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SUMMARY

As part of a program conducted to determine a method of con-
trolling radial exhaust-gas-temperature distribution in a gas-
turbine combustion chamber, an experimental investigation was made
in a one-sixth sector of an annular turbojet combustor. A partic-
ular design method of controlling the radial variation of the com-
bustor exhaust-gas temperature was studied. The method chosen
congisted in adjusting the radial distribution of secondary or
dilution air entering the combustion zone. This ad justment was
achieved by one or both of two methods: (1) by ducting the dilu-
tion air into the combustion zone in a predetermined manner through
hollow radial struts, 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-
zone 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 radial
distribution of exhaust-gas temperatures. Modifications in the
secondary-zone basket walls must be accompanied by a suitable
primary-zone basket-wall design, however, to make possible actual
control of the exhaust-gas radial temperature distribution. A
suitable primary-wall design in the combustor under comsideration
coneisted of a primary-zone basket wall, which provided alternate
fuel-rich and air-rich sectors longitudinally along the combustor.
Modifications of the hollow radial struts for ducting dilution air
into the combustion zone have some effect on the exhaust-gas radial
temperature distribution. For the combustor investigated herein,
this method does not make possible complete control of the exhaust-
gas radial temperature distribution. Each row of such hollow radial
struts resulted in combustor pressure losses approximately double
those of a compustor without struts.
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INTRODUCTION

For each gas-turbine design, a turbine-inlet-temperature dis-
tribution exists that will allow maximum blade strength and maxi-
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 combustion research program being conducted at
the NACA Lewis laboratory, an experimental investigation was made
in a one-sixth sector of an annular turbojet combustor. The inves-
tigation was conducted to study a design method of controlling the
radial variation of the gas temperatures at the combustor outlet.
The method consisted in varying the radial distribution of dilution
air entering the combustion zone by modifylng the design of the
basket wall or by introducing the air through hollow radial struts.

The performance of a combustor designed to control the radial
distribution of dilution air entering the combustion zone was deter-
mined and then the combustor was redesigned in an attempt to lmprove
performance. The performance of each new design was investigated
and the information obtained was used in determining the next design.
The most important standard of performance in such an investigation
was, of course, the outlet-temperature distributlion. In redesigning
the combustor, however, all the principal performance characteristics
were considered. For most of the modifications, these characteristics
included the altitude operating limits, the combustor total-pressure
loss, and the combustion efficlency. In some cases, investigation
of all the performance characteristics was congidered unnecessary if
one or the other of the characteristics 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 a gas-turbine combustor.

APPARATUS
Installation

A schematic diagram of the installation is shown in figure 1.
Combustion air was supplied to the setup from the laboratory ailr-
supply system at pressures up to 55 pounds per square inch absolute.
The laboratory exhaust system removed the exhaust gases and could
maintain pressures as low as 2 pounds per square inch absolute
within the combustion chamber.
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A gasoline-fired air preheater was located upstream of the
setup in a bypass to control combustor-inlet temperatures. The
quantity of air flowing through the bypass, the total air flow,
and the combustion-chamber pressure were regulated by three remote-
control valves.

Two quartz observation windows were installed in the side wall
of the combustion chamber for visual inspection of combustion during
operation.

Instrumentation

The inlet-alr temperatures were measured at station 1 (fig. 1)
by means of three iron-constantan thermocouples (fig. 2(a)) evenly
spaced across the duct. Rakes 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 across the duct.
Each rake contained 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 calibrated potentiometers. Static and total pressures were
measured at stations 1 and 3 by means of static wall taps and impact-
tube rakes (figs. 2(c) and 2(d)) connected to 84-inch water and
mercury manometers, which were photographed to reduce the time of
operation at each test condition. Ailr flow was metered through a
Daniel's concentric-hole orifice and fuel flow was metered by cal-
ibrated rotameters. The fuel used 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 (capacity, lo.s-gal/hr and
60°-hollow-cone spray at pressure differential of 100 lb/sq in.), and
the internmal 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 is designated by a
series of numbers and letters, for example, the initial basket is
designated l-lBl. (See fig. 3(a)). The series of numbers and

letters by which a basket is identified serves as a code in which
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the first number (1 or 2) refers to the primary-wall design, and the
second number (l, 2, or 3) refers to the secondary-wall design. The
letter indicates the type of dilution-air 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 induce a shift in the radial dis-
tribution of dilution air toward the turbine-blade tip

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

C, slot opening designed to induce a shift in the radial dis-
tribution of the dilution air towards the blade root

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 air-flow distribution,
which the design is intended to produce because of the type of strut
used (A, B, or C), conveniently fall into series. The various series
of baskets are subsequently described in the order they were designed
and investigated.

