual Inspectlon of combustion during
operation. .

Instrumentation

The inlet-ailr temperatures were measured at station 1 (fig. 1)
by means of three iron-constantan thermccouples (fig. 2(a)) evenly
apaced across the duct. Rekes of chromel-alumel thermocouples
(figs. 2(b) and 2(d)) were used at stations 2 and 3 (fig. 1) for
measuring the exhaust-gas temperatures. Five rakes of thermocouples
were placed at station 2 spaced at 10° intervals soross the duct.
Bach rake contalned five thermocouples located at the centers of
equal areas of the cross section. At station 3 two such rakes were
used to check for afterburning. All thermocouples were connected
to callbrated potentiometers. Statlc and total pressures were
measured at stations 1 and 3 by means of static wall taps and Impact-
tube rakes (fige. 2(c) and 2(d)) connected to 84-inch water and
mercury mancmeters, which were photographed to reduce the time of
operation at each test condition. Alr flow was metered through a
Daniel's concentric-hole orifice and fuel flow was metered by cal-
ibrated rotameters. The fuel unsed was AN-F-48b.

Combustors

The combustor, which was & one-sixth sector of an annular turbojet
combustor, consisted of the combustor outer housing, the fuel mani-
fold, four fuel-injection nozzles (cmpacity, 10.5-gal/hr and
60°-hollow-cone spray at pressure differential of 100 l'b/sq_ :Ln.), and
the internal air baffles referred to hereinafter as the "basket.™ The
upstream and the downstream halves of the basket were arbitrarily
designated the primary-zone and secondary-zone walls, respectively.

Each of the combustor baskets Investigated 1s designated by a
serles of numbers and letters, for example, the initial basket is
deslignated 1-:LBl. (See fig. 3(a)). The series of numbers and

letters by which & basket is identified serves as a code in which
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the flret number (1 or 2) refers to the primary-wall deslgn, and the
second number (1, 2, or 3) refers to the secondary-wall design. The
letter indicates the type of dilution~alyr radial distribution that
the geometry of the slot opening on the face of the struts was
intended to induce. The slots used were:

A, slot opening designed to 1nduce a shift in the radial dis-
tribution of dilution alr toward the turbine-blade tip

B, slot opening designed to induce egqual flow through the struts
at blade tip and root . :

C, slot opening designed to induce a shift In the radial dils-
tribution of the dilution alr towarde the blade rooct

The subscript 1 or 2 indicates the design group of the hollow
radial struts, which are used to distribute the dilution air.

Combustor designs having common primary~ and secondary-wall
designs and differing only in type of radial alr-flow dlstribution,
which the design 1s intended to produce because of the type of strut
used (A, B, or C), conveniently fell into series. The various seriles
of baskets are subsequently described in the oxrder they were desligned
and 1nvestigated. '

Series 1-1( );. - The development of the inner and outer walla

of inltial combustor basket 1-1Bj (fig. 3(a)) is shown in figure 4(a).
Primary-wall design 1 used in this basket was that of a contemporary
no-strut type with & row of thin louvers added downstream of each row
of holes:. Secondary-wall design 1 used Iin this basket was intended to
control the radial distribution of the secondary alr. The deslign
consisted of two rows of large clrcular holes in the outer wall of
the basket connected to two rows of rectangular, round-corner holes
in the inner wall by means of slotted radial struts. These itwo rows
of struts were staggered. The secondary air passed through the holes
in the basket walls, the hollow radiel struts, and the slots into the
combustion zone. The slots were faced upstream so that the secondary
alr turning downstream would cool the struts.. The B, struts in the

initial basket 1-1Bj had slots of uniform width (cuteway portion of

fig. 3(a)) and were intended to induce a uniform alr distribution.
gtrut series 1 (A, By, and C;) is shown in the insert in fig-

ure 3(a).

1193
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The other baskets In this serles (l—lAl and l-lCl) were the
same as the initial basket except that they had the A and C; struts,
respectively, instead of the By struts used in basket 1-1B5.

