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ABSTRACT

Integrated gas turbine combined cycle electric power generating systems offer
the promise:for using coal in an economic and environmentally 'acceptable manner.
Power plant efficiencies well above 407 may be achieved with gas turbine firing
temperatures of 2600°F and higher, if the turbine cooling requirements are not
excessive. The U.S. Department of Energy has sponsored, through the High
Temperature Turbine Technology (HTTT) Program, the development of advanced gas

turbine componments for such a system.

The concept selected by Curtiss-Wright for this program utilizes transpiration
air-cooling of the turbine subsystem airfoils. With moderate quantities of
cooling air, this method of'cooling has been demonstrated to be effective in a
2600°F to 3000°F gas stream, Test results show that transpiration air-cooling
also protects turbine componeﬁts from the aggressive environment produced by

the combustion of coal-derived fuels.

A new single-stage, high work transpiration air-cooled turbine has been de-
signed and fabricated for evaluation in a rotating test vehicle designated
the Turbine Spool Technology Rig (TSTR). This report describes the design
and development of the annular combustor for the TSTR. Some pertinent design

characteristics of the combustor are:

Fuel . . o ¢ v v v vt v vt vt oot i e e s Jet A
Inlet Temperature . o« « « o« « « o o« o o « 2 o o o o« 925°F
Inlet Pressure . o+ o « « ¢« o o o o o o o o o o 7¢3 Atm,
Temperature RiSe . ¢« o v« « o ¢ o ¢ o« o o o« « o o 2475°F
Efficiency .+ ¢ ¢« ¢ ¢ o ¢ o o ¢ o o o o o o o o « « 98,57
Exit Temperature Pattern . . . « « » &« o » « « » o 0.25

Exit Mass FIOW . & « o « o o o o o o o« o« o« s« o« 92,7 pps

The development program was conducted on a 60° sector of the full-round annular
combustor. Most design goals were achieved, with the exception of the peak gas
exit temperature and local metal temperatures at the rear of the inner liner,

both of which were higher than the design values.
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Subsequent turbine vane cascade testing establighed the need to reduce both the
peak gas temperature (for optimum véne”cdoling) and the inner liner metal tem-
perature (for combustor durability). Further development of the 60° combustor
sector achigved the requiredvtemperature reductions and the final configuration

was incorporated in the TSTR full-annular burner.
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Section 1.0
INTRODUCTTON

The Turbine Spool Technology Rig (TSTR), Figure 1.1, is a liquid-fueled test
vehicle for the development of a high temperature transpiration air-cooled
turbine. Turbine operation at inlet temperatures ranging from 2600°F to 3000°F
requires a combustor subsystem capable of efficient performance over the opera-
tional range from ignition to a burner temperature rise in excess of 2500°F.

In addition, the combustor subsystem must be sufficiently durable to assure
reliable operation at high temperature. levels. This requires that the design
and manufacturing processes utilized to produce the combustor subsystem meet

the quality standards consistent with dependable gas turbine engine operation.

The TSTR is a modification of the single-spool J65 gas turbine, incorporating

a single stage transpiration air-cooled turbine. Similar rig engines have been
utilized in the past by Curtiss-Wright to test developmental transpiration air-
cooled turbines. Sustained endurance and cyclic tests were previously com-
pleted at turbine inlet temperatures up to 2750°F. The annular combustor con-
figurations of the earlier rig engines and the TSTR were patterned after simi-
lar successful burners developed by Curtiss-Wright for high performance air-

craft engines.

The unique feature of Curtiss-Wright combustors is the selection of a reverse
flow aerating fuel injector system known as "candy-canes" and "wushroom'" va-
porizer tubes. These descriptive titles are derived from the geometric shapes
of the fuel injectors. The reverse flow injector concept accomplishes lower
luminosity (clean) combustion and lower exit temperature level variation by
pre-injection aeration of the liquid fuel as well as very uniform distribution
of the fuel across the combustor annulus by the reverse flow action of the in-

jectors.
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The TSTR is composed of a J65 compressor and main bearing support section

and

a new hot section. The new annular combustor of 41.0 inches outer diameter

was designed to produce a 3000°F exit temperature at the following conditions:

Combustor Inlet Temperature . o « « o s » o s o o ¢ o o o ; « 525°F
Combustor Inlet PresSSure « o« o« o o o o o o s o s o o o o o o 1.5 ATM

Combustor Temperature Rise « o ¢ o« « « & e e e e e e e e e . 2475°F

The combustor performance goals were established as follows for operation

Jet A fuel:

Combus tor EffiCiency o o o « o o o o o o o o o o o o o o o « o 98.5%
Combustor Section Pressure LOSS . ¢« o o o o s « « « ¢« « = « » 6.0Z
Combus;or Exit Temperature Pattern . . « « « o o « o o« o o « o 0,25
Combustor Liner Wall Temp (Max Avg) . . . 1500°F (1000 LCF Cycles)

on

The TSTR combustor design incorporates 30 reverse flow (mushroom) fuel'injec- .

- tors, film cooled combustor walls with cooling air shrouds and six retractable

torch igniters to initiate combustor light-off.



Section 2.0
GENERAL DESIGN CONSIDERATIONS

Differences in the approach taken in designing high temperature gas turbine
combustors result in few outward changes in appearance, excepting size. The
combhstion chamber arrangement can be annular or can type, but in high tempera-
ture applications the reduced liner area of the annular combustor (30% less
surface area) prbvides a significant reduction in cooling for this arrangement

as combustor temperatures approach stoichiometric.

Liquid fuel injection systems may be the atomizing or vaporizing aerating type;
the vaporizing aerating type is generally preferred for very high temperature
rise and low emissions applications. The term vaporizer is really a misnomer
since at nearly all conditions there is insufficient heat transfer surface to
heat and fully vaporize the fuel, even with the assistance of inlet air which
is admitted with the vaporizer tubes. Hence the device as a“whole functions

as a cross between a carburetor, an airblast atomizer and a true vaporizer.

Design of the primary combustion zone is very critical to the performance and
durability of the combustor, and also to a major degree to the emission char-
acteristics. The techniques involved are largely empirical. Parameters which
must be considered for each design are overall residence time, primary air jet
spread and intersection criteria, fuel-volume loading as dictated by emissions
requirements and turn-down ratio, and internal velocity relationships as they
affect combustion stability. The basic sizing of the primary zone is dictated
by either aerodynamic loading or thermodynamic loading. Aerodynamic considera-
tions are generally controlling on large engines but thermodynamics loading or
reaction rate requirements tend to be dominant on small engines where it ‘is

difficult to provide sufficient residence time to complete combustion.

The mixing or dilution zone is designed to moderate the near—stoichiomeﬁric
temperature gas stream exiting the primary combustion zone to produce the de-
sired turbine inlet temperature profile by injection of air at combustor inlet
temperature. Again, most of the design criteria are of an empirical nature re-

lating to secondary air jet penetration and spreading characteristics.

2-1



The design methods practiced by Curtiss-Wright have produced successful com-

bustor designs as proven by relatively trouble-free development and engine

tests. Some examples of combustor designs similar'in size to the TSTR com-

bustor are shown in Figure 2.1.

The annular vaporizing combustor provides several advantages over other ap-

proaches verified by the broad range of burners developed at Curtiss-Wright,

are enumerated as follows:

The primary zone consistently operates at near-stoichiometric

fuel—-air ratio at design temperature rise.

Stable combustion at high efficiency persists over a wide fuel-air

ratio range because of excellent fuel preparation and mixing.

Carbon free operation, smokeless exhaust, and reduced radiant heat
input to other components because vaporizing and/or aerating systems

tend to burn with a relatively non-luminous flame, ’

A reliably consistent turbine inlet temperature distribution. A
simple and relatively low pressure fuel supply system is required
by the vaporizing combustor. Fuel metering orifices are relatively
iarge and located outside the engine, thus minimizing sensitivity
to fuel contamination and eliminating fouling due to the combustion

process. .

A maximum enveiope of starting conditions is facilitated by a torch

ignition system which is independent of the main fuel injectors.

The burner for the TSTR application is based upon scaling of the modified J65

high temperature combustor. The broad range of experience with variations in

combustor geometry is illetxated in Figure 2.2.

“

A description of the air and fuel flow paths appliéable to vaporizing—-aerating

burners is provided by Figure 2}3, which illustrates flow routing for typical

1800°F - 3000°F exit temperature burners.

2-2
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CURTISS -WRIGHT ADVANCED COMBUSTION SYSTEMS

COMPARISON OF OPERATING CONDITIONS AND PERFORMANCE PARAMETERS

ModiEfed Hdgrd Hodg:ed NASA Segmentally- NASA Integrated "+ 3000°F TSTR
. . TJ60 Constructed Liner Stator-Combustor WIF60 COMBUSTOR
Production for " 2750°F 2200°F Coubust A Syaten
Combustor Design Detalls (1600°F T.I.T.) 2500°%F T.I.T. T.I.T.  T.IL.T. ustor 4 (ANNULAR)
Type of Combustor ) i Annular Vaporizing
Number of Fuel Introduction Points 36 60 90 60 20 30
Dia; Outer Housing Max, - in. 36.0 30.0 40.2 30.0 20.0 L 48.0
' Outer Liner Max, - in. 33.8 28.6 38.0 28,6 19.64 41.7
Length: Dverall (Incl. Diffuser)-in 330 16,75 22.5 11,3 10.95 128.5
¢NBERY  sombustion Chamber - fm, 22.0 10.75 15.9 5.3 1.3 .17.0
Areas Compressor Discharge - ft.§ 1.535 - 0.67 1.11 0.67 0.238 1.535
8% Combustor Reference* = ft, 5.7 - 2.90 7.46 2.90 1.39 . 2.61
M X NLl, Mil, Mil, Mil. '
Flight Condition - S.L.S. Cruisge S.L.S. S.L.S. S.L.S. S§.L,5., Cruise § S.L.S. Cruise S.L.S. Cruige S.L.S, Emergency
Inlet Conditions ’
Atrflow, lb/sec, 125 33 6C 60 125 125 74.3 210 "143 125 74.3 53.6 53.6 90.4
Total Pressure, in, HgA 203 54 90 90 203 270 161.3 270 183 270 161.3 “451.2 451.2 188
Total Temperature, %R 960 810 760 760 960 1034 1276 1034 1610 1034 1276 - 1226 1226 " 983
Mach Ne, .184 .178 .184 184 .184 .379 427 379 .S514 379 627 .287 .287 ’
Performar.ce )
Fuel/air Ratio ) .016 .013 .035 043 .027 " .02€ .023 026 .0172 .026 .023 .023 .029 043
Tenpersture Rige, Degrees 1100 840 2200 2450 1700 1626 1427 1626 1050 1626 1427 1434 1736 |. 2477
Coobustion Efficiemcy, % 98 98 99 99 99 99 99 99 98 99 99 99 98 98.5
Exit Temperature, % 1600 1190 2500 2750 2200 2200 2243 2200 2200 2200 2243 2200 2500 3000 -
Primary Zone Air Flow a .
(% of Compressor Discharge) . 25.0 23.0 43,1 54.2 .1 39.7 42.5 39.7 60
Tozal Pressure Loss: . a
Overall (Incl. DLffuser) - 5.0 4.6 9.26 9.26 9.26 11.0 13.5 4.8 8.1 10,0 12,3 5.0 5.1 6.0
% Inlet Total Pressure - '
Across Vaporizer Headplate - . . . .
° OPYq Referencew 28.52 3.4 31.4 31.4 17.8 17.9 17.8 25.4 25.4 -
Exit Temperature Distribution: * . . . .