Series 1-1( )l' - The development of the inner and outer walls

of initial combustor basket 1-1By (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 a row of thin louvers added downstream of each row
of holes. Secondary-wall design 1 used in this basket was intended to
control the radial distribution of the secondary air. The design
consisted of two rows of large circular 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 gtruts. These two rows
of struts were staggered. The secondary air passed through the holes
in the basket walls, the hollow radial struts, and the slots into the
combustion zone. The slots were faced upstream s0 that the secondary
air turning downstream would cool the struts. The By struts in the

initial basket 1-1B; had slots of uniform width (cutaway portion of

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

ure 3(a).

1195
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The other baskets in this series (1-1A; and 1-1C;) 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 l-lBl.

Series 1-2( )l. - Basket 1-2B; 1s shown in figure 3(p) and a

development of its inner and outer walls is shown in figure 4(b).
The baskets of series 1-2( )l were the same as those of series 1-1( )l

except for a difference in the secondary-wall design. Secondary-wall
design 1 was modified by removing the upstream row of radial struts
and changing the remaining holes to rectangular shape. The resultant
design is designated secondary-wall design 2 and is shown as the
shaded portion of figure 4(b).

Baskets 1-2A; and 1—2():L were the same as basket l-ZBl except
that they had A; and C, struts, respectively.

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

figure 3(c), has primary-wall design 2 (shaded region in fig. 4(c)).
The open area in the basket wall upstream of the row of struts con-
sisted of long thin triangular slots running axially along the
length of the basket wall. The slots were staggered with respect
to the fuel-injection nozzles to give alternate fuel-rich and air-
rich sectors running the length of the primary zone. This alter-
nation allowed optimum fuel-air ratios to exist at the interface
between each fuel-rich and its adjacent air-rich sector all along
the length of the zone. The A; and C; struts (fig. 3(a)) were

substituted in this basket design to produce basket modifications
2-2A7 and 2-2C,. Struts of series 2 (A, Bz, and Cp) are shown in

figure 3(c). The By strut is the same as the B, strut. Baskets

of series 2-2( )2 were obtained by substituting struts of series 2
in the basket shown in figure 3(c).

Series 2-3( )2 and Basket 2-3C,. ~ Basket 2-3B,, which is shown

in figure 3(d), has secondary-wall design 3, shown as the shaded
region in figure 4(d). The secondary-wall design is the same as
secondary-wall design 2 except that the rectangular holes in the
outer wall of the basket have been eliminated and an additional

row of rectangular openings has been added in the inner basket wall.
This row of holes is in the downstream end of what is arbitrarily
called the primary zone but the row is named a secondary-wall modifi-
cation because it is intended to introduce dilution air into the
combustion zone. Strut series 2 was used in conjunction with
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primary-wall design 2 and secondary-wall design 3 to give basket
series 2-3( ),. Basket 2-3C; is the same as any basket in series

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

The basket designs investigated are summarized in figure 5.

PROCEDURE

The combustor-inlet and -outlet conditions required to simulate
zero-ram operation in a reference turbojet engine at various alti-
tudes and engine speeds are shown in figure 6. The data of fig-
ure 6 were obtained from reference 1. With each combustor basket,
some or all the performance characteristics were investigated as
described in the following paragraphs.