Series 1-2( )l. - Basket 1-2B; is shown in figure 3(b)} and a

development of its inner end outer walls 1s shown in Pigure 4(b).
The baskets of series 1-2( )1 were the same as those of serles 1-1( )l

except for a difference In the secondary-well design. Secondary-wall
design 1 was modified by removing the upstream row of radial struts
and changing the remaining holee 4o rectangnlar shape. The resultant
design 1s designated secondary-wall design 2 and 1s shown as the
shaded portion of figure 4(b).

Bagkets 1-2A, and 1-201 were the same as baéket l-ZBl except
thet they hed Ay and C; struts, respectively.

Series 2-2( ); and 2-2( )2. - Basket 2-2B,, which is shown in

figure 3(c¢), has primary-wall design 2 (shaded region in fig. 4(e)).
The open area 1n the basket wall upstream of the row of struts comn-
sisted of long thin trisngular slots running axlelly along the
length of the basket wall. The slots weres staggered with respect
to the fuel-Injectlon nozzles to glve alternate fuel-rich and alr-
rich sectors rumnning the length of the primary zone. This alter-
natlion allowed optimum fuel-air ratios to exlist at the Interface
botween each fuel-rich and lts adjacent -air-rich sector all along
the length of the zome. The Aj and C; struts (fig. 3(a)) were

substituted In this basket deslgn to produce basket modlifications
2-2A; and 2-2C;. Struts of series 2 (Ay, By, and Cp) are shown iIn
figure 3(c). The By strut is the same as the B; strut. Baskets
of series 2-2( ), were obtalned by substlituting struts of series 2
in the basket shown in figure 3(c).

Series 2-3( )2 and Basket 2-360. - Basket 2-332, which is shown

in Pigure 3(d), has secondary-well design 3, shown as the shaded
region in figure 4(d). The sscondary-well design is the same &s
secondary-wall design 2 except thet the rectangular holes in the
outer wall of the basket have been eliminated and an additlional

row of rectanguler openings has been added in the Inner basket wall.
This row of holes 1s in the downsiream end of what 1s arbltrarily
called the primary zone but the row is named & secondary-wall modifi-
cation because it is intended to introducs dllution alr Into the
combustion zone. Strut serles 2 was used ln conJjunction with
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primary-wall design 2 and sec¢ondary-wall design 3 to give basket
serles 2-3( )2. Basket 2-300 i1s the same as any basket In series

-2=3( )p but with the row of radial struts removed.

The basket designs investlgated are summarized in flgure 5.

PROCEDURE

The combustor-inlet and -outlet conditlions requlired to slmulate

zero-ram operation in a reference turbojet englne at various alti-
tudes and engine speeds are shown in flgure 6. The data of fig-
ure 6 were obtained from reference l. With each combustor basket,
some or all the performence characterlstics were investlgated as
described in the following paragraphs.

Temperature dilstribution. - The combustor-outlet-temperature
distribution was determined with combustor-inlet conditions simu-
lating zero-ram operation of the reference engine at an altltude of
40,000 feet, rated engine speed (17,400 rpm), and a fuel-air ratlo
of 0.016. Rated engine speed was chosen because the hlghest
combustor-outlet temperatures are required at rated speed and any
difficulties due to improper temperature dlstribution will there-
fore be most severe at this condition. A fuel-alr ratlo of 0.0186
wag used beceuse with 1l00-percent combustlon efficlency 1t approx-
imately glves the average combustor-outlet temperature required for

operetion of the reference engline at the simulated-fllight condition.

Temperature-rigse efficiency. - The varlation of temperature-
rige efficlency with fuel-alr ratioc was determined at combustor-
inlet oonditions simulating rated engine speed at an altitude of |
40,000 feet over a range of fuel-air ratlos extending from 0.015
to 0.020 or to & fuel-alr ratlio giving local thermocouple readings
above 2000° F, whichever ocourred first.