Pattera Factor “ ‘°R I 1353 A5 e 170 .200 .164 .189 164 .20 .126 .152 .185 .170 .25
Max, Exit Ratfo, Tm./T.vs.-‘ /°R 1.18 6 1.18 5.135° 1.135 1.13 1.13 1.10 1.10 1.08 1.08 1.08 .14 1,14 1.18
Space Rate - BTU/hr/cu fc/atmos (2,72 x 10° 2.2 x 10° 7.2 x 105 9.2 x 10° 4.6 % 10% | 11,5 x 10% 10.1 x 10%| 6 x 10° 3.57 x 10° | 2% x 10° 21 x 10® | 9.0 x 10° 11.4 x 16%] 7.0 x 20°

Reference Velocity®, ft/sec 73 69 €7 67 78 ) 136 - 170 86 145 136 120 83 83 ) )

#Reference Area from Quter “ousing ‘to Immer Housing




COMBUSTOR LOADING AND SIZE COMPARISONS
Annular Vaporizing Combustor Systems
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Space Rate . :
BTU/hr/£t3/atm L/D Turbine Tip
Primary Zome Overall Flame Tube System
Producéion .
9.7 x 106 2.7 x 106 0.72 1.08
Modified o
12.1 x 10 9.3 x 106 0.72 1.08
g 28.4 x 106 11.5 x 108 0.375 0.586
WIF60
@/ 16.5 x 106 9.0 x 106 0.375 0.586




ANNULAR VAPORIZING COMBUSTOR FLOW PATTERNS - SCHEMATIC TYPE DESIGN
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An appreciation of the salient features of the annular primary zone can be ob-
tained by referring to the sketch of Figure 2.3 which describes the basic flow
patterns and mechanism of operation. The fuel is burned at a fuel-air ratio
close to stoichiometric in a relatively low velocity region downstream of the
headplate. The primary air enters the combustion zone through the headplate,
which contains reverse-flow '"mushroom'" fuel injectors and through the liner
primary air holes. Externally metered fuel is delivered to each "mushroom" by
large bore fuel feed tubes. The rich mixture of fuel and air passing through
the "mushroom" tubes is heated by the combustion process surrounding the out-
side of the tubes and discharged in the forward direction in a state to burn

immediately.

The essential function of the injector is to preheat the fuel and pre-mix it
with air. The quantity of air in the tube must be sufficient to avoid fuel
"cracking"” and deposition while maintaining maximum carburetion. Combustor

performance is not dependent on complete fuel pre-vaporization.

Ignition is accomplished by paired spark igniters and primer fuel injectors
projecting through the outer combustor liner. Experience has shown this ap-
proach to be extremely flexible in providing the maximum starting envelope
since the ignition system can be independently designed and developed for

starting requirements.

The operating conditions of the TSTR combustor are compared to those of other
Curtiss-Wright combustor systems in. Figure 2.4; this figure also shows the wide

range of fuel-air ratios over which this type of combustor has been utilized.

2.1 SELECTION OF FUEL INJECTION SPACING AND HEAT RELEASE

Selecting the number of fuel injection sources and the resultant fuel loading
per source for a combustor system requires consideration of both physical
limitations and performance experience. A survey of liquid fueled combustor/
injector configurations has resulted in the experience guidelines of Figures
2,5 and 2.6, which show the range of fuel flow and frontal area loading in
which satisfactory combustor . exit temperature pattern control has been

achieved as a function of burner temperature rise and space heat release rate.
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FUEL LOADING PER INJECTOR - LBS/HR

COMPARISON OF INJECTOR LOADING EXPERIENCE AS A FUNCTION OF
SPACE HEAT RELEASE RATE FOR VAPORIZER TUBE AND SPRAY COMBUSTION SYSTEMS
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‘"The figures are based on data obtaiqed with both spray nozzle and vaporizer
tube fuel ihjeétor devices incorporated in both moderate and high performance
- gas turbines. In the case of the TSTR it was found desirable to make the nﬁm—
ber of fuel injectors an integer multiple of the ten engine diffuser case
struts. With a total of 30 injectors, the experience curves of Figures 2.5
and 2.6 show consistency at a frontal loading of approximately 24 pph/in.2

and a fuel loading of 450 pph per injector. This latter value yields a space

heat release rate of approximately 7 x 106 Btu/Hr—Ft3 ATM.

The aeration feature of. the vaporizer tube injectors substantially reduces

soot or exhaust smoke. However, there is no significant effect on.the thermal
NOx éenerating pfocesses which occur within the primary zone of high tempera-
ture combustors. Thermal NOx reduction has been successfully demonstrated by
techniques. utilizing lean combustion (pre-aeration of air and fuel) coupled
with short combustion residence times. Although the véporizer tube design
could be modified to incorporate the lean combustion concept, this was not in-
vestigated because of the work horse nature and relatively short operating time
anticipated for this combustor.

~

2.2 COOLING CONSIDERATIONS

Operation of gas turbine combustors at high turbine inlet temperatures involves

two broad technology areas: (1) materials and (2) combustor performance.

Air cooling is a practical method of limiting combustor liner temée;atures
since it imposes no penalties to the cycle and it is generally the least ex-
pensive cooling épproach. Liner cooling methods that have been found satis-
factory for application. to éombuétbrs include (1) film cooled liners and (2)
film cooled liners with regenerative convection cooling. Both of these schemes

are illustrated in Figure 2.7.

Excessive temperatures or temperature gradients in the combustor liners may
cause buckling, cracking, or oxidation, 1eadiﬁg to major failures. It is
therefore imperative that the liners be maintained at satisfactory temperatures
(in the case of Hastelloy X material, no higher than 1500°F average or 1600°F

maximum locally).
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LINER COOLING METHODS

Tangential Film Ccoling

Cocling Air ———— 4

i Hot Gas ‘> - ‘

Splash Plate Film Coolirg

Cooling Alr — = — —

Hot Gas | > )

Transpiration Cooling

" . —_ Porous
Cooling Air _—
8 - \, , Material
TR A CR A RN XN P O T T

r”f?}"
3

-
> Hot Gas C—————">

Regenerstive Cooling

’

Prinary we— . __ _._ —

a . S—— ey B
[0S 9 — —

g — Cooling Air

S——

. -
Hot Cas ) __

Figure 2.7 :

2-11



A correlation between satisfactory durability and heat sink availability,
Figure 2.8, has been developed.ﬁith various arrangements of fuel injectors
and film cooled burner liners. This provides a reasonable starting point for
cooling analysis and provides input data for performance prediction. The se-
verity factor in the correiation represents the cooling réquired to maintain

reasonable mechanical and thermal stresses in the liners.

A combustor design includes analytical predictions of coolant flow and temper-
ature distribution for the particular combustor liner geometry, resulting in a
complete thermal mapping of the liner surface temperatures under steady-state
conditions. The computer program used by Curtiss-Wright for thermal mapping
clearly delineates the advantagés of specific mater;als and cooling schemes

that exhibit lowered cooling requirements.

Steady-state analyses are done on a parametric basis, and involve the param-

eters listed below:

Fuel Flame Hot Gas . Coolant Liner
L.H.V. Temperdture Temperature Temperature Slot Height
Luminosity Emissivity Reynolds No. Flow Rate Permeability
Hydrogen/ - Radiation Velocity Velocity Surface Area

carbon ratio - flux
Density Pressure Drop View Factor
Conductivity

The liner prediéted temperature distribution is established from a heat balance
~of the following heat fluxes:

1. Luminous radiation from flame to liners
2, Convective heat transfer from hot gas to liners
3. Conduction within liners

4, External convection coéling of the liner by coolant

2-12




LINER COOLING FLUX COMPARISON WITH EXPERIENCE CURVE
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~

5. . Radiation from liners to casing or cooling air duct
6. External convection cooling of casing or cooling air duct
7. Convection cooling and radiation heating within film cooling slots

Most combustor liner durability problems are temperature-related, and as noted
earlier, the most suitable means of maintaining integrity is effective appli-
cation of cpolant‘to produce a controlled gas film temperature adjacent to the
liner. Achieving‘the desired results involves combustor componenf rig develop-
ment testing. Few test facilities are capable of producing the operating pres-
sure 1eveié (15 atmos or more) of modern high-performance gas turbines. Fortu-
nately, eaflier combustor development and rig research programs have estab-
lished that testing at reduced pressure produces liner operating temperatures

which are valid for the higher design pressure level. .This applicability of
data is indicated by Figure 2.9.

"Splash-plate" film cooling is used extensively in Curtiss-Wright combustors.
Extensiveféxperimental work was done in evaluating the relative merits of dif-
ferent types of film cooling configurations, including both cold flow aero-
dynamic tests and hot flow tests. Parametric studies have included slot height,
lip thickness, plenum geometry, air introduction and metering methods, coolant
Reynolds numbefs, and velocity ratios. The results of these tests and studies
provide a set of empirically defined relationships for calculation of film

cooling effectiveness as a function of the above parameters.

Regenerative convective cooling is a technique primarily useful in augmenting
the effectiveness of film cooling systems. Pure film cooling.by slot injec-
tion involves a small additional heat removal from the metal on the coolant
side by forced convection. This is obtained at some cost in effectiveness of
the air as a film on the hot gas side due to the increase»in air temperature
before injection. In pure regenerative cooling, all of the cooling and pri-
mary combustion air is used in convection cooling of the liners before being
introduced through the primary slots and headplate. 1In general, convective
cooling effectiveness is not adequate unless liner velocities are high which
results in high pressure losses.
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Section 3.0
DESIGN AND ANALYSIS

3.1 DIFFUSER PERFORMANCE ESTIMATES

The Turbine Spool Technology Rig in which the new combustor must operate uti-
lizes a J65 engine compressor assembly and diffuser case. The turbine compo-
nent is at a considerably larger diameter. The resultant gas path elevation
difference between compressor and turbine required analysis of the ‘diffuser
flow dynamics and pressure loss effects on the estimated performance of the
overall combustor section installation. Based upon a design space heat rate
criteria of greater than 7.0 x 108 Btu/Hr—Atm—ftz, it would appear that the
volume in the section between the compressor and turbine is so large (see
Figure 1.1) that diffuser airflow dump conditions exist. The J65 diffuser
flow path is shown in Figure 3.1. This flow path includes ten diffuser case
support struts with symmetrical airfoil shape. Divergent wall angles at the
diffuser inlet station are 8° at the inner wall and 14° on the outer wall.
Inlet-to-exit area ratio is 2.48 without considering support strut blockage.
With blockage, the area ratio to the station of maximum strut thickness is
approximately 1.05 increasing to approximately 1.5 at a station 4.0 inches

downstream of the diffuser entrance.

Past experimentation indicates that separation of the airflow occurs from both
diffuser walls at this station and that a dump loss of approximately one vel-
ocity head would occur as the flow expands into the combustor case cavity.
Using the empirical relationship for diffuser recovery efficiency (np),

gtp = %E— [1- nD] [l—(%%)z], a diffusion
pressure loss of approximately 0.70% was calculated for net area ratio of 1.62.

area ratio and total pressure loss (

The exit velocity head calculated at this station is approximately .9% for a

potential total diffuser/dump loss of 1.60% AP/Pt e when combined with the

straight section loss.
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3.2 AEROTHERMO-COMBUSTION
The TSTR combustor design conditions are listed as follows:

Combustor inlet air flow rate 90.4 Lb/Sec

Combustor inlet air total pressﬁre 106.5 Lb/Sq. In. Abs.
Combustor inlet air total temperature 523°F

Fuel flow Jet A/JP-5 | 3.92 Lb/Sec
Combustor discharge gas flow rate 94.3 1Lb/Sec
Combusﬁor discharge gas total pressure 100.2 1b/Sq. In. Abs.
Combustor discharge gas total temperature 3000°F

Combustor exit temperéture pattern factor 0.25

Turbine rotor temperature profile variation 1.08°R/°R

vCombustion efficiency ’ .985
AP Combustor pressure loss - ' 6.0%

P
To achieve a nominal turbine inlet temperature of 3,000°F with Jet A fuel the
combustor must'operate at an overall equivalence ratio (ratio of combustor
fuel/air ratio to stoichiometric fuel/air ratio) of 0.65, which leaves 35% of
the combustor inlet air flow for combustor wall cooling and turbine inlet tem—

perature profile control.