Temperature distribution. - The combustor-outlet-temperature
distribution was determined with combustor-inlet conditlons simu-
lating zero-ram operation of the reference engine at an altitude of
40,000 feet, rated engine speed (17,400 rpm), and a fuel-air ratio
of 0.016. Rated engine speed was chosen because the highest
combustor-outlet temperatures are required at rated speed and any
difficulties due to improper temperature distribution will there-
fore be most severe at this condition. A fuel-air ratio of 0.016
was used because with 100-percent combustion efficiency it approx-
imately gives the average combustor-outlet temperature required for
operation of the reference engine at the simulated-flight condition.

Temperature-rise efficilency. - The variation of temperature-
rige efficiency with fuel-air ratio was determined at combustor-
inlet conditions simulating rated engine speed at an altitude of
40,000 feet over a range of fuel-air ratios extending from 0.015
o 0.020 or to a fuel-air ratio giving local thermocouple readings
above 2000° F, whichever occurred first.

Total-pressure loss. - Simultaneously with the determination
of temperature distribution and temperature-rise efficiency, total
pressures at the inlet and 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
pressure through the combustor.

Altitude operating limits. - The altitude operating limits
were determined over a range of simulated engine speeds from 50-
to 100-percent rated engine speed. The method used to determine
the altitude operating limits is described in reference 2. Inves-
tigations at lower engine speeds were impossible at the altitudes
considered because of limitations of the laboratory air supply.

-

11595
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RESULTS AND DISCUSSION

In the following paragraphs, the results shown in figure 7 to
12 are discussed in detail and are in the same order as the basket
modifications appear in figure 5.

Series 1-1( )l

Temperature distribution. - The radial-temperature distribution
at the combustor outlet for the various baskets investigated 1is

presented for combustor-inlet-air conditions simulating 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 circumferential temperature readings at the given radial 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 & given modification. The radial
temperature distributions obtained with each of the baskets of
series 1-1( ), are presented in figure 7(a). Basket 1-1A, gave a

temperature distribution increasing from blade tip to root. Baskets
1-1B; and 1-1Cy also gave this same type of distribution; however,

the effects of the dilution-air distributing struts are in evidence.

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

set of operating conditions (altitude, 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 conditions of
figure 7(a). The dissimilarity illustrates that the temperature
distribution is unpredictable for this series with changes in
operating conditions.

Temperature-rise efficiency. - The temperature-rise efficiencies
for these basket modifications are shown in figure 7(c). The effi-
cilencies for all the baskets of this series are below 90 percent at
all fuel-air ratios investigated and decrease markedly with increase
in fuel-air ratio.

Total-pressure loss. - In order to make comparisons with total-
pressure losses of other turbojet combustors, the total-pressure
loss through the combustor sector is expressed as APT/qr (where

AP 1is the actual total-pressure loss and g, 1is the dynamic pres-
sure that would exist at the inlet section if the velocity at that
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gsection were based on the maximum cross-sectional area of the com-
bustor housing). The ratio of the total-pressure loss to the refer-
ence dynamic pressure APT/qr expressed as a function of inlet-to-

outlet density ratio pl/pz is presented in figure 7(d) for basket
geries 1-1( )1' The values of APT/qr are approximately the same

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

aporoximately 63 at a density ratio of 2.5. This value is about
3.5 times as large as for a contemporary no-strut-type basket.

Altitude operating limits. - The altitude operating limits of
each of the three baskets of this series are shown in figure 7(e).
For comparison,the operating limits for a contemporary no-strut-type
basket are also presented. The operating limits for the combustors
of this series are higher at low engine speeds but much lower at
high engine speeds than the operating limits for the reference com-
bustor. The low operating limits at high engine speeds were due to
insufficient temperature rise through the combustor. This insuf-
ficiency was caused by both the decrease in temperature-rise effi-
ciency with increase in fuel-air ratio, as shown in figure el
and by the high values of temperature rise that are required for
engine operation at high speeds, as shown in figure 6. The attain-
able temperature rise was probably limited for two reasons: (1) The
primary zone was fuel rich at the higher over-all fuel-air ratio,
making it necessary for combustion to begin farther downstream in
the combustor. This necessity was confirmed by visual observations
showing that the flame seat moved farther downstream as the fuel-alr
ratio was progressively increased. (2) The intense radial penetra-
tion of the dilution air 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.

