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ABSTRACT

Durability of conventionally designed combustor liners is compromised due to
the thermal stresses encountered in the severe combustor environment. The-
large temperature gradients and thermal cycling induce thermal stresses
which can cause buckling and local plastic flow or liner cracké. Severely
warped liners with abnormal temperature distribution can cause burned turbine

blades and possible engine loss.

The development effort reported herein resulted in a unique liner design
directed toward alleviating the thermal stresses. The liners were segmented
in both the axial and circumferential direction., The segmented liners, by
permitting unrestrained thermal expansion of adjoining elements, reduced
thermal stresées; This should result in an extended service life. Further,
the individual segments can be replaced, where necessary; Qithout the need -

for an entire new liner assembly.

The liner assemblies were successfully tested to combustor air inlet femper-
ature and pressure of 1150°F, and four atmospheres, with combustor gas
outlet témperature of .2200°F, Ten percent of total airflow was used for
liner cooling. This flow provided ,0036 pounds coolant/sec/in? of liner

- surface at the four atmosphere condition,
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1.0 SUMMARY | SR
1.1 Object

The continuing development of éviation, encompassing the operation of both
military and civil aircraft, has always been paced by the availability of
suitable powerplants.' One of the major technical areas of concern with
respect to the powérplants to be used in advanced supersonic aircraft is
the durability and reliability of the highly stressed engine parts, Nowhere
is the problem mOre.criticél;than in the combdstof; where deta11>parts such
as Iihers'aré.subjected to a transient and steady state stress environment

that is difficult to_anélyzé; predict and provide:fdr.

NASA had recognized'this as an area of vital concern and had been engaged
in exploratory work to“aetermineﬁhow the stresses could be'alleviated. 4n

investigation at Lewis Research Center had indicated that a segmented con-

.struction for the combustor liner would minimize the stresses and thereby

increase liner life,

Subsequent to this, Curtiss-Wright Corporation, Wood-Ridge Facility, under
the sponsorship of The National Aeronautics and Space Administration, Lewis
Research Center, undegtook the development of a segﬁentally constructed
liner assémbly. This work was done for NASA under Contract Number

NAS 3-7908.

The objective of the program reported herein was to demonstrate, through

* actual tests, that the segmented liner concept was feasible.

1.2 Scope of Effort

The first portion of this program was directed toward the'develdpment of

two candidate combustor liner designs. These were the result of a two-
phase effort. The first phase was a preliminary study to arrive at design :
concepts, with related fabrication and materialrstudies. The second phasé -
was preparétion of the final designs., 1In this effort a detailed design and.

analysis was performed, and three separate liner designs were prepared. The




liners were designed so that each segment would provide film cooling for the
following downstream segment. This effort also included design of the test

combustor and the test sector rig.

Upon completion, and.approValiof two designs by NASA,.fabrication of the
components was initiated, This was followed by tests'to'verifyvthe designs.

- Liner modzflcatlons, based upon the test results were accomplished during

this period,
1,3 Results

As outlined in the scope of work, two final designs were fabricated and

tested.

The liners were tested for structural durability and performance for a- total
of 112 hours, of which 46 hours were hot runs., Tests were run to 1150°F
inlet temperature and a pressure level of 4 atmospheres, Further tests
scheduled for 6 atmospheres were terminated due to sector rig malfunctions

(side plates burned_througﬁ).

During the testing some liner problems were encountered. Local hot spots
whicﬁ occurred on the liners caused some degree of downstream edge melting;
though no failures occurred. 1In addition, there was excessive warpage of
the liner trailing edges, which caused blockage of the film cooling slots

and overheating. The combustor rig experienced development problems asso-

ciated with air flow distribution and side plate durability.

Design modifications to the combustor rig and liners were incorporated into
the test builds, and the final tests verified that the modifications markedly
improved the liner durability. Liner temperatures in the upstream regions
were within specification (1600°F). The downstream 11ner temperatures were
slightly hlgher (1750°F max.). However, there was 1itt1e warpage and no
local metal degradatien Such'es had previously been observed, “Analysis and
extrapolation of the test data indicates that the 1iner performance would

be equivalent at the 31x atmosphere level.