The combustor design selected for the TSTR i3 an annular configuration with
reverse-flow ''mushroom" type vaporizer tubes as shown in Figure 3.2; design
point nominal space rate is 7.0 x 106 Btu/Hr/Ft3/Atmos.2VUsing the given com-
pressor exit annulus, turbine inlet annulus and availagle combustor envelope,
a tradeoff study was performed which covering combustor.design parameters of
fuel/air mixing, emissions, residence time, dilution, pfessure drop, tempera-
ture profile and liner cooling requirements. The results of this study were
used to select a basic combustor geometry for further gvaluation including de-

sign of liner cooling and mechanical design aspects.,
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The nominal combustor length is 17 inches. The nominal headplate inner and
outer radii are 14 inches and 19.1 inches, respectively. Three quarters of

the air for the primary combustion zone enters the combustor through 30 plunged
holes in each of the liners between the 30 vaporizer tubes. Liquid fuel and
the remainder of the primary zone combustion air are injected into the combus-
tor through the "mushroom'" tubes. During combustor operation, the liquid fuel
becomes partially vaporized prior to being discharged from the fuel tube.

This fuel/air mixture impinges against the headplate, spreads out latérally

and then mixes thoroughly with the remainder of the primary air entering the

combustor.

Since the amount of air available for film cooling the combustor liners ...
limited, a combination of cold side convective cooling and hot side film-
cooling was evolved for maximum cooling effectiveness. The amount of film-
cooling air required is largely dependent on the magnitude of the convective
velocity on the cold side of the combustor liners. The range of convective
velocities considered was from 80 ft/sec to 200 ft/sec. Shrouds were designed
external to the inner and outer liners to form flow passages to produce the
desired cold side convective air velocities in a counterflow direction. The
shrouds also contain in the flow passage the compressor discharge air to the

various combustor entry holes.

Cooling analyses indicated that approximately 25% of the combustor air is re-
quired for the film-cooling slots. Film-cooling slot heights considered in
the analysis varied from 0.10 to 0.20 inches. In this arrangement, the cool-
ing air flowing between the shroud and liner enters a cooling plenum through a
series of holes, impinges on the cooling.lip and discharges into the combustor
through the exit slot, forming the protective air film. The inlet holes are

located either on the top or the end face of the plenum,

The 1list of scleccted combustor design parameters and liner dimensions is

shown in Table 3-1.



Table 3-1

COMBUSTOR DESIGN PARAMETERS

Cooling Method: Convective-Air/Cold Side
Film-Air/Hot Side-

Design Geometry

Combustor Headplate Area 3.68 Ft2
Number of Fuel Injectors 30
Number of Primary Holes 60

Number of Liner Cooling Bands 10 (Total)

Liner Surface Area 25.3 Ft2
.Combustor Volume 5.59 Ft3
Surface Area/Volume 4.51/Ft \
Liner Wall Thickness .053 In. (Outer)
.043 In. (Inner)
Liner Axial Length 17.0 In. ‘
Liner Maximum Diameter ’ 41,67 1In, /
Turbine Entry 0.D. 41.67 In.
Turbine Entry I.D. 35.47 1In.
Dilution Holes, Inner Liner 30
Dilution Holes, Outer Liner 60
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3.3 AEROTHERMAL - COOLING ANALYSIS

A heat transfer analysis was performed to establish the minimal cooling air-
flow requ1red to maintain a maximum average metal temperature of 1500°F when
operating the combustor at 3000°F exit temperature. The follow1ng major heat
fluxes were calculated for the combustor liner temperature balance: (a) hot
side convection, (b) hot side radiation, (c) cold side convection, (d) cuiu
side radiation and (e) film-cooling effectiveness. Using the Curtiss-Wright
cooling analysis computer program, trade-off studies were conducted to opti-
mize air distribution, considering cooling air mass flow, cooling louver ge-
ometry (gap height, cooling lip length) and outside convective effectiveness
as a function of velocity and local heat flqw. Table 3-2 summarizes the final
cooling analysis results and compromises reached for the definition of the de-
sign combustor cooling configuration. Temperature levels and gradients were
calculated for the combustor headplate, cooling louver nuggets and lips also,

as shown in Figure 3.3.

3.4 COMBUSTOR MECHANICAL DESIGN

The general layout of the comﬁustor is shown in Figure 3;4. The inner and
outer liners forming the circular walls of the combustor are cooled by a
combination of convective cooling the extevnal surfaces and splashplate
film~cooling the internal surfaces. The air cooling the external surfaces
flows between the liners and concentric shrouds at velocities of 150 to

180 FPS entering the annulus at the aft end. The temperature of the liners
varies from 1000°F upstream of the vaporizers tubes to approximately 1140°F
at the air impingement locations with local maximum average temperatures of
1500°F expected at the double wall liner joints. The cooling holes are sized
to obtain the optimum pitch (1/d) with which a uniform and effective impinge-
ment of cooling alr is achieved as shown in Table 3~3. A pitch of approxi-
mately 2 is considered optimum. For manufacturing considerations it is im—
portant that the hole diameters be no less than the corresponding liner thick-
nesses. The air is discharged into the combustion zone at the splash-plate

locations through circumferential openings and provides film-cooling.



Table 3-2

TSTR LIQUID FUEL COMBUSTOR COOLING ANALYSIS SUMMARY

Outer Liner

X SH M wc Vc Vs Loc. s
2.00 0.11 1.3 1.74 66.0 175 3.98
4.76 0.10 1.3 1.83 75.2 176 6.46
7.24 0.10 1.3 1.86 75.2 174 8.93

10.02 0.14 1.0 2.41 68.5 165 12,67
13.29 0.08 1.0 2.36 115.3 155 14.94
15.56 0.08 0.84 2.28

12.48

1b/sec

Inner Liner

X SH M wc Vc Vs X Loc. s
2.00 0.11 1.3 1.28 65.9 180 3.96
4.74 0.10 1.3 1.32 75.2 183 6;47
7.25 0.10 1.3 1.32 75.2. 180 8.95

10.13 .15 1.0 1.57 59.8 162 12.73
13.26 A1 1.0 1.84 85.9 131 14.98
15.61 .08 0.84 1.95
9.28
1b/sec
X = Dimension (inches) From Rear Face of Headplate
SH = Slot Height (inches)
. [o] Vv .
M = Mass Velocity Ratio - ¢ C/p V  (dimensionless) Coolant
g 8 Hot Gas
wc = Coolant Flow Rate (1b/sec)
Vc = Coolant Velocity at Slot Exit (ft/sec)
Vs = Velocity of Coolant Between Shroud and Liner
(Shroud Velocity) (ft/sec)
Loc. Vs = X Location of Shroud Velocity
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TSTR COMBUSTOR LINER WALL TEMPERATURE ANALYSIS
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Table 3-3
TSTR COMBUSTOR COOLING AIR IMPINGEMENT
AIR-HOLE DEFINITION

Liner Required . Liner Hole No. of Pitch = Actual

Number Area (in2) . Radius (in) Dia. (in) Holes =L/D Area (in2)

Quter Liners

2.368 " 18.953 .0550 1020 2.12 2.423

1
2 3.397 19.278 .0785 732 2.11 3.543
3 3.540 ©19.578 .0785 744 2011 3.601
4 - 4,414 19.930 .0937 630  2.12 4.344
5 4.224 20.313 .0937 640 2,13 . 4.413
6

4,060 20,653 .0937 © 610 2.27 - 4,206

Inner Liners .
1.742 13.628 .0550 731 2,13  1.737

1
2 2.497 13.656 . .0785 516 2.12 2.497
3 2,421 13,660 -~ .0785 516  2.12 2,497
4 2.889 13.609 .0937 430 2.12 2.965
5 3.169 14.284 - .0937 460 2.08 3.172
6

3.080 17.281 .0785 660 2.09 3.194
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The inner and outer liners each have 30 primary air-ﬁoles which are locatéd
ciréumferentially Between the vaporizer tubes. In addition, located near the
combustor exit, there are 30 diluent slots in the inner liner and 60 in the
outer liner. The combustor overall airflow distribufion through the various

openings is shown in Table 3-4.

The liners are'butt-welded to a single piece 1/2 inch thick circular headplate
at théir forward ends. The headplate is designed to liﬁit rotation due to the
eccentric pressure loading of the combustor. A gradual transition from the
thick headplate to the thinner liners helps reduce the stresses at the joint
resulting from the headplate rotation. The shrouds are fastened to the head-
plate and near the open end they are spaééd from the liners with Z-shaped
floéting clips which permit differential axial and radial expansion of tﬁe
components. The'éooling louver design incorporates .070 diameter pins which
serve as individual supports to limit local thermal growth of the cooling im-
pingement lips.

3.5 COMBUSTOR STRESS AND VIBRATION ANALYSIS

The combustor was analyzed using an in-house finite-element computer progfam
modeled for the ANSYS program using the quadrilateral elements shown in Fig-
ures 3,5 to 3.7. The design differential pressure loading on the liners is
approximately 6 psi, however the analysis was performed with a differential

pressure loading of 9 psi for a 50% overload condition.

In the stress-rupture evaluation the thermal stresses were not included since
they can be considered as self-equilibrating and do not contribute to a 'load-
type' stress rupture failure. The significant mechanical stresses due to the
pressure loading are shown in Table 3-5. These stresses when evaluated
against the stress-rupture strength of the combustor material, Hastelloy X
(inner and outer liner thicknesses of .045 and .056 inches respectively) were

considered acceptable, except for the liner-segments at the headplate joints.
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Table 3-4 » _
TSTR COMBUSTOR AIRFLOW DISTRIBUTION

Location Airflow, -Percent

Vaporizer Tubes ©16.19

Outer Liner

Film Cooling Nugget 1 1.93
Primary Holes 22,03
Film Cooling Nugget 2 ° 2,03
Film Cooling Nugget.3 2.06
Film Cooling Nugget 4 2,66
Dilution Holes 11.74
Film Cooling Nugget 5 2.61
Film Cooling Nugget 6 2.52

Inner Liner

Film Cooling Nugget 1 1.41
Primary Holes 22,03
Film Cooling Nugget 2 1.46
Film Cooling Nugget 3 1.46
Film Cooling Nugget 4 1.74
Dilution Holes 3.92
Film Cooling Nugget 5 2.04
Film Cooling Nugget 6 2,16
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Location
Liner/Headplate
Joint, Inner
Nugget C

Cone - Cylinder
Transition

Location
Liner/Headplate
Joint, Outer
Nugget D -~ Bead
Nugget D - Lip

Cone - Cylinder
Transition

LINER/HEADPLATE
JOINT, OUTER t

Table 3-5
TSTR COMBUSTOR STRESS—RUPTURE EVALUATION

\
 R—
LINER/HEADPLATE \\\\\__

JOINT, INNER

Minimum
Stress
Longitudinal Hoop Equivalent Metal Rupture
Stress Stress Stress Temperature Life
(ksi) (ksi) (ksi) (°F) (Hours)
-28.6 -14.6 24.8 1140 2000
-17.0 + 0.5 17.3 1000 2000
~11.4 - 7.5 10.9 1480 1500
Table 3-6
TSTR COMBUSTOR LOW-CYCLE FATIGUE EVALUATION
Estimated
Longitudinal Hoop Equivalent Metal Fatigue
Stress Stress Stress Temperature - Life
(ksi) (ksi) (ksi) (°F) (cycles)
+45.5 - 5.7 48.6 1140 >100,000
=41.0 +105.1 130.5 1050 3,000
0 - 49.9 49.9 1610 >10,000
59.6 '12.6 54.4 1500 >10,000
NUGGET D - BEAD
—~—

NUGGET D - LIP

NUGGET C
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At these joints the stresses due the headplaté rotation (Figure 3.7) were most
significant, requiring that the inner and outer liner segment thicknesses be
increased .056 and .062 inches respectively. An addifional critical area was
the cylinder-to-cone transition of the inner liner (Figure 3.6) where a mini-

mum. stress-rupture life of 1500 hours was calculated.