Summary. - The baskets of series 1-1( ), gave low temperature-
rigse efficiencies at high fuel-air ratios, h}gh pressure losses,
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 air
by means of radial struts, the temperature distributions for the
various baskets were not reproduced at different inlet-air
conditions.

Series 1-2( )1

Temperature distribution. - The radial temperature distribution
at the combustor outlet obtained with baskets of series 1-2( )y
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(fig. 8(a)) show temperatures increasing from blade tip to root over
the principal portion of the combustor cross section regardless of
the type of strut used. In figure 8(b) are shown temperature-
distribution profiles for the individual thermocouple rekes at each
clrcumferential station for modification 1-2C,. When these curves
are compared with the average profile curve for basket 1-2C4 from

figure 8(a), the curves at the individual stations do not, in gen-
eral, have the same shape as the average profile. This trend is
representative of almost all the temperature profiles for baskets
in which primary zone 1 was used. The single profile curve for
each basket, as shown in figure 8(a), is the average of the five
individual rake profiles (fig. 8(b)). Additional data not included
herein showed that the temperature-distribution patterns again
varied considerably with changes in engine operating conditions.

Temperature-rise efficiency. - Temperature-rise efficiencies
were Investigated for only one (1-201) of the three baskets of this

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
1-1Cy. From this relation, it can be reasoned that the decrease in
quenching by the dilution air (obtained by changing from secondary-
wall design 1 to secondary-wall design 2) is in itself insufficient
to give the necessary increase in combustion efficiency at high
fuel-air ratios.

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

Altitude operating limits. - The operating limits were deter-
mined for only one of the baskets (1-2C1), as shown in figure 8(e),
and are somewhat higher than those obtained with the baskets of
geries 1-1( )l. The decrease in the quenching effect of the dilu-
tion air has therefore been partly effective in raising the oper-
ating limits at high fuel-air ratio. The flame seat was again
obgerved to move farther downstream as the fuel-air ratio was
progressively increased.

Summary. - The baskets of series 1-2( ); gave lower pressure

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

temperature-distribution control was affected by changes in the
radial distribution of the dilution air.
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Series 2-2( )y and 2-2( )

Temperature distribution. - When the primary-zone-wall design
was modified in an attempt to produce continuous fuel-rich and air-
rich sectors in the primary region (series 2-2( )i), the temperature-
distribution curves (fig. 9(a)) still showed temperatures increasing
from blade tip to root over the principal portion of the combustor
cross section regardless of the strut configuration used.

The temperature distribution of series 2-2( )l 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( )1 at these operating

conditions were similar to the distributions for these baskets at

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

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 2-2Cq from figure 9(a), the curves at the

individual stations have more nearly the same shape as the average
profile. This trend is 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 air 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 dilution air hed some effect on the
radial temperature distribution, but the radial temperature dis-
tributions still increase from blade tip to root. Figure 10(b)
shows series 2-2( ) at a different set of operating conditions
(altitude, 30,000 ft; engine speed, 17,400 rpm). The distributions
of outlet temperature for baskets in series 2-2( ) at these

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

Temperature-rise efficiency. - Temperature-rise efficiencies
for series 2-2( ); and 2-2( )o are shown in figures 9(d) and
10(c), respectively. The efficiencies, in general, remain constant
with progressive increases in over-all fuel-air ratio and show
somewhat higher values than for series 1-2( )q.
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Total-pressure loss. - The pressure losses for series 2-2( )l
and 2-2( ), are approximately the same as for series 1-2( )3

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

Altitude operating limits. - The altitude operating limits for
the baskets of these two series 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. These operating limits are 20,000 to 30,000 feet
higher at rated speed (17,400 rpm) than the limits of series
1-1( )1 and 1-2( ),.