1,4 Principal Conclusions

The segmented liner program demonstrated the following.

1, That such a design could be readily fabricated utilizing "state of
the art" materials and manufacturing techniques. _

2. That such a ‘design reduced liner thermal stresses. Throughout the
pfogram there were no indications of stfuéturai'diStress. The
liners worked and were durable under the extreme environment
experienced in a combustot. '

3, That such a design could provide reduced'operational‘costs, since
individual sectors could be readily replaced. During the entire
test program the liner segments were repeatedly removed and rein-

stalled. No problems were encountered during these operations.

This program verified the basic concept oflineréegméntatibn. Aslcom‘pared~

to conventional liners, the;segmentedrliners can provide a more durable and

£ reliable structure due to the reduced liner thermal stresses.

1.5 Recommendations

T,

R ' A segmented liner configuration should be considered for incorporation in

a demonstration or development engine. The following is recommended for

continuation of this programs
1. Modify liner design, based on the final test results, to further

‘ /5{, ;
%ff} optimize liner performance. . ; , _

- 2., Evaluate a full combustor -incorporating the improved liner assembly
% ﬁ} o on a full round combustor test rig at operating conditions deter-

- mined by the development engine requirements. This should include
fﬁjﬁ cyclic testd ng in a duty cycle which reflects englne operatlng

conditions,




2.0 INTRODUCTION

As noted in the summary section of this report, current combustor liners are
subject to extremely high thermal stresses due to the thermal growth limita-

tions inherent in their structural designs.

" The objective of this program was to design and experimentally evaluate a

unique liner concept directed toward alleviating the thermal stresses. The

» segmented liners were designed to operate in an advanced turbine engine at a

Mach 3 flight‘éondition; The liner designs were tested and evaluated as a

method of improving durability and maintaining combustor perfofmahée. Based
upon the resulté‘of these évaluations, one liner configuratidn'Was reworked
to improve 1ts-pérf6rmanée'and subjected to_further £esting" This work was

performed in accordance with the following program plan:

Task I ~ Prelimihary;Design Study.

‘A literature survey was performed to evaluate all previous work and relate the

accumulated data to the program. Conceptual studies were carried out to arrive

at candidate liner configurations. The designs generated were submitted to

NASA for épproval.
Task I1 - Detailed Combustor Liner Design

Two liner configurations were selected, and detailed designs were prepared.
Stress, aerodynamic and heat transfer analyses of these designs were performed.

These designs were submitted to NASA for approval.
Task III - Design and Fébrication of Test Hardware

Layout drawings were prepared for test ducts, instrumentation and combustor.
These were submitted to NASA for approval. ‘

All equipment was fabricated.
Taskriv - Testing

Two combustor liner configurations were tested. Units were revised based on

tests and test verification was completed.

4
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The Program Plan for these tasks is shown in Figure,l, The»Program progressed

through Task IV and concluded with successful ;ests;

The significance of this effort.was that it demonstrated, through actual
combustor tests, that the segmented liner concept is feasible.

L - The program reported herein has shown that such liners, through proper design,
can be readily fabricated, installed and maintained, and that the segmented

S ' liner concept is durable when subjected to the extreme environment of an

advanced combustor. The results of the above design and development program

are discussed and summarized in the following sections of this final summary
report. ' :

The report summarizes the overall program as follows: _ }
1. Review of the liner design effort including stress and heat transfer
inputs. ’
2. Review and summary of the liner development effort

3. Conclusions

~ 4.  Recommendations
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3.0 DESIGN

The design effort covered the segmented liner desmgn and assoc1ated test hard-

ware such as the combustor and sector test rig.

The majox effort Waé'dirééted toWérd the segméhtally ¢ohstructedflinér'design.

This included'a'survey of existing literature, conceptual design studies and

the selection of the two most promising concepts. Final design included
material and manufacturing studies and performance of thermal and structural

analyses.