The low cycle fatigue evaluation of the combustor, which included the thermal
loading, was based on the low-cycle fatigue data for Hastelloy X mate.

The combined eqqivalent stresses at critical locations of the combustor are
given in Table 3-5. The minimum low—-cycle fatigue life was found to be 3000

cycles.

The radial buckling force on the outer liner and the axial buckling force on
the inner liner due to the pressure differential were also computed. Based
on published data (Bruhn) the analyses determined the margins of safety to be

5.6 for the outer liner and 19.7 for the inner 1liner.

There is no significant differential pressure loading on the cooling shrouds
whose thickness is .056 inch and material is Inconel 600. The Z-shaped spacers
between the shroud and liners are highly stressed due to the differential ex-
pansion of the hot liners and relatively cold shrouds (see Figure 3.8). At

the calculated metal temperature of 1200°F and a stress of 68,000 psi, a low
cycle fatigue life of 11,000 cycles is obtained from the published data for
Hastelloy X material.

The combustor, including the shrouds, was also modeled for vibration analysis
with the computer program: The spacers between the shrouds and liners were
gimulated as springs. A computer plot of the vibrational deflection in the
first mode is shown in Figure 3.,9. The frequency of 186 Hz is 30% above the
operating speed of the TSTR.; However, due to inherent constraints of the ana-
lytical modeling technique it is possible that not all modes of vibration were
determined. Therefore, a vibration test of the physical combustor was per-
formed on shaker equipment. A minor modification to the outer shroud was found

necessary to eliminate the possibility of resonance at the TSTR operating speed.
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Addition of a tube around the outer shroud as shown in Figure 3.10 yielded a

first mode frequency of 184 cps, 28% above the TSTR speed. This mode is a
"circumferential" vibration, rather than the "fore-aft" vibration depicted in

Figure 3.90

The fuel vaporizer tube, a drawing of which is shown in Figure 3.11, is in-
tegrally cast in one piece. The material is Hastelloy X. A finite-element
computer program was used to analyze the vaporizer tube based on the tempera-
ture distribution shown in Figure 3,11, Pressure loading was calculated to
be negligible. Significant calculated stresses are shown in Table 3-6 and the

general stress distribution in Figure 3.12. The calculated stresses at some

locations on the vaporizer tube are well above the yield stress of the material;

however, since it is basically a thermal stress condition and self-limiting,
failure is not expected. Evaluation of the wvaporizer-tube for low-cycle
"fatigue indicates the tube to be structurally adequate for an excess of 50,000

cycles.

The combustor headplate has provisions for supporting the combustor in the
diffuser case on radially directed pins. The pin and spherical bearing sup-
ports (Figure 3.13) permit thermal expansion.of the combustor while keeping
~ the entire unit centered in the housing and axially fixed. The calculated

stress on the pins due to the aerodynamic thrust loads is 40,000 psi.

. It was necessary to determine the vibration characteristics of the primer-
igniter unit suppnrted on the combustor housing. The first mode frequency is
at 400 rpm and the second mode frequency is 17,200 rpm, both being adequately
out of the TSTR idle and operating speed ranges. With a gravitational force
of 10 G the cantilevered igniter assembly produces a moment of 660 in-lbs at
the housing attachments. The stress in the bolts attaching the unit to the

‘combustor housing does not exceed 6000 psi.

N
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TSTR LIQUID FUEL COMBUSTOR VAPORIZER TUBE
FINITE-ELEMENT MODEL AND STRESS DISTRIBUTION
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The axial thrust and weight of the combustor is transferred via radial pins
to the combustor housing. In addition, the ﬁousing is subjected to the in-
ternal air pressure and a temperature differential. The structural analysis
of the housing was performed with the finite-element program. Local stresses
at the various bosses were determined using published analytical procedures
(Bijlaard). Stress concentration factors were applied where appropriate.

A summary of the significant stresses is given in Table 3-7. The effective
stresses are below the yield strength of the material, stainless steel, AISI
410. Evaluation of the areas subjected to cyclic loads indicated that the
coqbustor housing has a fatigue life in excess of 100,000 cycles as shown in

Table 3-8.

3.6 FUEL SYSTEM DESIGN

The upstream fuel vaporizer tube injector system selected for the TSTR combus-
tor is based upon long term development effort by the Curtiss-Wright Corpora-
tion. The range of mushroom vaporizer tube configurations and empirical design
criteria developed over the years i1s shown in Figure 3.14. The development
covered various dome shapes, length/diameter ratios as well as fuel/airflow
ratios in the tube. The detail design of the TSTR vaporizer‘tube is shown in
Figure 3.15. Variations of the liquid fuel injector configuration have also
been evaluated for effectiveness of fuel distribution and atomization within
the vaporizer fuel tube. Basically the vaporizer tube fuel injector concept
utilizes a low-to-medium fuel pressﬂre fuel system in that the fuel atomization
and distribution within the vaporizer tube is accomplished by the airblast
principle. Multi-port distribution valves are incorporated in the fuel system.
to ensure uniform distribution of fuel among the liquid fuel tube injectors.
Various methods of injection of the liquid fuel into the vaporizer tube have
been investigated to determine the optimum configuration and the effect on com-
bustor performance. Tests indicated that direct injection at the centerline of
the vaporizer is most effective. Fuel droplet atomization can be accomplished
from simple jets by various degrees of hydraulic break-up and by airblast as

generated by high velocity airflow perpendicular to the liquid fuel sLream.
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Location

Inner Cylinder
Rib

Outer Cylinder

Dome

Table 3—7

VAPORIZER TUBE STRESS ANALYSIS

Estimated

Maximum Stress Temperature Fatigue Life
(ksi) (°F) (cycles)
37.30 500 >100,000
53.92 1161 >50, 000
45,57 1026 >100,000
35.37 "1236 - >50,000
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Table 3-8

TSTR COMBUSTOR HOUSING STRESS ANALYSIS

Estimated Fatigue
~ Effective Stress Yield Strength Life
Region/Material (ksi) At 500°F (Manson LCF)

1/8" Frustum
Cone
(AISI 410) 28 37 -

Fuel-Injector
Penetrations
(AISI 410) 37 37 1.9 x 105

Combustor Pin
Penetrations )
(AIST 410) 33 37 4.9 x 103

3/8" Frustum

Cone/Cylindrical

Shell Juncture

(AISI 410) 17 37 -

Chamber Case/

Exhaust Manifold

Juncture (AISI 410) 26 37 -
!

Chamber Case/

Exhaust Manifold

Juncture Carbon ' :

Steel (C 1025) 9 27 -

Chamber Case Slots . .
(AISI 410) 18 . 37 -

Flanges (AISI 410) 33 37 4.9 x 107
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The TSTR fuel tube design shown in Figure 3.16 has a 0.1715 inch diameter bore
resulting in a fluid jét velocity of approximately 16.4 FPS producing a jet.
break-up in the form of helicoidal waves characteristic of Region II of Fig-

ure 3.17.

3.7 RETRACTABLE PRIMER/IGNITER SYSTEM DESIGN

Combustor systems incorporating liquid fuel vaporizer tube injectors require a
significant increase of heat energy to promote satisfactory fuel vaporization
and subsequent ignition at conditions encountered during the critical engine
start-up sequence. Torch primer/igniter system designs have been developed by
Curtiss-Wright which have demonstrated reliable operation and durability for
both aircraft and ground gas turbine installations. The general configuration
consists of a small flow pressure atomizing fuel nozzle’and a low energy spark
ignition source in close proximity to the spray nozzle. Ignition of the fine
fuel spray results in a substantiél flame brush depending on the primer fuel
flow. When directed at the combustor Vapprizef tubes in the primary combustion
zone the torch provides the necessary local heat for vaporization and ignition.
Reliable ignition of the primer/igniter is assured by the fine spray nozzle

and the resultant torch within the cqmbustor minimizes late lights and residual
fuel burn-outs during the critical engine start-up sequence. To ensure high
reliability and durability the primer/igniter assembly has been designed with

a retractable feature which removes the igniter tip from the burner once com-

bustion has been verified.

A cross-section of the TSTR retractable primer/igniter design is shown in Fig-
ure 3.18 and a photograph in Figure 3.19. The primer/igniter is extended into
the ﬁombustor.by‘applying air pressure at 80-90 psig to the effective area of
a piston rod enclosed in stationary cylinder depressing the piston and com-
pressing the piston spring. Special elongated igniters and fuel spray nozzles
are fitted in the movable piston through rifle bores drilled to precision
tolerances. Retraction is effected‘by venting the pressurizing air and per-
mitting the compressed spring and air pressure to return the piston to the

storage position.
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TSTR RETRACTABLE PRIMER/IGNITER
CROSS-SECTION VIEW

~a——— SPARK CHAMPION

PRIMER FUEL INLET
OR PURGE AIR

_J ) 1
EXTENTION AIR INLET—g £ - -~ RETRACTION AIR INLET
—_ - g A "T—'—'"' : - —

Jr,f—-—~SPRING SPACER

[ St
N

Figure 3,18
3-34



Gt -t
6T°¢ 2an31g

861-18

W

¢

TSTR RETRACTABLE PRIMER /IGNITER ASSEMBLY

|
1%

s s )
\ ' J.
LIMIT SWITCHES

T - N « :

\ L]

- . " i

SPARK IGNITER
\

SPRAY NOZZLE ——==



The retractable primer/igniter is designed for considerable installation flexi-
bility. This is accomplished through incorporation of the following adjust-

ments:

1. Extension Length = 2.2 inches maximum

2 Penetration of fuel spray nozzle relative to igniter = 0.25 inches

maximum,

i Direction of fuel spray relative to igniter - + 45° arcs.

4, Fuel spray flow rate and atomization = Three interchangeable spray
nozzles of different pressure flow characteristics were fabricated
with flow ranges of 50 pph at 65 psid; 35 pph at 70 psid; and 20 pph
at 30 psid.

5 Piston rod piston position indication - Adjustable microswitch

actuating levers are provided.

6 Rotation of Piston in cylinder bore - Six positions at various

areas cover a 360° periphery.

The retractable igniter/primer is mounted on the combustor case such that its
extended position at light-off causes the spray nozzle and spark igniter to

protrude into the primary combustion zone (Figure 3.20). This zone is down-
stream of the combustor headplate, which supports the mushroom type vaporizer

tubes.

Figure 3,21 is a flow diagram illustrating the electrical, fuel, and air ser-
vices, and associated equipment for three of the six retractable primer/igniters
of the TSTR engine. As shown, each igniter is excited by a separate ignition
box which is activated by the Data Center. Primer fuel is admitted through
solenoid valves to a manifold common to the inlets of the 3 spray nozzles. In-

strument air for radial positioning is divided similarly to the 3 piston rods.

3-36



TSTR COMBUSTOR - IGNITER RELATIONSHIP
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TSTR RETRACTABLE PRIMER/IGNITER WIRING
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Instrument air is also used to purge fuel from the primer manifold following
light-off and primer/igniter retraction. The Data Center sequences the vari-
ous solenoid valves for functional control and displays fﬁlly extended fully

retracted position feedback signals from the piston microswitches.:
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Section 4.0
COMBUSTOR FABRICATION

The combustor assembly for the TSTR consists of the headplate, inner liner,
outer liner welded into one combustor assembly Figure 4.1. Complete assembly

includes outer shroud, inner shroud and inner shroud extension (Figure 4.2).

Headplate assembly ES164641 includes 20 long and 40 short studs to support the
inner and outer cooling shrouds. The headplate was machined fully from a flat
plate of AMS 5536 Hastelloy X. Studs were machined fully from AMS 5754 bars,
Hastelloy X and welded into the headplate (Figure 4.3, 4.4).

Combustor liner details were made from sheet stock. Cooling hole and com-
bustion hole patterns were punched in the flat sheet form, then rolled and
welded into a ring. Liner forms were produced on expansion dies for each de-
tail. Cooling holes were punched in flat location since the size of cooling
holes were not affected during forming. Weld expansion slots were performed
after liner forming was completed. The primary airflow ports were pre-punched
in a flat sheet and the plunged lips were die-extruded after forming the

liners.