The higher operating limits at rated speed and the higher
combustion efficiencies at high fuel-air ratios obtained with these
baskets are the result of the primary-wall design. With primary-
wall design 2, the flame seat did not move downstream at high fuel-
air ratios as it did with primary-wall design 1; this phenomenon
was verified by visual observation through the window in the
upstream end of the combustor. With the flame always seated in the
extreme upstream end of the combustor, the entire combustor length
was therefore always available for the combustion processes. The
provision of alternate fuel-rich and air-rich sectors in the primary
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-
air ratio must exist somewhere in the interface between each fuel-
rich and its adjacent air-rich sector all along the length of the
primary zone. Continuous and unbroken longitudinal zones of optimum
fuel-air ratio are thereby provided over the entire length of the
primary zone greatly facilitating flame propagation in the primary
zone. (2) Unpublished data obtained at the Lewis laboratory indi-
cate that small jets of air oscillate under certain conditions when
injected into a combustor similar to those described herein. The
oscillation of each jet of air through small circular holes may
induce instabilities in flame seating. This design, however, pro-
vides for the smooth metering of air into the chamber in continuous
sectors and may therefore reduce the oscillations in the critical

flame-seating regions.

Summary. - All performance characteristics 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 air by meens of radial struts had some
effect on the radial temperature distribution; however, the general
trend was toward temperatures increasing from blade tip to root for
all strut designs investigated. The outlet-temperature distribution
of each of these baskets was unaltered by a change in operating con-
ditions as had occurred with the combustor baskets previously
discussed.

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

Temperature distribution. - The radial temperature distribu-
tions for series 2-3( 7§'and basket 2-3C, are presented in fig-

ure 11(a). This figure shows the results of combining the long thin
slot primary-wall design with a rearrangement of the air-flow passage
areas in the secondary-zone walls designed to induce a temperature
distribution decreasing from blade tip to root at the combustor out-
let. The temperature distributions were regular and consistent at
various engine operating conditions and produced distributions
decreasing from blade tip to root over the principal part of the
combustor cross section regardless of the strut design used. ZEven
when all the struts were removed (fig. 1l(a), basket 2-300), the

principal trend of the temperature distribution remained essentially
the same. Comparison of the temperature distributions obtained with
this series of baskets with the temperature distributions obtained
with the other series of baskets shows that combustor-outlet-
temperature distribution can be controlled by variations in the air-
flow passages of the secondary-zone wall, when primary-wall design

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

Temperature-rise efficlency. - The temperature-rise efficlencies
for series 2-3( )p (fig. 11(b)) are about 10 percent higher than for

series 2-2( )p (fig. 10(c)). The efficiencies for basket 2-3Cq are
of the same order of magnitude as those for series 2-2( )2 and the

contemporary no-strut-type basket. All efficiencies remain approxi-
mately constant with changes in fuel-air ratio.

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

APT/qr of sbout 31, whereas basket 2-3C, has a APT/qr of 18,
which is only about 30 percent of the average value of APT/qr for
series 1-1( ).

1193
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Altitude operating limits. - The operating limits for series
2-3( )p fall within the shaded region shown in figure 11(d); threse

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

Summary. - The temperature-rise efficiencies and the altitude
operating limits of the baskets in series 2-3( )2 and Z-SCO compare

favorably with the efficiencies and the operating limits of the bas-
kets of series 2-2( ); and 2-2( )2. The pressure losses for baskets
of series 2-3( )2 are approximately the same as those of the baskets
of series 2-2( ),; losses for basket 2-3C, are considerably lower

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

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

Temperature-Contour Patterns

Isothermal contour patterns for each temperature distribution
presented herein are shown in figure 12. These patterns are typical
of the data obtained. All these contours are at the same operating
conditions and fuel-air ratio but, because of efficlency variations
from one modification to another, are at different temperature levels.
The cooling effect of the side walls and circumferential variations
in the radial temperature distributions are apparent.

Condition of Combustor Basket

During this investigation, carbon deposition was not a problem
because the combustor was operated at altitude conditions where there
igs little tendency for carbon to form. No discernable carbon deposits
were noticed at any time.

Very little warping of the 16-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( )l where some melting of the struts,or oxidation,

or both occurred.
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SUMMARY OF RESULTS

The following results were obtained from the experimental inves-
tigation of the performance of 16 modifications of a one-sixth sector
of an annular turboJjet combustor:

1. When the basic unmodified primary-wall design and hollow
radial struts for ducting the dilution air into the secondary zone
of the combustor were employed, the results observed were:

(a) Although the combustor-outlet-temperature distribution was
influenced by changing the radial distribution of the dilution air
by means of the geometry of the slots in the radial struts, the
radial temperature distributions were not reproducible from one set
of operating conditions to another.