Totel-pressure loss. - Simultaneously wilth the determination
of temperature distribution and temperature-rise efficiency, total
pressures &t the inlet end the outlet of the combustor were meas-
ured and recorded. The difference between the inlet and outlet
total pressures was considered to be the average loss in total
preasure through the cambustor.

Altitude operating limits. - The altitude operating limits
were determined over a range of simmlated engine speeds from S50-
to 100-percent rated engine speed. The method used to determine
the altitude operating limits is described in reference 2. Inveg~
tigations at lower engine speeds were imposslble at the altitudes
considered because of limitations of the laboratory air supply-

1193
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RESULTS AND DISCUSSION

In the followlng paragraphs, the results shown In figure 7 to
12 are dilscussed in detall and are In the same order as the basket
modlfications appear in figure 5.

Seriles 1-1( )l

Temperature dlstribution. - The radial-temperature distribution
at the combustor outlet for the various baskets Investigated 1s
presented for combustor-inlet-alr conditions simuleting an altitude
of 40,000 feet and an engine speed of 17,400 rpm. Each symbol on
the radial-temperature-distribution curves represents the average of
five circumferentlial temperature readings at the given radlal dis-
tance from the turbine-root section in the engine. (See fig. 2(b)
for instrumentation.) The curves therefore show the average radial
temperature distribution for a given modification. The ‘radiel
temperature distributions obtained with each of the baskets of
series 1-1( )1 ere presented in figure 7(a). Basket 1-1A, gave =&

temperature distribution Increasing from blade tilp to root. Baskets
1-1B; and 1-1C; alsc gave thls same type of distribution; however,

the effects of the dilutlion-alr distributing struts are In evidence.

The temperature distribution of series 1-1( )l at a different

get of operating conditions (altlitude, 30,000 ft; engine speed,
17,400 rpm) is shown in figure 7(b). The distributions for the
baskets in series 1-1( )l at these conditions were not the same as
the distributions for these baskets at the operating conditioms of
figure 7(a). The dissimilarity illustrates that the temperature
distribution is unpredlctable for this serles with changes in
operating conditions.

Temperature-rise efficlency. - The temperature-rise effliclencles
for these basket modifications are shown in figure 7(c). The effi-
ciencles for all the baskets of this series are below 90 percent at
all fuel-alr ratios investigated and decrease markedly with lncrease
in fuel-air ratlo.

Tétal-pressure logss. - In order to make comparisons with total-
pressure losses of other turbojet combustors, the total-pressure
loss through the combustor sector ls expressed as APT/gr (where

AP is ‘the actual total-pressure loss end g,. 1s the dynamic pres-
sure that would exist at the inlet sectlion 1f the veloclty at that
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sectlion were based on the maiimum.cross-sectional area of the com-
bustor housing). The ratlio of the total-pressure loss to the_refer-
ence dynamlc pressure APT/qr expressed as a function of inlet-to-

outlet density ratio Dl/pz is presented in flgure 7(d) for basket
series 1-1( };. The values of APT/qr are approximetely the same

for each of the three baskets. The average value of APT/ﬁr is

approximately 63 at a denslty ratioc of 2.5.  This value is about
3.5 times as large as for a contemporary no-strut-itype basket.

Altitude operating limits. - The altitude operating limlts of
each of the three baskets of this seriles are shown in figure 7(e).
For comparison, the operating limlts for a contemporary no-strut-type
basket are also presented. The operating limits for the combustors
of thls series are higher at low engine speeds but much lower at
high engine speeds than the operating limits for the referencde com-
bustor. The low operating limits at high engine speeds were due to
insufficlent temperature rise through the combustor. Thls lnsuf-
ficlency was caused by both the decrease 1in temperature-rise effl-
ciency with increase in fuel-air ratio, as shown in figure 7(c),
and by the hlgh values of temperature rise that are required for
engine operatlon at high speeds, as shown In figure 6. The attaln-
able temperature rise was probably limited for two reasons: (1) The
primary zone wae fuel rich at the higher over-all fuel-air ratio,
making 1% necessary for combustion to begin farther downstream in
the combustor. This necesslity was confirmed by visual observations
showing that the flame seat moved farther downstream as the fuel-air
ratio was progressively increased. (2) The intense radial penetra-
tion of the dilution ailr due to the double row of struts quenched
the reaction processes at the location of the struts, thereby giving
too short a distance for complete combustion at high fuel-air ratios.