Inner liners 4 and 5, because of the complex rear design configuration were
formed on dies. Liner 4 was fabricated in two (2) sections, 4A being conical

cylinders and 4B a die formed part.

Rear supports were fabricated from rolled AMS 5754 (Hastelloy X) bar stock,
welded and then fully machined.

The outer liner Figure 4.3 was made in one assembly. Liners and rear support
were assembled and tach welded on a layout table to blueprint locations and

then resistance welded.



TSTR ANNULAR LIQUID FUEL COMBUSTOR BASKET WITHOUT
COOLING SHROUDS (3/4 REAR VIEW)

INNER LINERS
4A & 4B
SUB-ASSEMBLIES

Figure 4.1
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TSTR ANNULAR LIQUID FUEL COMBUSTOR BASKET WITH COOLING
SHROUDS INSTALLED (3/4 FRONT VIEW)
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TSTR COMBUSTOR OUTER LINER ASSEMBLY

COOLING LIP SUPPORT
PINS

J

o OJ’:“W..‘J-

e UBT——

''''

:
[§~—— BURNER AND SHROUD
SUPPORT STUDS

Figure 4.3
4-4

81-142




TSTR COMBUSTOR HEADPLATE ASSEMBLY
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Figure 4.4
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The inner liner was made in two subassemblies. The first assembly included
liners 1 through 4A and headplate. The second assembly was accomplished on a
universal fixture and included liners 4B, 5 and rear support. Fixturing was

required in order to maintain concentricity of details 4B and 5.

All outer and inner liner weld assemblies were radiographically examined for

acceptance upon completion of each weld.

Final assembly as shown in Figure 4.1 of inner liner subassemblies was per-—
formed on the same universal fixture used on details 4B and 5. Subassemblies
were mounted on fixtures and located on the rear support groove while utiliz-
ing a centering plug on headplate liner. Weld joining details 4A and 4B was

performed using manual TIG with gas back-up ring.

Basket assembly including headplate assembly, inner and outer liner assemblies
was performed on the same universal fixture picking up the groove inside diam-
eters on the rear supports and centering pins on I.D. of headplate. Back-up
chills were used at the joint of headplate to headplate liner assembly. The
weld was performed using manual TIG. Upon completion of all manual welds

parts were zyglowed and then X-rayed.

The outer cooling shroud was manufactured from flat sheet welded into a cylin-
der and hydrospun on a cast iron mandrel. Attaching flange was also a spin-
ning and weld to spun detail. Igniter bosses were machined from bar stock

and welded into position. The immer shroud was fabricated from flat sheet
rolled and welded into a cylinder and die-formed. The rear inner shroud ex-
tension is a die formed trimmed and outer bend formed on a bead roller. An
upstream view of the completed combustor and shroud assembly is shown in Fig-

ure 4.5.
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UPSTREAM VIEW OF TSTR COMBUSTOR
OUTER LINER

Figure 4.5
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Section 5.0
COMBUSTOR TEST RIG AND TEST FACILITY

5.1 COMBUSTOR TEST RIG

A 60° test sector was selected as representative of the full annular TSTR com-—
bustor in terms of airflow and combustion processes thereby providing the ve-
hicle with which to develop the burner configuration to meet the established
goals of combustor exit temperature pattern and performance. The arrangement
of the 60° sector test rig as shown in Figure 5.1 consists of a combustor
section and an instrumentation probe section. The combustor sector is a true
60° arc of the full annular combustor as shown in Figure 5.2 and contains both
inner and outer cooling shrouds. The sector (Figure 5.3) includes five va-
porizer tubes, one primer/igniter assembly and provisions for a flame detector
aperture. The 60° sector end walls are water cooled boxes coated with a ther-
mal heat barrier on the hot side. Appropriate flanges and sheet metal seals
are attached to the 60° combustor sector end wall edges for positioning and to
prevent air leakage by the water end plates are shown in Figures 5.3 and 5.4.
A cross-section of the water side plate design (Figure 5.5) shows a multitude
of 1/2 inch wide by 1/8 inch high passages through which cooling water is
passed at about 8 FPS, maintaining a maximum metal temperature of approximately
600°F at combustor design operating conditions. The test rig also includes a
60° section of the TSTR diffuser section with a bellmouth inlet as well as the
inner and outer burner cover cases as shown in Figure 5.6. 1In addition, pro-
visions to simulate both internal turbine cooling air bleed and overboard
bleed from the burner section have been incorporated. As shown in Figures 5.7
and 5.8 the 60° sector assembly is mounted in a cylindrical pressure vessel 32

inches in diameter with a service capability of 6 atmospheres.

The exhaust duct and sweep probe section is fastened to the plate at the aft
end of the combustor rig housing. This section (Figure 5.9) consists of a
pressure vessel (48 inches in diameter, 3/8 inches wall-thickness) containing
a short, film-cooled exhaust duct mounted directly downstream of the combustor

exit station.
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TSTR 60° SECTOR LIQUID FUEL COMBUSTOR RIG. DOWN STREAM VIEW
OF RIG INSTALLATION WITHIN THE TEST STAND PRESSURE VESSEL

Figure 5.7 HTT-11-432A
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A water-spray manifold is positioned around and downstream of the exhaust duct
to spray and cool the hot gas stream ahead of the test cell exhaust ducting,
back-pressure valve and silencer. The previously-described combustor exit
sweep probe assembly is pivoted in an enclosure within the instrumentation
section housing. The enclosure provides protection for the electrical leads
and pivot mechanism from the hot gas stream. The probe assembly traverses

the combustor sector exit at approximately 0.5 ips and can be stopped at any
position. The approximate time for a complete continuous sweep is 30 seconds.
The drive is an externally mounted electric motor. The angular position of

the probe assembly is indicated by a remote sensing instrument.

The probe sweep assembly consists of four water-cooled thermocouple units set
at defined radial heights commensurate with equal annulus areas. An accurate
profile of the entire combustor exit can be mapped in this manner. To
lengthen the life of the thermocouples operating in the high temperature gas,
the system is designed to move completely out of the gas stream when no data
is being taken. A thin flexible metal band attached to the probe assembly and
moving circumferentially with it seals the probe pivot mechanism and electrical
leads from the hot gas stream. To assure protection of the mechanism, the en-
closure is pressurized by facility air to a level higher than that of the hot
gas stream, with a small controlled leakage of cool air across the seal from
the enclosure into the hot gas stream. Water for cooling the probes is sup-
plied via flexible hoses in the enclosure and is discharged into the exhaust
housing. A gas sampling probe, also water-cooled, is inserted through the ex-

haust housing and is positioned at the mid-point of the combustor exit annulus.

The individual components of the test rig were analyzed for structural in-
tegrity, using a finite-element computer program and published analytical pro-
cedures (ASME Codes). Results of the stress analysis are presented in Table
5-1 based on a 90 psi design pressure differential. The material of all com-
ponents is stainless steel AISI 321 while the bolting material is A-286.
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Table 5-1
TSTR COMBUSTOR SECTOR RIG STRESS ANALYSIS SUMMARY

Allowable

Component Pressure (psi) Maximum Stress (psi) Stress (psi)
Combustor Vessel 90 17,560 22,000
Probe Vessel 90 17,390 22,000

Pivot Enclosure 90%*

Back Plate 25,700 30,000
Lower Flange 20,270 30,000
Plate Ring Weld 5,400 15,000
Bolts (Bottom) 86,730 90,000
Bolts (Top) 77,830 90,000
Plate, Vessel 50% 27,300 30,000
Exhaust Duct 90 11,466 13,450

Flange Weld

*This pressure is effective only during initial pressurization of enclosure.
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5.2 COMBUSTOR TEST FACILITIES AND INSTRUMENTATION

Test Facility General Description

All combustor rig air requirements are provided by the facility air supply.
Primary combustor air is filtered to 10 microns and passes through an indirect
fired heater before entering the rig. Airflow measurement is accomplished
downstream of the heater. Inlet and differential pressures are sensed sequen-
tially by a multi-input scanivalve pressure transducer and transmitted to the
data center for data recording and calculation. Control of airflow to the
combustor rig is accomplished by an eight-inch (coarse) and a three-inch (fine)
adjustment valve, each being positioned from the control room, Figure 5.10, by
separate remote pneumatic loading stations. Primary combustor air system ca-

pabilities are as follows:

Light-Off Air F].OW O S TS SR TR YRR S T e S TR T TR Y ue 8 & WL 0.25 PPS

Controlled Air Flow/Temperature . . 1.5 to 13.5 PPS at 350°F to 600 °F
Range 13.5 to 17.0 PPS at 350°F to 550°F

Maximnn- F1oW o « o s & s-e o » w0 o » 18,0 PPS at Maximom Temperature

BYOSgure « S v o ais v 9. e she wlabrs o w owoaa wmieol EO OAtMOSpheres

Exhaust housing cooling air service up to 7.5 pps at 90 psig is also available

with manual and automatically controlled modes.

Annunciation and safety interlock protection functions are provided and are
directed through the data acquisition system computer. An optical flame de-
tector at the primary zone of the combustor and a rig exit temperature probe

provide signals to detect flame out and over-temperature conditions.

Data Acquisition System

The basic functional capabilities of the data acquisition system are as follows:

1. Data Logging - The system is capable of performing the following

measurement functions:
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a. J, K, R, S, B, W, and V Thermocouples
N Linear DC Voltages
ci Standard RID's

d. Frequency Inputs

The system provides the required thermocouple linearizations and

engineering scaling factors for all input channels.

Facility Control/Protection - The system is capable of assigning

limits to each input channel and having these limits operate output
relay contacts. These contacts interface with the control system

to provide alarm/shutdown commands.

"On-Line" Data Reduction/Processing - Provides capability for reduc-

tion and processing of the raw input data for the following:

a. Conversion of input signals to proper engineering units
b. Correction of raw data to standard conditions

C. Data calculations

d. Periodic data reporting on hard copy with format

e. Alarm reporting

£ Various graphics (plotting, etc.)

The Hewlett-Packard Data Acquisition System consists of the major components

discussed below and shown in Figures 5.11 and 5.12.

1.

9825A Desk Top Computer

This is the central control for the system. Through the HP-IB in-
terface card, it controls the system scanners, digital voltmeter
line printer, and optional graphics translator/CRT display. Through
a 16-bit I/0 card, it controls the Scanivalve pressure scanner. A
real time clock is provided to enable time data on all printouts.
The 9825A contains a 23K byte read/write memory. The program is
stored on a magnetic tape cartridge and can be loaded into the com-
puter conveniently.
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2 3495 Scanner

The scanners provide che multiplexing of the raw input signals to
the digital voltmeter for reading. A typical scanning speed of 20
channels/sec is attained. Each scanner may contain up to four (4)
cards, which can be used for inputs or outputs. These cards are
specifically designed for low level thermal or transducer inputs or

dry contact outputs.

3 3455A Digital Voltmeter

The digital voltmeter converts the multiplexed analog input signal
to a digital signal for the computer. It is controlled through the
HP-IB bus by the computer.

4, 9871A Printer/Plotter

The line printer/plotter provides the hard copy printout of both
raw and reduced data. It is controlled by the computer and is also

capable of graphic plotting of any variables.

S 1311A CRT Display/1350A Graphics Translator

The CRT display provides a visual '"logsheet'" of critical test
parameters (raw or reduced) updated for each system scan. The
translator provides the interface between the display and the

computer.

Safety Interlock System (SIS)

The SIS is a semi-manual system in which all start-up controls are operator
set with the SIS simply providing the interlock logic necessary to allow
start-up only in the proper order. Each step in the start-up sequence has
certain prerequisites. Figures 5.13a and 5.13b show the logic developed for
this SIS.
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1. Start-up Logic

Certain prerequisites are checked prior to allowing the start-up to

be initiated. They are as follows:

a. Fire system active and in a safe condition. Facility emergency

stop switches not activated.

b. No alarms or trips on annunciator. This requirement forces all
facility systems to be operational and set in the proper con-

dition for start-up.
c. Back pressure valve full open.
d. Retractable primer/igniter completely retracted.