Concurrent with this was the design of other items such as the overall com-

bustor configuration and the sector rig for the evaluation tests.
3.1 Design Specifications

The specifications for the combustor design are those stated in Exhibit "A"
of NASA Contract Statement NAS 3-7908. These constraints were adhered to in
the design of the combustor assembly and other hardware associated with the

sector rig tested.

The combustor design and performance specifications are listed in Figure 2,

The combustor is designed to operate on an advanced turbine engine at a

Mach 3 flight condition.

3.2 Segmented Liner Design

The segménted liner forms the inner and outer walls of the combustor. The two
liners are assemblies of individual formed sheet metal panels that are over-
lapped in shingle fashion both axially and circumferentially. The liner as- , #
sembly is showh schematically. in Figure 3. 'Segmented liners offer the»follo&- -
iing advantages over full hoop liner designs: _‘

1. Elimination of large diametral changes due to.thermal.growth.

2. Allowance for free thermal expansion of adjacent lincr panels regard-

less of temperature dxstrlbution.




DESIGN AND PERFORMANCE SPECIFICATIONS

18

Compressor Exit

==

Turbine Stator
Leading Edge

Guide Vane
Trailing Edge station @
station @ ! 18,0" l
Combustor Size
Overall Length 3 to @ - inches 22,5
Primary Zone Length, lp - inches 7.0
Combustion Chamber Length - inches 15.9
Reference Area, ARes - in? 1070. 6
Inlet Conditions - Station @
Air Flow (Full Round), Wa3 - pps 143.0
Total Pressure, Prg - in. HgAbs, 183.0
Total Temperature TT3 - °R 1610,0
Mach Number - M3 0.514
Compressor Exit O.D., Doj - inches 29,0
Compressor Exit I, D,, Djg - inches 25,2
Compressor Exit Area, Az - in? 160,0
Combustor Exit Conditions - Station (@
Total Pressure, Pr4 -in, HgAbs, 168, 2
Total Temperature, T, - OR 2660, 0
Turbine Inlet O.D., Do4 - inches 37.4
Turbine Inlet 1. D., Dj4 - inches 27,8
Turbine Inlet Area, A4 - in? 491,0
Combustor Performance
Fuel-Air Ratio - F/A 0,0172
Temperature Ratio, Tr,/TTy - OR/©R 1,65
Combustion Efficiency, éb -% 99,0
Combustor Total Pressure Loss:
Percent of Inlet Velocity Head, APT3_4/q3 - % 51,6
Percent of Inlet Total Pressure, APr3_ 4/ P13 - % 8.1
Overall Combustor Heat Release Rate -
Btu/ Hr / Atmos./ Ft 3 5.4 x 108
Reference Velocity, Vpes - Ft/Sec 145,0
Primary Zone Residence Time - milliseconds 4,85

Figure 2
8
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3. Reduction of thermal stresses to a level below the plastic range of the
material, thus eliminating low cycle fatigue problems usually associ-
ated with hoop designs.

4, Close control of air inlet metering areas without imposing thermal
restraints.

5. Reduction of service and maintenance costs, in that only individual

segments need be replaced when required.
3.2.1 General Liner Design Criteria

The segmented liner design activity encompassed a preliminary study phase, and
a detail design effort. During the preliminary phase, numerous segmentally
constructed liner configurations were conceived and studied. A historical
literature survey was conducted to ascertain previous development experience
with segmentally constructed combustor liners. Experience had been gained by
the contractor in this field during the development of large ram-jet and after-
burning turbo-jet engines. This background of practical experience was partic-
ularly useful in the generation of new segmental configurations. The following

basic concepts were generated as a result of this survey.

1. The attachment of the segments must permit unrestricted thermal growth
of individual segments both longitudinally and circumferentially. This
would significantly reduce the thermally induced liner stress levels.

2. The design would provide film cooling.

3. The attachment of support hangers to the liner segments should be
accomplished with a '"tee' section butt weld. This type of attachment
would eliminate the interfaces which result with conventional sheet-
metal lap joints. Lap joints are undesirable because the insulating
layer of air formed at the metal interface creates high local metal

temperatures.