Summery. - The baskets of series 1-1( ), gave low temperature-
rise efficiencles at high fuel-air ratlos, h}gh pressure loasesd,
and very low altitude operating limits at high engine speeds. In
addition, although the combustor-outlet-temperature distribution
was influenced by changing the radial distribution of dilution alr
by means of radial struts, the temperature dlstributions for the
various baskets were not reproduced at different inlet-alr
condltions.

Series 1-2( )y

Temperature distribution. - The radlal temperature distribution
at the combustor outlet obtained with baskets of series 1-2( )3
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(fig. 8(a)) show temperatures increasing from blade tip to root over
the principal portion of the combustor cross sectlon regardless of
the type of sbtrut used. In figure 8(b) are shown temperature-
distribution profiles for the individual thermocouple rakes at each
circumferential station for modificatiom 1-2C;. When these curves
are compared with the average profile curve for basket 1-2C; from

figure 8(a), the curves et the individual statlons do not, in gen-
eral, have the same shape as the average proflile. Thls trend is
representative of almost all the temperature profiles for baskets
in which primery zome 1 was used. The single profile curve for
each basket, as shown in figure 8(a), 1s the average of the five
individual rake profiles (fig. 8(b)). Additional data not included
herein showsd that the temperature-distribution patterms again
varied considerably with changes in englne coperating conditioms.

. Temperature-rise efficiemcy. - Temperature-rise efficlencles
were investigated for only cne (1-201) of the thres baskets of thils

series and are shown in figure 8(c). The efficiency again decreases
with increase in fuel-air ratio but not as sharply as for basket
1-1C,. From this relation, it can be reascned that the decrease in
quenching .by the dilution alr (cbtained by changing from secondary-
wall design 1 to secondary-wall design 2) is in itself Insufficlemnt
to glve the necessary Increase in combustion efficlency at high
fuel-air ratlos.

Total-pressure loss. - The average value of APT/QT at a
density ratio of 2.5 was mbout 33 (fig. 8(d)). The pressure losses
for these baskets are therefore ahout one-half as great as for
baskets of series 1-1( )l.

Altitude operating limits. - The operating limits were deter-
mined for only one of the baskets (1-201), ag shown in figure 8(e),
and are somewhat higher than those obtained with the baskets of
geries 1-1( )l. The decrease in the guenching effect of the dllu-
tion eir has therefore been partly effective in ralsing the oper-
ating limits at high fuel-alr ratio. The flame seat was agaln
obzerved to move farther downstream as the fuel-air ratio was
progressively inoreased.

Surmary. - The baskets of serles 1-2( ); gave lower pressure

iosses and higher operating limits at high engine speeds then did
the baskets of series 1-1( );. No combustor-outlet radial-

temperature-distribution control was affected by changes in the
radial distribution of the dllution air.
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Series 2-2( ); and 2-2( )g

Temperature distribution. - When the primery-zone-wall design
wes modiflied in an attempt to produce continucus fuel-rich and alr-
rich sectors in the primary region (series 2-2( ),), the temperature-
distribution curves (fig. 9(a)) still showed temperatures increasing
from bhlade tip to root over the primnclpal portion of the combustor
cross section regardless of the strut conflguration used.

The temperature distribution of series 2-2( )y at a different
set of operating conditions (altitude, 30,000 ft; engine speed,
17,400 rpm) is shown in figure 9(b). The distributions of outlet
temperatures for the baskets in series 2-2( )l at these operating

conditions were similar to the distributions for these baskets at

the operating conditions in figure 9(a). The similarity 1llustrates
that the temperature distributions for this seriles were more repro-
ducible for changes in operating conditions than were the temperature
distributions for series 1-1( ); and 1-2( e

In figure 9(c) are shown.temperature-distribution profiles for
the individual thermocouple rakes at each circumferential station
for basket 2-2C,. When these curves are compared with the average

profile curve for basket 2-2C; from figure 9(a), the curvea at the

individual stations have more nearly the ssme shape as the average
profile. This trend 1s representative of all the temperature
profiles for baskets in which primary zone 2 was used.