(b) The observed combustor-outlet radial temperature distribu-
tions were different at each circumferential position at which tem-
peratures were measured.

(c) Combustion efficiencies at operating conditions correspond-
ing to an altitude of 40,000 feet and an engine gpeed of 17,400 rpm
(rated speed) were below 90 percent and decreased markedly with

increase in fuel-air ratio.

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

2. Baskets with a primary-wall design that provided alternate
fuel-rich and air-rich sectors longitudinally along the combustor
either with or without radial struts gave the following results:

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

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

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

(d) The altitude operating limits at high engine speeds were
higher than for other baskets of this investigation.
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3. When a primary-wall design that provided alternate fuel-
rich and air-rich sectors longitudinally along the combustor was
used, the radial temperatures at the combustor outlet either
increased from turbine-blade tip to root or decreased from tip to
root depending on the size and the positions of the air-passage
areas in the walls of the secondary zone regardless of the geometry
of the slot in the hollow radial struts used.

4, More effective temperature-distribution control can be
obtained in this combustor by modifications 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 doubled the combustor total-pressure losses.

CONCLUSION

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

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,

Cleveland, Ohio.
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(b) Variation of mean temperature rise with fuel-air ratio. Operating conditions: altitude,
40,000 feet; engine speed, 17,400 rpm.

Figure 1l. - Continued. Performance characteristics of one-sixth sector of annular turbojet
combustor in series 2=3( )g.
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(c) Total-pressure loss shown as function of inlet-to-outlet density ratio. Operating
conditions: altitude, 40,000 feet; engine speed, 17,400 rpm.

Figure 1l. - Continued. Performance characteristics of one=-sixth sector of annular turbojet
combustor in series 2-3( )g.
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(d) Altitude operating limits. Shaded area shows band

within which

Figure 11, - Concluded.

all operating limits fell for this series,

Performance characteristics of one=-sixth

sector of annular turbojet combustor in series 2=3( )z«
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(c) Basket 1-1Cq.

Figure 12. - Temperature pattern at combustor outlet for one-sixth sector of annular
turbojet combustor., Operating conditions: altitude, 40,000 feet; engine speed,
17,400 rpm; fuel-air ratio, 0.016. All temperatures are given in °F.
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(f) Basket 1-2Cy.

Figure 12. - Continued, Temperature pattern at combustor outlet for one-sixth sector of
annular turbojet combustor. Operating conditions: altitude, 40,000 feet; engine
speed, 17,400 rpm; fuel-air ratio, 0.016. All temperatures are given in °F.
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(1) Basket 2-2C;.

Temperature pattern at combustor outlet for one-sixth sector of
Operating conditions: altitude, 40,000 feet; engine
All temperatures are given in OF.

Figure 12, - Continued.
annular turbojet combustor.
speed, 17,400 rpm; fuel-air ratio, 0,016.
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(k) Basket 2-2C,.

Figure 12, - Continued. Temperature pattern at combustor outlet for one-sixth sector of
annular turboJjet combustor. Operating conditions: altitude, 40,000 feet; engine
speed, 17,400 rpm; fuel-air ratio, 0.016. All temperatures are given in OF,
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(n) Basket 2-3C,.

! Figure 12, - Continued. Temperature pattern at combustor outlet for one-sixth sector of
- annular turbojet combustor. Operating conditions: altitude, 40,000 feet; engine
speed, 17,400 rpm; fuel-air ratio, 0.016. All temperatures are given in °F.
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Figure 12, - Concluded.
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(o) Basket 2-3Cqe " NACA -

Temperature pattern at the combustor outlet for one=-sixth

sector of annular turbojet combustor. Operating conditions: altitude, 40,000 feet;
engine speed, 17,400 rpm; fuel-air ratio, 0.016e. All temperatures are given in °F,

14°

2Z163 WY VOVN