Three of the most promising segmented liner configurations were selected for
evaluation from the numerous liner and attachment geometries conceived during
the initial design studies. Each of the selected concepts incorporated the

following design features:

10
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1. The liners were segmented both longitudinally and circumferentially to
permit unrestrained thermal expansion.

2. The segments were supported from longitudinal hangers attached to the
combustor housings. The liner supports were slotted to minimize
longitudinal stiffening of the segments.

3. Slip joint seals were provided along the longitudinal edges of the
segments to control leakage and permit circumferential thermal expan-
sion.

4. Close tolerance control of the film cooling metering area was obtained
by machining recesses in the downstream edge of the liner segments.
fachined lands between the recesses maintain control of the conling
slot height. '"L" shaped hooks welded to the recessed ends of the
segments are used to hold the machined lands in contact with the mating
surface of the overlapped liner segment.

5. The design of the support members would be such that they would cause

minimum obstruction of the coolant air flow to the liners.

Typical segmented panels incorporating these features are shown schematically

in Figures 4 and 5.

At the completion of the preliminary study phase, two of the three segmented
liner configurations were seiccted for the detail design effort. These were
configurations 1 and 3. These liner assemblies are shown in Figures 6, 7, 8,
and 9. The selection was based upon minimum complexity, minimum aerodynamic
blockage, and ease of fabrication. A detailed description of each of the two
configurations, and the stress analysis with these designs is presented in

the sections which follow.
3.2.2 Segmented Liner Configuration No. 1.

A schematic of the Segmented Liner Configuration No. 1 design is shown in
Figure 4. The liners are shown assembled in Figures 6 and 7. The basic intent

of Configuration No. 1 is to hold one longitudinal edge of the liner segment in

a relatively fixed position, and allow the other edge freedom to expand circum-
ferentially. A spring pin is used to hold the fixed cdge of the segment in
position. The resilient action of the pin holds the scgment in the proper

11
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EMBLY - CONFIGURATION NO, 3
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radial position, and provides a sealing force at the slip joints along the

fixed longitudinal edge of the segment. This force also holds the free longi-
tudinal edge of the adjacent segment against the slip joint support, without
restricting circumferential expansion. The spring pin is located in the rela-
tively cool air passage between the liner and the combustion chamber housing.
The longitudinal position of the segment is maintained by a retainer pin through
the hanger, spring pin and liner support finger. The retainer pin is located

in the downstream support finger of each segment, which permits each segment

to grow longitudinally toward the headplate. The liner support is slotted

along its axial length to reduce stiffness and to permit thermal growth in an

axial direction.

This configuration provides a smooth surface on the hot side of the liner,
which is Jesirable for maintaining the f£ilm of cooling air. The concept also
provides for good control of the cooling .ilm slot height and good sealing for
minimum air leakage. There are no interfaces which could cause local hot

spots.
3.2.3 Segmented Liner Configuration No. 3

A schematic of the Segmented Liner Configuration No. 3 design is shown in
Figure 5. The liners are shown assembled in Figures 8 and 9. This configura-
tion incorporates the same desirable features as Configuration No. 1. It
differs in that circumferential thermal growth of the liner is permitted in
both directions. The liner support fingers are held in double slip joint
supports which are attached to the combustor housings. Sealing is maintained
at the slip joint along the longitudinal edges of the segments, by close
dimensional control of the liner support fingers. The support legs are slotted

to permit thermal growth in the axial direction.
3.2.4 Materials

The liner segments and support hangers are made of Rene 41 material (WAD 7816 -
Heat Treatment W781l7 HT92 after welding). This choice was based upon the
thermal and structural requirements of the design as related to a minimum life

capability of 600 hours, and to achieving the desired flight weight objectives.
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Rene 41 is a vacuum melted nickel base alloy with high strength properties and
good oxidation resistance at elevated temperatures. It is quite formable in
the solution treated condition, and can be welded. The material is aged to
obtain the desired mechanical properties. This aging process includes an
interme !iate solution treatment to lessen the chance of cracks developing

during welding operations.