The results of modifying the strut configurations to make the
variation in the radial distributions of the dilution alr more
pronounced are shown in figure 10(a) for series 2-2( )p. Rede-
signing the struts so that they would have a stronger effect on the
radial distribution of the dllution air had some effect on the
radial temperature distribution, but the radiel temperature dlg-
tributions still increase from blade tip to root. Figure 10(b)
shows series 2-2( ) at a different set of operating conditions
(altitude,so,ooo ft; englne speed, 17,400 rpm). The distributions
of outlet temperature for baskets In serles 2-2( )3 at these

operating conditions were similar to the distributions for these
bagkets at the operating conditions in figure 10(a).

Temperature-rise efficlency. - Temperature-rise efficlencies
for series 2-2( ), and 2-2( )y are shown in flgures 9(d) and
10(¢), respectively. The efficiencies, in general, remain constant
wlth progressive Ilncreases 1n‘ovpr—all fuel-air ratio and show
somewhat higher values than for series 1-2( )q.
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Totel-pressure loss. - The pressure losses for seriles 2-2( )l
and 2-2( ) are approximately the same as for meries 1-2( )1

(figs. 9(e) and 10(d), respectively).

Altitude operating limits., - The altitude operating limits for
the baskets of these two sérieas are presented in figures 9(f) and
10(e). All these baskets produced operating limits less than
5000 feet apart, as shown by the shaded area in the figures. The
operating limits for these baskets are approximately the same at

rated speed (17,400 rpm) as those for the contemporary no-strut-
type basket. Thesde operating limits are 20,000 to 30,000 feet
higher at rated speed (17,400 rpm) +than the limitse ot series
1-1( )1 and 1-2( )l'

The hlgher operating limits at rated speed and the higher
combustlon efficlencles at high fuel-air ratios obtained with these
baskets are the result of the primary-wall design. With primery-
wall design 2, the flame seat d1d not move downstream at high fuel-
alr ratios as it 41d with primary-wall design 1; thls phencmenon
was verified by visual observation through the window in the
upstream end of the combustor. With the flame alweys seated 1In the
extreme upstream end of the combustor, the entlre combustor length
was therefore always avallable for the combustlon processes. The
provision of alternate fuel-rich and air-rich sectors In the primery
zone of the combustor thus proved to be highly desirable.

The success of primary-wall design 2 may possibly be attributed
to one or both of the following explanations: (1) An optimum fuel-
alr ratio must exist somewhere in the Interface between each fuel-
rich and its adjacent air-rich sector all along the length of the
primery zome. Continuous and unbroken longitudinal zones of optlmum
fuel-alr ratio are thereby provided over the entire length of the
primeary zone greatly facilitating fleame propagation In the primary
zone. (2) Unpublished data obtained at the Lewis laboratory indi-
cate that small Jjets of air osclllate under certaln conditlons when
injected into a combustor simllar to those described herein. The
osclllation of each jet of air through small circular holes may
induce instabllities in flame seating. Thls design, however, pro-
vides for the smooth metering of alr into the chamber in continuous
sectors and may therefore reduce the osclllations in the critical

flame-seating regionsa.

Summary. ~ All performance characteristios were improved In
this series except the pressure losses, which remained about the
same as for the immediately preceding series. Changes In the radial
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distribution of the dilution alr by means of radial struts had some
effect on the radial temperature distribution; however, the general
trend was toward temperstures increasing from blade tip to root for
all strut designs investigated. The outlet-temperature distridbution
of each of these baskets was unaltered by a change in operating con-
ditions as had occurred with the combustor baskets previously
discussed.