When these prerequisites are satisfied, the '"Ready to Start" light will

be on, indicating that the rig start-up can be initiated;

When the operator depresses the Start pushbutton, the '"Ready. to Start"
light goes off indicating a start in progress and the H.P. fuel pump
(and light) is activated. Proper operation of the pump is verified by
checking the development of the pressure drop across the Woodward fuel
metering valve with a differential pressure switch. During this time
period, the Operator extends the primer/igniter into the combustor by
activating a switch and the position is then verified by the "Extended"

light on.

With the fuel system operational and the primer/igniter extended, the

logic checks that the fuel metering valve and its pressure regulator are
in the light-off condition. When these checks are satisfied, the Qper-
ator can then activate the primer/ignition switch energizing the primer

solenoid and the ignition exciter ("Primer/Ignition On" light on).

5-21




When the primer light-off is'detected:through either. the stationary gas

temperature probe or the optical -flame:detection -system, the "Primer Lit"

light comes on and the operator can then activate the fuel on switch. .
This then energizes the fuel shut-off valve and light-off flow is ad-

mitted to the combustor. When the indicator for ‘the stationiary gas tem—

perature probe detects a main light-off, the '"Main Lit" light comes on

and ‘the operator can now shut off the primer fuel 'and ignition. With

primer fuel ignition off, the operator retracts the primer/ignitet. When-

the primer/igniter is‘sensed as ‘completely retracted ("Retracted" light -

on), the fuel metering valve can be positioned beyond light-off flow as:

desired. i

2. Shutdown Logic

Shutdown of the system can be initiated by any of the following:

3

a. Fire condition or fire system malfunction. Facility emergency

stop switch activated.
b. Annunciator trip

c. Stop pushbﬁéton édtivéted.

The shutdown then de-energizes the fuel shut-off valve, forces the

fuel metering valve to its light-off position and stops the HP fuel
pump. If the shutdown command was initiated while in the start-up

sequence, the sequence immediately ceases and returns to time zero.

3. Optical Flame Detection System

The Honeywell gas turbine flame monitor system consists of an ampli-
fier and two sensors. The sensors are designed to detect the ultra-
violet radiation emitted by a hydrocarbon flame, and coupled with the
amplifier, provide a logic signal to indicate the presence of a flame

in the combustor. Correctly "aimed" to view both the primer/igniter
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flame and the main flame, this system provides the necessary response
as well as sensitivity needed for the logic signal to purge and re-

tract the primer/igniter.

Instrumentation and Accuracies

The combustor exit temperatures were measured with dual junction water cooled
thermocouple Type V probes. Four probes mounted in a sweep mechanism, as
shown in Figure 5.14, traverse across the combustor exit annulus during a
data acquisition point. As shown the probes are normally retracted from the
combustor exit stream until a data point sweep is required. The actual tem-
perature level is computed from the following relationships developed by the

manufacturer of the temperature probes:

Tt & (T + T, # TR T, = True Total Temp, R
T, = Primary Wire Temp, °R
T aTe (Tw - Tb) Sec C T, = Conduction Correction, °R
C = 3.62 (MP)'25 Ty = Radiation Correction, °R
R = Recovery Ratio
- ~12y  Dw 5
; 48 (1.82 x 10 )[(MP) .5] M Mach Number
(Td s
[1- T;)A] P = Static Press, Atm

T, = Avg Base Junct Temp, °R

T4 = Outside Temp, °R
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Error Analysis

The pressure, temperature, fuel flow and airflow readings which are experi-
mentally obtained through the various instruments are subject to errors
caused by random electronic fluctuations in the data acquisition system, soft-

ware errors, hardware errors, etc.

The theoretical uncertainties for the data were determined using the maximum
limits of error listed in the specifications for the various instruments in-
volved. The overall error of a given combination was determined by calculat-

ing the root mean square (RMS) of the individual errors.

Pressure
PS1 10 20 30 40 50 _ 50 70
Max. possi-
ble error +.100% +.0807% +.073% +.070% +.070% +.068% +.0677%

The above table illustrates the range of pressure reading uncertainties. The
increase in uncertainty as the pressure decreases is attributed to the round-

off error which results in the display.

Temperature

Max. Possible Temperature Uncertainties

T/q Type R-s T/C Type J T/C Type v Probe
2700°F + .59% 1400°F + .49% 3700°F + .53%
2500°F + .63% 1000°F + .58% 3000°F + .55%
1500°F + .92% 750°F + .70% 2500°F + .57%
1000°F + .32% | 2000°F + .61%

The main contribution to airflow and fuel flow error is the temperature

measurements with its uncertainties of .58 to 4.8 percent.
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Airflow

The uncertainty analysis for airflow is for the primary air orifice, only.. .
"The airflow rate is a function of several variables, each subject to an,un-
certainty. By Aiv.idi.ng the partial derivatives of each variable, with the.
mas.s ‘flowzequépi.on it can be applied to the RMS method to obtain tﬁe .percent

uncertainty in the mass flow rate.

Airflow Uncertainties . : L B

 Assumed Conditions (Cold flow, high upstream pressure)

Pressure (P) - 105 psi + .0627%
Temp. (T) - 60°F + 4.71%

_ (P) - 87.5" Hp0 + .062%
Dia. (d) - 7.744 + 001 In. =
Exp. Factor (Y) - .996 + .75%

Flow Coeff. (K) - .6563 + 17
k Flow Rate = 27 PPS + .350 PPS (1.3(_)%)

Assumed Conditions (Hot flow, high upstream pressure)

(P) - 105 psi + .062%
(T) - 550-1/4F + ,82%
( P) -~ 87.5" Hy0 + .062%

Flow Rate = 19.38 PPS + .306 PPS (1.58%)

Assumed Conditions (Cold flow, low upstream pressure)

(P) - 30 psi + .0627%
(T) - 60-1/4F + 4.71%
( P) - 35" Hy0 + .062%

Flow Rate = 9.1 PPS + .192 PPS (2.12%)

5-26



Fuel Flow

The fuel flow uncertainty is primarily comprised of random fluctuétions in the
turbine meter, flow rate indicator and the digital/analog converter. In addi-
tidﬁ, the uncertainties in the temperature and specific graviﬁy measuréments
wiil account for errors in the corrected specific gravities computed by the

i

daté acquisition system.
Theoretically, the maximum possible uncertainty for fuel flow is -+ 1.41%. The

actual fuel flow calibration data resulted in errors approximately equal to the

théoretical value.
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Section 6.0
COMBUSTOR TEST PROGRAM

6.1 METHODS AND PROCEDURES

The TSTR combustor was tested in the 60° sector rig described in Section 5.1.
This rig simulates the geometric and aerodynamic environment surrounding the
TSTR combustor to permit investigation of the critical performance and dura-
bility characteristics of the combustor. The test program covers ignition,
aerodynamic and combustion tests up to six atmospheres and 3CJ00°F average com-
bustor exit temperature and 530°F inlet temperature to simulate the TSTR en-
gine design operating point. The test program was conducted in two separate
Curtiss-Wright test cell installations, WX-37 and T-4. Combustor ignition/
stability tests were conducted in the atmospheric test cell WX-37 as shown in
Figure 6.1. On this test stand the burner rig exit gases are discharged
directly from the rig to atmosphere, thereby enabling direct visual observa-
tions into the combustor for evaluation of the ignition/combustion stability

characteristics during the test.

The aerodynamic and high pressure hot combustion tests were conducted in the
T-4 test cell facility as shown in Figure 6.2. Three 60° combustor sectors
and nine modifications were utilized during the test program, which covered
over 130 hours of total rig test operation to evaluate the original design

and develop satisfactory durability and performance. An outline of the tests
conducted on the comhustor is shown in Table 6-1. 1Initial testing defined

the regions of successful primer torch and combustor ignition followed by
combustor stability operation at various airflows and fuel flow ranges.
Follow-on tests were conducted to validate the predicted airflow distribution
through the burner and overall pressure loss across the diffuser/combustor
section. The subsequent, and most significant portion of the development test
effort, was directed toward achieving the combustor outlet temperature profile

and durability design goals.
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Test Description

I

II

III

IV

Light-off Performance

- Cold Flow Airflow
Distribution

- Combustor Evalua-
tion at design f/a
ratio

- Combustor exit
temperature profile
development at
design f/a ratio

Combustor performance
along gas generator
operating line

Table 6-1
SUMMARY OF TEST PLAN

Air
Pressure

Air
Temperature

Ambient Atmos.Disch.

Ambient Atmospheric
and/or up

to 6 Atmos.

523°F Atmos.Disch.
2 ATMS
4 ATMS

6 ATMS

523°F 6 ATMS

Actual PT3
up to limit
of 6 ATMS

Objective of Tests

Ta determine light-off capa-
bilities of combustor

To determine combustor air-
flow distribution for a
range of pressure drops

To assess liner cooling,
combustion efficiency and
combustor stability at
design f/a ratio

To achieve desired combus-
tor exit profile and pat-
tern factor

To determine combustor
performance along opera-
ting line

Output from Tests

To establish curve of (f/a)
min. as a function of com-
bustor W VT for stable

light-off.”

To establish combustor cor-
rected weight flow, W VT as

P
a function of pressure drop and

to determine [PS - PSREF] at

selected combustogTﬁggations

To achieve liner design tem-
perature at design f/a ratio

Combustor exit profiles,
combustor efficiency

Combustor exit profiles,
wall temperatures




Build 1 of the 60° combustor sector was heavily instrumented with thermo-
couples and pressure probes in order to verify the design criteria utilized
to define the burner airflow distribution and burner wall temperature level.
Figures 6.3 through 6.6 show the extent of combustor liner, shroud and va-
porizer tube installed instrumentation. A total of 120 thermocouples and 93

pressure probes/taps were installed in this build.

Combustor-Primer Ignition/Stability Test Sequence

The objective of this program was to determine the light—off primer igniter

and main burner Jet A fuel flow schedules for the TSTR. During these tests

the ignition and performance of the primer torch igniter were determined by
varying the ambient temperature combustor airflow and primer fuel nozzle flow
as well as orientation of the spark/spray relationship to the combustor va-
porizer tubes. Once the primer torch igniter operating envelop was determined,
main burner ignition tests were conducted at various main fuel flow rates and

ambient temperature burner airflows.

Airflow Distribution - Cold Pressure Lo:s Test Sequence

The objective was to determine the overall cold pressure drop and airflow

distribution of the initial TSTR combustor design.

The pressure drop measurements, which were performed first, utilized a combustor-
exit plane four-element sweep probe. Tests were conducted at nominal upstream

stagnation pressures of two, four and six atmospheres.

Following this, the airflow distribution measurements were performed at 1 atmo-
sphere pressure, consisting of a sequence of 16 steps to determine incremental
airflows for the various combustor openings proper, plus other combustor rig
airflow paths which included water cooled side wall leakage, outer liner and

inner liner downstream cooling slot flow and burner support leakage flow.
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Durability and Combustor Exit Profile Development Test Sequence

Tests were conducted at various pressure levels, inlet temperatures and fuel-
air ratios to define the areas in which durability or performance would require

improvement.

Combustor nominal test conditions were set as follows:

Pressure Level 2 ATM 4 ATM 6 ATM
Inlet Temperature 525°F 525°F 525 °F
Burner Airflow 4.6 PPS 10.0 PPS 14.2 PPS
Fuel/Air Range J02 05 .024 .024
w JT 4,25 4.25 4.25

Py
Fuel Jet A Jet A Jet A

At each test point the combustor inlet conditions were stabilized as close to
the targets as practical, at which point the data acquisition process was en-
ergized. A complete scan of all measured temperatures and pressures as well as
calculated parameters was recorded as a permanent log. Simultaneously a sweep
traverse of the combustor exit plane recorded the' thermocouple signal and
angular position of each multi-junction Lemperature probe. Approximately 3
minutes of calculation time after data acquisition is required to display the
reduced test results on the computer CRT screen. The definitions of combustor
performance parameters utilized in this test sequence are shown in Figure 6.7.
A combustor exit local temperature measurement was made approximately every

2.5 degrees through the 60° sweep of the temperature probes.