The liner segments were built satisfactorily according to blueprint and per-
formed successfully in the test rig, without developing faults related to the

fabrication methods.

Other materials also considered for liner segment application were Hastelloy X
and Stellite No. 25. Both are suitable as combustor materials, but have insuf-
ficient strength to meet the structural and flight weight requirements of the

design. The cost saving by not requiring a heat treatment was also recognized.

The burner headplate, primary air fuel vaporizing tubes and air cups were made
of Hastelloy X material, which has excellent oxidation resistance, formability
and weldability. All external rig housing hardware was of heavyweight con-
struction. The inner and outer walls, and the side covers, were treated as
hot section components, and werz made from Hastelloy X material. The inlet

and diffuser sections were made with AISI 321 stainless steel material.
3.2.5 Stress Analysis

The stress analysis of the segmented liner (Configurations 1 and 3) was con-
ducted to establish the adequacy of the structure under the mechanical and
thermal loads as presented in other sections of this report. The induced
stresses were calculated on the basis of steady state conditions, and assumed
no restraint due to thermal expansion in either the longitudinal or circum-
ferential directions. In addition to the mechanical properties exhibited by
the liner material (Rene 41; WAD 7816) at operating pressures and temperatures,
consideration was given to the isothermal stress-time relations of 0.27% creep
based on the Larson-Miller method, and stress rupture predicted by the Manson-

Haferd method.
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The calculated stresses and the material allowables, based on yield and 600
hrs. of 0.2% creep and stress rupture, are tabulated in Figures 10 and 11, and
are shown for each segmented elemeut of both liner configurations. Figures 12
and 13 show the maximum stresses induced in the hanger support systems for

each liner configuration.

The combustor liner section properties and the pressure differentials used to
calculate mechanical stresses are shown in Figure 14. The material allowable
stresses used in this analysis are shown in Figures 15, 16 and 17. The cal-
culated stresses and the material allowables show that the segmented liner
designs are structurally adequate under the specified pressure and the;mal
loads imposed on the structure. A discussion of the analytical procedure

used to determine the stresses due to mechanical and thermal loads is presented

in Appendix 7.1. A sample calculation is included with that discussion.
3.2.6 Transient Heat Transfer Analysis

A three dimensional heat transfer analysis was conducted to obtain a mapping of
the steady state and transient surface temperatures of the combustor housings,
liner support systems, and segmental elements. The operating conditions which
were used to simulate the transient operation are shown in Figures 18 and 19.
The fuel-air ratio was assumed to vary linearly from 0,01 at ignition to 0.0172
at the Mach 3 operating condition, which was attained 10 seconds after ignition.
A sketch of the combustor is shown in Figure 20 and the operating conditions

at ignition and at the Mach 3 design point are listed in Table I.

The temperature distribution was determined by a balance between the various
heat inputs and heat losses. These heat fluxes, and the analytical methods
used for their determination, are discussed in Appendix 7.2 of this report.

For this analysis, the value of luminous radiation from the flame in the pri-
mary zone was assumed to vary from 25,000 BTU/Hr-Ft2 at ignition, to 123,000
BTU/Hr-Ft2 at the Mach 3 design point. The flame front was assumed to be
arrested at the downstream end of the primary zone by injection of the diluent
air. Based upon this assumption, the value of luminous radiation in the secon-

dary zone was estimated to be 20 to 60% of the value in the¢ primary zone.
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STRESS INDUCED IN SEGMENTAL ELEMENTS - CONFIGURATION NO. 1

®
o
@/ Turbine Stator
Leading Edge

Station (:)