1193

Series 2-3( ), and Basket 2-3C,

Temperature distribution. - The radlal temperature distribu-~
tions for series 2-3( ), and basket 2-3Cy are presented in fig-

ure 1l(a). This figure shows the results of combining the long thin
slot primary-wall design with & rearrengement of the alr-flow passage
areas in the secondary-zone walls designed to induce a temperature
dlstribution decreasing from blade tip to root at the combustor out-
let. The temperature dlstributlions were regular and consistent at
various engline operating conditlions and produced dlstributlons
decreasing from blade tip to root over the principal part of the
cambustor cross section regerdless of the strut design used. Even
when all the struts were removed (fig. 1l(a), basket 2-300), the

principal trend of the temperature distribution remelned esaentlially

the same. Comparison of the temperature dilstributions obtained with . -
thls series of baskets with the temperature distributlions obtalned
with the other serles of baskets shows that combustor-ocutlet-
temperature distribution can be controlled by variations in the ailir-
flow passages of the secondary-zone wall, when primary-wall deslgn

2 (figs. 4(c) and 4(d)) is used. Such a primary design may possibly
produce more uniform temperatures in the geses entering the dllution
zone, thus facilltating radial temperature control.

Temperature-rige efficlency. - The temperature-rise efflciencies
for series 2-3( )}o (fig. 11(b)) are about 10 percent hlgher than for

series 2-2( )p (fig. 10(c)). The efficlencies for basket 2-3Cy are
of the same order of magnitude as thoses for series 2-2( )2 and the
contemporary no-strut-type basket. All efficlencies remaln approxli-
mately constant with changes in fuel-alr ratilo.

Total-pressure loss. - Total-pressure losses are shown in fig-
ure 11(c). At a deneity ratic of 2.5, series 2-3( )o has an average

APp/qe of ebout 31, whereas basket 2-3Cy has a APqp/qy of 18,
which is only about 30 percent of the average value of APT/dr for
series 1-1( );. -
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Altltude operating limits. - The operating limlts for serles
2-3( )g fall within the shaded region shown in figure 11(d); these

operating limits are approximately the same as those shown Iin fig-
ure 10(e) for the preceding series.

Summary. - The temperature-rise efficlencles and the altitude
operating limits of the baskets in series 2-3( )2 and 2-3C; compare

favorebly with the efficlenciles and the operating limits of the bas-
kets of series 2-2( ); and 2-2( )z. The pressure losses for baskets
of series 2-3( ), are approximately.the same as those of the baskets
of serises 2-2( )2; losses for basket 2-3Cy are considerably lower

than those of the other basket series. The temperature dilstributions
for baskets of series 2-3( )2 and basket 2-3Cp decreased from tip

to root. Because baskets of series 2-2( ), and 2-2( ), produce
temperatures increasing from tip to root, control over the radlal
temperature distribution at the combustor outlet by mesns of basket-
wall modifications has been demonstrated. The results obtained with
the types of radial strut investigated herein show that radlal struts
such as these also have some effect on the radial distribution of the
coambustor-outlet temperatures.

Temperature-Contour Patterns

Isothermal contour patterns for each temperature distribution
presented herein are shown in figure 12. These patterns are typlcal
of the data obtained. All these contours are at the same operating
conditions and fuel-alr ratioc but, because of efficiency variations
from one modification to another, are at different temperature levels.
The cooling effect of the side walls and circumferentlal varilations
in the radial temperature distributlons are apparent.

Condition of Combustor Basket

During thils investigation, carbon depositlon was not a prcoblem
because the combustor was operated at altitude condltions where there
1s little tendency for carbon to form. No discernable carbon deposits
were notlced at any time.

Very little warping of the l6-gage Inconel basket was present
on any of the modifications. The radial struts, also fabricated
of 16-gage Inconel, showed little sign of deterioration in all but
modifications 1-1( ); where some melting of the struts,or oxidation,

or both occurred.
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SUMMARY OF RESULTS

The following results wers obtalned from the experimental I1nves-
tigation of the performance of 16 modifications of a one-slixth sector
of an annular turbejet combustor:

1. When the basic ummodified primary-wall deslgn and hollow
radlisl strutes for ducting the dilution alr into the secondary zone
of the combustor were employed, the results observed were:

(2) Although the combustor-outlet-tempersature distribution was
influenced by changlng the radial distrlibution of the dilutlon alr
by means of the geometry of the slots in the radial struts, the
radial temperature distributions were not reproducible from one set
of operating conditlions to another.