6.2 COMBUSTOR DEVELOPMENT TEST RESULTS

A summary outline of the entire 60° combustor sector test program listing rig
builds, combustor configuration modifications and performance parameters is

given in Table 6-2.
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CCMBUSTOR PERFORMANCE EVALUATION DEFINITIONS

DEFINITION >

PERFORMANCE PARAMETER
CEFICIENCY ACTUAL TEMPERATURE RISE _ Tave = T | .
4 TOEAL TEWPERATURE RISE ~ AT jpoa. FOR JET A AT 18,550 BTU/L oF
Tuax.~ Tave oF
TEMPERATURE PATTERN FACTOR ToF = JAK__AVG i
| , AVG - TIN
STATOR PROFILE DISTORTION FACTOR Tuas/ Tave F%
ROTOR PROFILE DISTORTION FACTOR T1ave! Tave 3%

PERCENT COMBUSTOR AND DIFFUSER
PRESSURE DROP

P P
GAD = (IN)f i {0UT) y 100

BY ANY THERMOCOUPLES (T], TZ’

T,» T, AT ANY LOCATION)

Pr (1w
SWEEP EXIT TEMPERATURE RAKE Tpy = COMBUSTOR INLET TEMPERATURE
(FOUR IRIDIUM/RHODIUM/IRIDIUM COMBUSTOR . - |
DUAL JUNCTION THERMOCOUPLES, cone . 55 TqAVG * Tonve * Taave * Taave
- EACH LOCATED AT THE GEOMETRIC ANHULUS AVG =% < —

CENTER OF AN AKNULAR AREA N 54
WHICH IS 1/4°OF THE TOTAL EXIT . - Lolm
ANNULAR AREA.) | | IAVG = HIGHEST OF Ty e, Topieh

SR A T3ave® Taave

E _1_{1___________z1 Tyax = MAXIMUM TEMPERATURE RECORDED

o

3’ 4



Table 6-2

TSTR 60° COMBUSTOR TEST PROGRAM RESULTS SUMMARY

¢T-9

Stator
Profile
Distortion Distortion
A Inlet Inlet Exit Fac;Pr Ti Combustion
Rig Combustor Pressure Temp Temp —max/ avg avg/ avg Factor Efficiency
Build Configuration Atmospheres °F °F °R / °R Objective
1.0 I 1 90°F -~ - Ignition/Stability
1.1 I 2 90°F -—- — Cold Flow Pressure
4 90 Loss Survey
6 90
1.2 I 1 90° - - Flow Distribution
Survey
1.3 I 2 523 3009 1.71 Hot Shakedown Liner
4 530 2006 1.15 Temperature and
6 532 2043 1.20 Performance
Evaluation - Test
Rig Failure Occurred
2.0 II 2 513 2802 1.23 Hot Test Performance/
4 519 2932 1.23 Profile/Durability
6 481 3017 1.17 Development
1.3 199 1456 1.28
2.1 I1a 2 522 2688 1.21 Hot Test Performance
6 517 3077 1.17 Development -~ With
1.3 171 1315 1.27 and Without Overboard

Bleeds
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Table 6-2

TSTR €0° COMBUSTOR TEST PROGRAM RESULTS SUMMARY (Continued)

Stator Rotor
Profile Profile
Distortion Distortion
Factor Factor Temp
Inlet Inlet Exit Ti T Pattern Combustion
Rig Combustor Pressure Temp Temp max/ avg 1avg/ avg Factor Efficiency
Build Configuration Atmospheres _°F °F °R / °R °R / °R TPF % Objective
3.0 I11a 6 536 2783 1.22 1.13 0272 90.2 Durability
' Development
3.1 IVa 6 528 2938 1.17 1.08 .250 95.6 Durability
Development
4.0 Va 6 514 2790 1.22 1.09 .31 98.5 Durability
Development
5.0 Viz 6 522 1947 1.18 - .297 99.5 Profile
Development
6.0 VIla 6 522 2780 1.20 1.12 .289 - Profile
Development
7.0 Villa 6 5257 2913 1.16 1.13 .225 97.0 Profile
Development
3.0 IXa 6 521 291J 1.18 1.15 . 257 96.2 Profile
! Development
3.0 Xa 6 524 2851 1.21 /1.18 .30 94.6 Profile

Development



Exploratory test firings of the igniter-torch primer were conducted at ambient
conditions with various fuel flow rates and fuel nozzle/spark orientations.
These tests demonstrated excellent ignition and flame stability at static con-

ditions over a wide range of fuel flow and nozzle/spark orientation.

The extent‘of flame brush resulting frem a 20 PPH fuel.floﬁ into a static
atmosphere is shown in Figure 6.8. Observation of . the flame brush when the
primer/igniter is immersed within the combustor indicates that the flame vol-
ume shrinks dramatically with_increasing'airflow_through the combustor. In-
itial tests to determine the optimum relative Qrientation'of the primer spray/
igniter spark demonstrated good ignition and staﬁility over the range ef com~
bustor airflow and primer fuel/air ratio shown in Figure 6.9 with the orien-

tations marked by asterisks in Figure 6.10.

‘Based on the ignition and stability test data, tLe light-off primef'nozzle and
'main fuel flow schedules shown in Figure 6.11 weré established for ehe_TSTR.
-"The rig tests also indicated that combustion propagation in the TSTR engine
would be significantly improved by increasing the number of prlmer/igniters

,from the original three to six.

“

~

A series of tests was performed to determine the overall cold preseure'drop,
- airflow distribution and convection cooling air (shroud) Mach number using the

pressure instrumented 60° sector combustor rig on T-4 test stand.

- Verification of actuai‘combustor airflow distributioﬁ is necessary because of
4the difficulty in accurately predicting hole airflow dlscharge coefficients
in high velocity and rapidly turning passages. The alrflow distribution is
determined by a sequential process. Initially, all holes in the combustor
"are covered with metal tape except for the vapogizer tubes. The flow through

the combustor is then measured over a range of combustor pressure drops.

!
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TSTR 60° SECTOR COMBUSTOR RIG IGNITION TEST RESULTS

uf

JET A FUEL, INLET TEMPERATURE 95-105°F
CONFIGURATION I MOD 1

RIG AIR FLOW PPS

AMBIENT CONDITIONS
& ORIENTATION/NOZZLE FUEL FLOW
ZONE 11 A IA (25.8 PPH)
- e,
P f@ N v  IB (25.8 PPH)
&
2 I Eftl/ Er& O OB (21.0 PPH)
B (O B (21.0 PPH)
" & > mc (25.8 PpH)
af [0 1mxc (21.0 PPH)
L L <§ SYMBOLS
- ( O [] GOOD LIGHT
~
” B & B N0 LIGHT
o
-5 0] [§ PARTIAL LIGHT
(3]
—.'< m e O BLOW OUT
& L H3 TEST LEAN LIMIT
o° oFg I
“ J <]ll <§§G§§ iia
———
ZONE 1
1 | | | | | | | | | | ] | | | | _|
I @ .3 4 85 6 7 B8 F LU 1.3 L2 1.3 LA 1.5 16 1.7
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TSTE. COMBUSTOR PRIMER-IGNITER ORIENTATION SURVEY

PRIMER-IGNITER

VR

+45° ,

PN

PRIMER

ANGLE

IA  +45°
IB 0°
IC : -45°
IAA +45°
1BB 0°
ICC ~-45°

IGNITER PRIMER
IMMERSION EXTENSION
0.500 NO SHIM

FULL SHIM

l

e,

i

i

PRIMER
ANGLE

+45°
00
-45°
+45°
00
-45°

> ROTATIONAL
é’/‘\ 0° 0° /7NN ORIENTATIONS
SO S/
¥ +45° _/o/’
IGNITER  PRIMER PRIMER IGNITER  PRIMER
IMMERSION EXTENSION ANGLE IMMERSION EXTENSION
0.500  NO SHIM IIIA +45°  0.500  NO SHIM
I8 + q° ‘
ITIC *-45°
FULL SHIM LIIAA  +45° FULL SHIM
BB 0°
l ITCC  -45° !

*MOST EFFECTIVE
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FUEL FLOW PPH
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TSTR COMBUSTOR OBSERVED REGIONS OF STABLE OPERATION FOR LIGHT-OFF AND IDLE CONDITIONS
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HTT-11-444




The blocked combustor holes are then systematically opened in an appropriate
sequence until the entire combustor is uncovered. Determination of the flow
distribution is based on a comparison of the flow measurements and static
pressure differences across the liners between the taped and untaped hole
tests. With all combustor holes unblocked and diffuser inlet flow at the de-
sign condition, the static and total pressures are measured. The static pres-
sure differences are then calculated between upstream flowing locations at the
inner, outer liner and headplate to downstream locations. To determine the
flow for the vaporizer tubes, the data from the vaporizer tube flow test is
reviewed to select the conditions which have the same vaporizer tube inlet-to-
combustor exit static pressure differential as that of the test with all holes
unblocked. The airflow rate measured for the vaporizer tube at the blocked
condition is then assumed to be equal to the airflow at the unblocked condi-
tion. This is continued in an appropriate sequence until all holes are un-

blocked.

The pressure drop measurements, which were performed first, used a four probe
rake to sweep the combustor exit plane. Tests were conducted at nominal up-

stream stagnation pressures of two, four and six atmospheres.

Following this, the airflow distribution measurements as previously described
were performed at one atmosphere pressure and consisted of a sequence of 16
steps to determine incremental airflows for the various combustor openings
proper, plus other combustor rig airflow paths which included water cooled
side wall leakage, outer liner and inner liner downstream cooling slot flow

and fishmouth leakage flow.

The Hewlett Packard Data Acquisition System was used to record the various
pressure, temperature and flow measurements. A sample of the data system
graphic and tabular printouts for the cold flow program is shown in Figures
6.12 and 6.13.
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COMBUSTOR SECTOR RIG - TYPICAL EXIT PRESSURE PROFILE PLOTS
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Figure 6.12
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TSTR 60° ZOMBUSTOR SECTOR RIG - TYPICAL SWEEP-PROBE DATA PRINTOUT

HP  ZOMBUSTOR - SWEEP PROBE CALCULATIUNS 10/05 14:53
RIG9063 BUiLD 0 BURNER CONFIG 1 BURNER MOD 1 IGNITER CONFIG 1 TEST RUN TEST 5TAnND 4
WAP tPRMARY AILR 4.31295 PPS WPYT/P :FLOW PARAM 3.40768 PTEXIT :EXIT AVG 58.28984 ;HGA
WATBL sTURB bL L 0.05060 PPS WBYT/P :FLOW PARAM 2.97323 PrIN : INLET AVG 59.82458 IHGA
WALBR :TURB GL R 0.04135 PPS TrIN tINLET AVG 79.06840 DEG? VEL P : PRESS DROP 1.53471 IHGA
WAOJ 08 SLEEL 0.45792 PPS BP/PIN  :LDSS FACTR 0.02565
AAB sSURNER ALIR 3.76309 PP3 . PTMAX cEXIT MAX 58.47970 IHGA
PRATIO :iMAK/AVG R 1.0032%6 ‘