Compressor Exit
Guide Vane
Trailing Edge

Station (:)

q,

2 Maximum Bending Stress At Center

: Of Segment Element Due ToAP

Segment | Average Allowable Stress (Psi)
Element Temp. (jh o .27% Creep 600 Hr.
No. OF + psi .2% Yield | At 600 Hrs. | Rupture
1 1520 9,850 88,000 20,000 23,000
2 1520 15,750 88,000 20,000 23,000
3 1400 26,300 109,000 33,000 43,000
& 1300 30,030- 115,000 48,000 76,000
5 1250 42,470 117,000 60,000 92,000
6 1275 560 115,000 54,000 84,000
7 1520 8,380 88,000 20,000 23,000
8 1550 10,960 78,000 16,000 18,000
9 1380 8,100 111,000 36,000 50,000
19 1270 17,430 116,000 54,000 84,000
11 1225 19,900 118,000 68,000 102,000
12 1190 16,760 118,000 77,000 110,000

Figure 10
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STRESS INDUCED IN SEGMENTAL ELEMENTS - CONFIGURATION NO. 3

Compressor
Guide Vane

Exit

Trailing Edge

Station (:)

o
0.

5.2 27

Oh 2 Maximum Bending Stress At Center
Of Segment Element Due To AP

Turbine Stator

Leading Edge

Station (:)

Allowable Stress (Psi)

Segment | Average
Element Temp. (jb _ .2% Creep 600 Hr.
No. OF (¢ Psi) .2% Yield | At 600 Hrs. | Rupture
1 1520 10,420 88,000 20,000 23,000
2 1520 17,630 88,000 20,000 23,000
3 1400 8,900 109,000 33,000 43,000
4 1300 32,350 115,000 48,000 76,000
5 1250 45,600 117,000 60,000 92,000
6 1275 610 115,000 54,000 84,000
7 1520 8,860 88,000 20,000 23,000
8 1550 11,940 78,000 16,000 18,000
9 1380 7,000 111,000 36,000 50,000
10 1270 18,700 116,000 54,000 84,000
11 1225 22,000 118,000 68,000 102,000
12 1190 18,440 118,000 77,000 110,000

Figure 11
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MAXIMUM STRESSES INDUCED IN HANGER SUPPORT SYSTEM
Configuration No. 1

.

’O’- 38,300 psi

/G'= 38,300 psi

= 33,410 psi (Pin)

Hanger And Pin Material - WAD 7816
Average Temperature = 1200°F

2% Yield = 130,000 psi
.2% Creep In 600 Hours = 74,000 psi
Rupture Strength In 600 Hours = 110,000 psi
Figure 12
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MAXIMUM STRESSES INDUCED IN HANGER SUPPORT SYSTEM
Configuration No, 3

d

T~0 = 11,380 psi

(¢ —/

O = 10,420 psi” \\\‘7 i‘\\\
\

~~6= 14,870 psi

S

L

Hanger Material - WAD 7816

Average Temperature = 1200°F
.2% Yield = 130,000 psi
.2% Creep In 600 Hours = 74,000 psi

Rupture Strength In 600 Hours = 110,000 psi

Figure 13
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STRESS ANALYSIS - SECTIONAL PROPERTIES AND IMPOSED LOADING

+‘____—___ brot.

‘ S
e———b 056

S —

—— ——— — — — — ——— —— — — —

=" 020

— T 1 — —)
= Cooling \
—— |
Slot
< Coolin,
$1o8
Configuration 1 Configuration 3
Segment L AP b b b, I b 056 b 5o by i
Element .056 .020 Tot. XIO? .05 .020 ot 108
No. in. psi in. in. in. i in. in. in. |in.%
1 4,18 2.79 2.1 0.50 2,60 31.03 2.3 0.46 2,76 3 33:9]
2 4,30 4,21 2,13 0.48 2.61 31.52 2:3 0.50 2.80 | 33.93
3 4,46 5.68 375 0.60 4,35 55.2 - - - -
4 4,88 5.00 1.08 0.50 1.58 16.13 1.1 .47 1,57 | 16.41
5 5.32 5.88 1.15 0.50 1.65 17:16 1.15 0.50 1:65 | 17,12
6 5.80 6.70 = - = 23,190 - - - 23,190
7 3.99 2.65 2.0 0.50 2.50 29.66 2.0 0.40 2.40 | 29.57
8 4.00 3.55 § 2.2 0.46 2.66 32.51 2,52 0.50 3.02137.23
9 4.01 4,46 3.44 0.48 3.92 50.51 - - - -
10 4.01 4,92 1.48 0.43 191 21.99 1.40 0.50 1.90 | 20.83
11 3.98 5.83 1.38 0.50 1.88 20.53 1.35 0.50 1.85 | 20.08
12 3.95 6.71 2.25 0 2425 32.9 2::25 0 2425 132.9
Figure 14
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RELATION OF TENSILE STRENGTH TO TEMPERATURE FOR .062 SHEET