(v) The observed combustor-outlet radilial temperature dlstribu-
tione were different at each circumferential position at which tem-
peratures were measured.

(¢) Combustion efficiencies at operating conditlons correspond-
ing to an altitude of 40,000 feet and an englne speed of 17,400 rpm
(rated speed) were below S0 percent and decreased markedly with
increase in fuel-air ratlo.

(d) The altitude operating limite were hlgher at simulated low
engine speeds but were much lower at high engine speeds than the
operating limite for the combustor without the struts.

2. Baskets with a primary-wall deaslgn that provlided alternate
fuel-rich and alr-rich sectors longitudinally along the combustor
elther with or without radial struts gave the followlng results:

(2) The average radial temperature distributlon at the com-
bustor outlet for any one basket was reproducible from one set of
operating condltions to another.

(b) The observed combustor-outlet radial temperature digtri-
butions were more neerly similar to each other at each clrcum-
ferential position at which temperatures were measured.

(c) Combustion efficiencies were higher than for other baskets
of this investigation.

(d) The altitude operating limits at high englne speeds were
higher than Pfor other baskets of this investigatlon.

1193
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3. When a primary-wall deslign that provlided alternate fuel-
rich and alr-rich sectors longitudinally along the combustor was
used, the radial temperatures at the cambustor outlet either
increased from turbine-blade tlp to root or decreased from tip to
root depending on the slze and the positions of the elr-passage
areas In the walls of the secondary zone regardless of the geometry
cf the slot in the hollow radiasl struts used.

4, More effective tempersture-distribution control can be
obtained in this combustor dy modificaticns in the secondary walls
than by ducting the dilution air through hollow radial struts.

5. Bach row of hollow radial struts added to a combustor
approximately docubled the combustor total-pressure losses.

CONCLUSION

1. A primery basket-wall design that provided alternate fuel-
rich and air-rich sectors longitudinally along the combustor was
emenable to outlet-temperature-distribution control.

Lewis Flight Propulsion Leboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohic.
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(2) Iron-constantan inlet thermo-
couples, upstiream at station 1.

(o) Inlet total-pressure rakes,
dowvnstream at station 1.

Figure 2, - Instrumentation arrangement

(b) Chromel-slumel thermccouple
rakes at station 2.

&5- rad W

(4) Chromel-alumel thermocouple
rekes and total-pressure
rakes at statiom 3.

of thermocouples and total-pressure rakes.
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Strut series L

Figure 3. - Isometric view of combustor basket 1llustyrating basket modifications and

struts.
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fuel nozzles

Holes locating .
fuel nozzles :
" (4) Basket 2-3Bg.

Pilgure 3, - Conoluded, Isometric view of combustor basket 1llustrating basket modifice~
tions and struts,
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Outer wall Inner wall

(a) Series 1-1( )13 used with struts of series 1.

Outer wall Toner wall v
{(b) Series 1-2( )l; used wilth struts of series 1.
Figure 4, - Develomment of basket walls of one-slxth combustor sector.
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Outer wall Inner wall
(c) Seriles 2-2( )l and 2-2( )p; used with strubts of series 1 and 2.

240-1625~1627

Outer wall Immer wall I'EI
(4) Series 2-3( )2 and 2-3C,; used with struts of serles 2 and without struta.
Figure 4. - Concluded.

Developument of basket walls of ous-sixth combustor sector.
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Flgure 7. - Continued. i

of annular turbojet combustor in series 1-1( )je.