Rene 41
(Ref. WAD 7816)
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SEGMENTED LINER TRANSIENT OPERATION
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SEGMENTED LINER TRANSIENT OPLRATION

Inlet Conditions
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TRANSIENT HEAT TRANSFER ANALYSIS - COMBUS'
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A two dimensional transient analysis was first conducted to obtain longitudinal
temperature distributions from the headplate to the combustor exit in a plane
midway between the diluent slots. The results of this analysis are presented
in Figures 21 through 24. The analysis was then extended circumferentially in
the area of the diluent slots, where the thermal environment is the most
severe. The analyses encompassed the combustor liners, liner supports, hangers
and housings for both liner configurations, and extended circumferentially from
the longitudinal centerline of one diluent slot, to the longitudinal centerline
of the next adjacent diluent slot. This area has been indicated in Figure 20.

Configuration No. 1 outer liner assembly is shown in Figure 25. The node
points at which the temperatures were determined for this outer liner assembly
are shown on the detail pieces and the temperatures at each node point are
tabulated in Table II. Data for the Configuration 1 inner liner and the
Configuration 3 liners are presented in a similar manner. The following is

a summary of this data:

Configuration Node Point Location Temperature Data
1 - Outer Figure 25 Table II
3 - Outer Figure 26 Table III
1 - Inner Figure 27 Table IV
3 - Inner Figure 28 Table V

This analysis indicated that temperature gradients in the circumferential

direction are small relative to the longitudinal temperature gradients computed

in the two dimensional analysis.

3.3 Combustor Design and Performance Analysis

An annular vaporizing type combustor was utilized in the sector test rig. A
table of the combustor operating conditions, design performance, and significant
dimensions is presented in Figure 2. A more detailed description of the design

geometry and performance is contained in the subsequent paragraphs,

A sketch of the airflow split and the aerodynamic contours of the combustor

system is shown in Figure 29. The system includes an inlet diffuser section
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INNER LINER HEAT TRANSFER ANALYSIS
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and the combustion chamber proper. Air entering the diffuser section is divi-
ded into two concentric annular streams and is diffused through an area ratio
of approximately 2:1. The air diffuses to a lower velocity and is delivered
against the vaporizer headplate, which is located normal to the diffuser exit.
All of the air required for combustion enters the combustion chamber through
fuel vaporizer tubes and air metering orifices (aircups) in the headplate.

The balance of the air leaving the diffuser section bypasses the headplate,
and undergoes additional diffusion as it flows through the annular passages
formed by the combustion chamber liners and housings. Part of this air is
used to cool the liners, and the remainder is injected into the flow of com-
bustion products as a diluent after combustion is completed. Liner cooling
air is introduced through annular slots located strategically along the length
of the liners, thereby providing a recurring fresh sheet of film cooling air.
A detailed tabulation of the combustion chamber metering areas and airflow

distribution is presented in Figure 30.