Performance characteristics of one=-sixth sector
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Figure 8. = Performance charaocteristics of one-sixth sector of annular turbo-

Jjet combustor in series 1-2(
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Figure B. - Cdntinued. Performance cheracteristios of one-sixth sector of mmrular turbojet combustor
in seriern 1-2( )10
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Radial temperature distribution.
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altitude, 40,000 feet; engine speed, 17,400 rpm; fuele-air

ratio, 0.016.

Figure 9. = Performance characteristics of one-sixth sector of annular
turbojet ecombustor in series 2-2( ).
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Figure 9, = Continued.

(b) Radlal temperature distribution.

Operating condltions:

altitude, 30,000 feet; engine speed, 17,400 rpm; fuel-alr

ratio, 0.016.

Performance characteristiocs of one-sixth sector

of annular turbojet combustor in series 2-2( )1.
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Figure 9. = Continued. Performance characteristics of one-sixth sector

of annular turbojet combustor in series 2-2( )1.
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Figure 9. - Concluded. Performance characteristlcs of one-sixth
sector of annular turbojet combustor in seriles 2-2( )1.
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Figure 10. ~ Performance characteristics of one-sixth.seotor of annular
turbojet combustor in series 2-2( )2.
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Radial temperature distribution. Operating conditions:

altitude, 30,000 feet; engine speed, 17,400 rpm; fuel-alr
ratio, 0.01l8.

Figure 10. = Continued. Performance characteristics of one=-sixth sector

of annular turbojet combustor in series 2-2( )a.
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Figure 10, = Continued.

conditions:

Inlet-to-outlet demsity ratio, py/ps

(d) Total-pressure loss shown as function of inlet-to-outlet density ratio. Operating
altitude, 40,000 feet; engine speed, 17,400 rpm.

combustor 1n series 2-2( )g.

Performance characteristics of onme~sixth seoctor of annular turbojet
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Figure 10. = Concluded. Performance characterlstics of one-sixth
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(a) Radial temperature distributlion. Operating condltions:
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Figure 1ll. = Performance characteristles of one-sixth sector of annula
turbojet combustor in serles 2-3( }o.
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Figure 11. - Continued. Performance chasacteriatics of one-slxth ssctor of anrmlar turbojet

combustor in series 2-3( )g.
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(o) Basket 1-1C,.

Figure 12. - Temperature pattern at combustor outlet for one-sixth sector of ammuler
turboJet combustor. Operating conditions: altitude, 40,000 feet; engine speed,
17,400 rpm; fuel-air ratio, 0,016, All temperatures are given in SF, .
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Figure 12, - Continued., Temperature pettern at combustor outlet for one-sixth sector of
annular turbojet ccmbustor. Operating conditions: altitude, 40,000 feet; engine -

speed, 17,400 rpm; fuel-air retio, 0.016. All temperatures are given in °F.
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Figure 12, - Continued.
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(1) Basket 2-2C;.

Temperature pattern at combustor outlet for ome-sixth sector of

emmuler turbojJet combustor. Operating comditions: altitude, 40,000 feet; engine
speed, 17,400 rpm; fuel-air ratlo, 0,016. All temperatures ars given in OF,
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Figure 12. - Continued,

NACA RM EgQl122

(k) Basket 2-2C,.

Temperature pattern at combustor outlet for cme-sirth sector aof

amular turboJet—combustor, Operating conditions: altitude, 40,000 feet; engine
speed, 17,400 rpm; fuel-air ratio, 0.016, All temperatures are given in ©p,
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(n) Basket 2-3Cp.

Figure 12, = Continued. Temperature pattern =t combustor outlet for cms-sixth sector of
annular turbojet combustor. ting conditions: altltude, 40,000 feet; engine
speed, 17,400 rpm; fuel-air ratio, 0.016. All temperatures are given in OF,
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(o) Basket 2-3Cge. G

Flgure 12+ = Concluded. Temperature pattern at the combustor outlet for one-sixth
sector of annular turbojet combustor. Operating condltions: altitude, 40,000 feet;
engine speed, 17,400 rpm; fuel-air ratlo, 0.016. All temperatures are given in OF.
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