The primary zone headplate geometry is shown in Figure 31. Externally metered
fuel is delivered through individual feed tubes inserted tangentially into the
inlets of the vaporizer tubes. The fuel velocity leaving the feed tube is

low and helical, to assure complete wetting of the inside diameter of the fuel
tube. The fuel is pre-mixed with air inside the vaporizer tube, and this
mixture is heated by the combustion process surrounding the tube. The mixture
is injected into the primary zone in the upstream direction (toward the head-
plate) through the metering area at the exit of the tube. The major portion
of the primary air enters the combustion chamber through slotted primary air-
cups also located in the headplate. The fan-shaped air jets issuing axially
from the primary aircups divide the flow into sectors, and create a degree of
coarseness in the fuel-air mixture within the primary zone that provides com-
bustion stability over a wide operating range. Air for combustion is continu-
ally available as required along the edge of these axial jets. The number or
pitch of the primary aircups was the determining factor in establishing the
length of the primary zone, since mixing requirements were more stringent than
residence time requirements. Ignition is accomplished by means of a spark
ignitor and primer fuel injector projecting through the outer liner into the

primary zone.
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DESIGN AIR FLOW DIVISION AND METERING AREAS

Metering
Area

d
—— f

— Film Cogpi=——
\ llm COOhng Slots

Outer
Liner

Diluent Slots

\ 5 =
AIR PASSAGE AREA WEIGHT FLOW
2 Wt ib/ sec
Actual - in Effective - in® % Wt Total @ Design Point
OUTER LINER 141,90 85,14 33.75 48. 26
Diluent Slots 118.20 70. 92 217.60 39.46
Film Cooling Slots 23,70 14,22 6.15 8.80
a 3.93 2.36 1,01 1.45
b 3.94 2.36 1.03 1.47
[ 3.96 2,38 1,03 1.48
d 3.97 2.38 .97 1.38
e 3.96 2.38 1,03 1.48
f 3.94 2.36 1.08 1.54
INNER LINER 96,61 57.97 23.75 33.96
Diluent Slots 81,06 48, 64 19,67 28.13
Film Cooling Slots 15,55 9,33 4,08 5.83
m 2,30 1.38 .610 .871
n 2,37 1,42 . 632 . 907
o 2,43 1.46 . 649 . 927
p 2.57 1,54 . 630 . 899
q 2,82 1.69 =y 1.04
r 3,06 1,84 . 832 1.19
HEADPLATE 158,10 94, 86 42,50 60,78
Vaporizer Tubes 43, 88 26,33 10. 66 15,25
Air Cups 114,22 68. 53 31.84 45,53
Slot 93, 45 56,07 26, 84 38.38
Anti Carbon Holes | 20, 77 12,46 5.00 7.15
COMBUSTOR TOTAL 396, 61 237,97 100% 143,00
Revised 11/1/65
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The estimated combustion efficiency characteristic is presented in Figure 32.
The primary zone weight flow was selected to meet the operational requirements
of the Sea Level Take Off condition, which is representative of the maximum
fuel-air ratio that would be encountered in engine operation. From the figure,
it can be seen that the fuel-air ratio at the contractual design point is sig-

nificantly lower than the fuel-air ratio at the sea level take-off condition.

The design combustor total pressure loss characteristics are presented in

Figure 33. The characteristic pressure loss, A4 PT/q3, (overall total pressure

loss/inlet dynamic head) is presented as a function of overall temperature

ratio, T , on the right side of the figure. At non-burning conditions

47713
(temperature ratio of one) the pressure loss is attributable to the loss in
the diffuser and the drop across the combustion chamber orifices. The in-
creased loss with increased overall temperature ratio is the momentum loss
arising from heat addition. The overall total pressure loss, expressed as a
percent of the inlet total pressure, is shown on the left hand portion of this
figure for conditions of Sea Level Take Off and the contractual design point

(Flight M_ = 3.0).

The design aerodynamic conditions at intermediate stations within the combustor
system (between the compressor exit and turbine inlet) are presented in Figure
34. Total pressure loss and static pressure recovery are also plotted as non-
dimensional ratios against the combustor inlet dynamic head in Figure 35. Using
this figure, the performance can be readily calculated at any operating condi-

tion.
3.4 Sector Test Rig.

The rig which was used to evaluate combustor performance, and the two segmented
liner configurations are shown in Figure 36. The rig is an 84° sector of a

full round annular combustion chamber, and is shown schematically in Figure 37.

The intake to the sector rig is a bell shaped annular section, followed by a
constant area annular duct which is instrumented to record the inlet air condi-
tions. The bell portion of this duct is located inside t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>