P CRIBUSTUR = SWEEP PROJE VUACA

12-9

€1°9 2an31d

Prusde 1 PROSE 2 PRU3E 3 PRJSE 4
Pos (deg) “ress (indga) Pos (deg) Press (inidga! Pos (deg) Press (indga) Pos (deg) rress (inilga)
0.3 58.36 59.7 58.04 0.1 58.15 59.7 57.39
2.1 58. 30 57.6 54.05 2.2 58.38 57.7 58.04
4.2 58.3) 55.6 58.25 4.0 58.33 55.6 58.15
6.0 58.30 53.4 58.26 6.1 58.41 53.5 58.19
4.0 58.238 51.2 58.29 7.9 58.46 51,3 58.27
9.9 53.29 49.1 58.27 9.9 58.%4 19,2 58.30
11.9 5d.27 47.1 58.26 12.0 58.44 47.1 53.31
13.0 58.23 ~45.0 58.24 13.8 58.47 44.8 58.29
15.9 58.31 42.7 58.22 15.9 58.48 42.8 58.33
17.9 58.32 40.7 58.23 17.7 58.40 40.7 58.33
19.38 58,32 38.6 58.21 19.8 58.43 38.6 58.34
21.8 58.33 36.3 58.18 2.7 58.38 36.4 58.33
23.6 58.33 34.2 53,14 23.7 58.33 34.3 58.36
25.7 58.33 . 32.2 -58.10 25.1 58.36 32.2 58.35
27.9 53.35 30.0 58.12 27.6 53.34 30.2 58.136
30.1 5d4.35 27.8 58.13 29.7 58.34 28.1 58.38
32.1 58.33 25.8 58.13 31.7 58.32 26.2 53.38
34.2 58. 35 23.9 58.17 33.8 . 58.31 24.2 58.39
36.5 58.37 21.9 58.17T 35.9 5837 22.2 53. 4]
38.6 58.37 20.0 58.19 37.9 53.29 20.3 53.40
49,7 58.39 18.0 53.20 40.2 54.27 13.2 53.41
42.9 53.38 15.9 58.20 42.3 58.24 16.4 53.41
45.0 54,4 14.1 53.23 44.4 583.22 14.3 58.42
47.0 53.39 12.0 58.23 46.6 58.23 12.4 58.43
4.1 S4.41 10.2 58.22 48.17 53.2] 10.4 54.44
51.4 5d.44 8.1 - 58.23 50.38 58.19 8.4 58.43
53.4 58.44 6.3 58.25 53.] 58.20 6.6 58. 44
55.5 58.38 4.2 58.26 55.1 53.05 4.5 58.40
57.7 58,22 2.2 58.19 57.2 . 51.98 _ 2.6 58.32
59.9 53.20 0.3 58.21 59.2 57 .35 0.6 58731



The combustor pressure-drop is defined as the overall total pressure drop from
the compressor exit (rig bellmouth throat area) to combustor exit and as such
includes compressor diffuser loss, total pressure loss due to cooling shroud
and combustor liner and heat addition total pressure 1oss: The pfessure drop
measurements presented herein are for "cold" flow conditions only and there-

fore do not include losses associated with heat addition.

The overall cold total pressure drop measurements (in percent) as a function
of E_!:i as determined by the total pressure sweep rake (at a nominal inlet
totaleressure of two atmospheres) are shown in Figure 6.14 by the circle sym-
bols. Here W excludes all bleed flows and T and P refer to total temperature
and total pressure measured at the bellmouth throat at the inlet to the com-

bustor sector.

The overall total pressure drop was also derived independently from airflow
distribution measurements using the measured upstream total pressure, combus-
tor exit static pressure and computed exit Mach number. The three points ob-
tained by this method are shown as square symbols connected by a dotted line

in Figure 6.14.

Examination of Figure 6.14 shows that the pressure drop computed from a single
static pressure and exit Mach number is slightly higher than the more precise

total pressure measurements.

Pressure drop as derived from measurements of combustor exit airflow plus

ap w YT
P

From Figure 6.14, at W'fE7} = 4,254 the difference between measured and de-

fishmouth leakage is presented in Figure 6.15 as the solid 1line.
rived pressure drop is 0.26 percentage points. This adjustment is then ap-

plied to Figure 6.15 data at W JT/P = 4.254 to give the corrected square re-

lationship curve shown as a dotted line.
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OVERALL TOTAL PRESSURE DROP, %

~ TSTR 60° COMBUSTOR SECTOR RIG
TOTAL PRESSURE LOSS AS A FUNCTION
oF W YTyp

2 ATMOSPHERES NOMINAL UPSTREAM TOTAL PRESSURE‘_.

CALCULATED FROM EXIT -—\\\\n.
STATIC PRESS. & EXIT
MACH NO.

MEASURED BY IMPACT TUBES

[l i 1 1 d

3 4 5 6 7
w VI/p, P.P.S /°R/PSIA

Figure 6.14
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OVERALL TOTAL PRESSURE DROP, %

TSTR 60° COMBUSTOR SECTOR RIG
TOTAL PRESSURE LOSS AS A FUNCTION

oF w/T/p

AS DERIVED FROM COMP.
EXIT AIRFLOW PLUS
FISH MOUTH LEAKAGE

| 1 |

CORRECTED FOR
MEASURING TECHNIQUE

3 4 5
Wy T/P, PPS /°R/PSIA

Figure 6.15
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In order to be able to compare the test results with the predicted cold pres-
sure drop, a further correction is required to exclude fishmouth leakage area
and side wall leakage area., From the airflow distribution measurements (to be
discussed later) the ratio of total effective area without fishmouth leakage
and side wall leakage to total effective area with fishmouth leakage and side
wall leakage is 0.9005. Therefore approximately 107 of the effective flow area
is the sum of side wall leakage area and fishmouth leakage area. The revised
pressure drop "as tested'" using the corrected curve of Figure 6.15 and modified
L Ar o wT

for leakage area by relationship Pr Pr Aggs

Figure 6.16. Also shown in Figure 6.16 is the estimated cold pressure drop.

is given as the top curve of

The initial estimate of overall cold pressure drop assumed that the compressor
diffuser loss would be insignificant. However, measurement of the pressure
drop from the bellmouth throat area (PT2) to total pressure ahead of the ver-
tical centerline vaporizer tube (PT7) results in a diffuser pressure drop
Ap/q = .29 which at the compressor design discharge Mach number results in a

EI%%%IQ X 100 equal to 0.7%Z. If this compressor diffuser loss

pressure drop
is applied to the overall pressure drop at the combustor design flow parameter
W 4”579 = 4,254 the combustor shroud and liner cold pressure drop is (6.7 - .7)

= 6,0% rather than the estimated value of 4.917%.

The airflow distribution measurements consisted of a sequence of 16 tests to
determine incremental airflows through the various combustor openings, plus
airflow through other airflow paths not present in the combustor but present

in the combustor rig.

The results of this series of tests are given in Table 6-3. Listed for the 16
tests are the applicable results in Columns A through K. Column A and B are

the sequence number and description of sequential flow increment. Column C is
the pressure ratio used to establish the incremental flow. Column D is the

numerical value of Column C taken from sequence 14 at W VFEVP = 4,254 + ,168 =
4,422, that is the design flow factor plus the fishmouth 1eakage.’ Column E is
the measured cumulative W VrE7P. Columns F and G are the incremental W va7P
measured and estimated, respectively. Column H is the best assessment of the

incremental alifluw factor taliing into account all wvariahles.
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OVERALL TOTAL PRESSURE DROP, %

[aM]

TSTR. 60° COMBUSTOR SECTOR RIG
TOTAL PRESSURE LOSS AS A FUNCTION
oF w /1/p

DETERMINED FROM SEQUENCE 14
CORRECTED FOR MEASURING TECHNIQUE,
FISH MOUTH LEAKAGE AREA, AND

SIDE WALL -LEAKAGE AREA

a) MEASURED
b) PROPOSED WITH ENLARGED
PRIMARY HOLES D = 1.14"
AND INCREASED DILUTION
AREA (.6 SQ. IN. FOR
SECTOR)

)| 1 |

ESTIMATED

=

3 4 5
W /T/P, PPS /OR/PSIA

Figure 6.16
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Table 6-3

TSTR 60° COMBUSTOR SECTOR PRESSURE DROP CALIBRATION

A B C D E F G H 1 J K
Pressure Value of Measured Best
Se- . Ratio Used Pressure Measured Incre- Assess- Cooling Dilution
quence Description of For Ratio Used Cumulative mental Est ment of P.Z. Flow Flow
No. Sequence Sequence For Sequence W JT/P W VT/P W/ T/p WV 1/P W/T/P wW/T/P W /T/P
1 Vaporizer Tubes Plus  PT8-PS36 .0521 .978° .978 .7057  .706%** .706 - -
Sidewall Leakage PT8
2 0.L. & I.L. Rear PS78-PS80 .0563 1.146 .168 - - - - -
Seals PT2
3 I.L. Cooling PT7-PS36 .0573 1.206 .060 .0556 .060%* - .060 -
Nugget #1 PT7
4 T.L. Primary Holes PTll—PSéGv .0504 1.835 .629 .9603 .831%=* .831 - -
PT11
5 I.L. Cooling PT14-PS79 .0572 2,220 .385 .1828 ,183%%* - .183 -
Nuggets #2,#3,#4 PT14
6 I.L. Dilution Holes PT17-PS79 .0574 2.380 .160 .1708 .160% - - .160
PT17
7 I.L. Cooling PT17-PS79 .0574 2.554 .174 .0799 .108 . - .108 -
Nugget #5 PT17
8 I.L. Cooling PS83-PS76 .0608 2.628 .074 L0847 ,074% - .074 -
Nugget #6 " PS83
9 0.L. Cooling PT7-PS35 .0575 " 2.660 .034 .0756 .,100 - .100 -
Nugget #1 PT7
10 0.L. Primary PS9-PS35 .0400 3.470 .810 .09603 ,790** .790 - -

Holes

PS9
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Table 6-3 (continued)
TSTR 60° COMBUSTOR SECTOR PRESSURE DROP CALIBRATION

A B C D E F G H I J K
Pressure Value of Measured Best
Se~ Ratio Used Pressure Measured Incre- Assess- Cooling Dilution
quence Description of For Ratio Used Cumulative . mental Est ment of P.Z. Flow Flow
No. Sequence Sequence For Sequence W YT/P W/T/P W /T/P W /T/P W /T/P WYT/P WYT/P
11 0.L. Cooling Holes PT13-PS79 .0566 3.715 .245 .2648 .265%*% - .265 -
#2,#3,#4 PT13
12 0.L. Dilution Holes PT13-PS79 .0566 4,182 . 467 .5123 YA L - 467
PT13
13 0.L. Cooling PT13-PS79 .0566 4,300 .118 .1025 .118% - .118 -
Nugget #5 PT13 :
14 0.L. Cooling PT13-PS79 .0566 4,422 .120 .0990 .120 - .120 -
Nugget #6 PT13
15 0.L. & I.L. Down- PT13-PS79 .0566 4.720 .298 - - - - -
stream Cooling Slots PT13
16 Water Cooled Side- PT13-PS79 .0566 4.790 .070 - - - - -
Wall Leakage PT13
[.978 - .706 = .272] .272
Totals 4.790 4.254 4,254 2.327 1.028 .627
Proportional distribution of side wall leakage .159 .070 .043
' 3.486 1.098 .670

Flow Breakdown Percentage from Measurements 58.4%
Flow Breakdown Percentage Est. 61.7%

**Appropriate sum agrees with measured
value.

*Agrees with measured value.

25.8% 15.8%
22.2% 16.1%




Sequence 1 includes side wall leakage, not independently measured, therefore
the "best'" assessment for sequence 1 flow factor was assumed to be the design
value. Subsequently the difference between the measured flow factor and the
design value was proportionally distributed among the primary zone air, cool-
ing air and dilution air. Sequence 3 flow factor is the measured value. From
pressure measurements it was observed that considerable flow interference
existed in the shroud between sequences 4 and 5. Since the sum of sequence 4
and 5 equals the primary air plus the inner liner cooling nuggets #2, #3 and
#4, it was decided to assign to the cooling nuggets the design value of the
flow factor and the remainder of the flow factor E§1CE- was assumed to be the
primary flow. Sequence 6 was consequently assigned the measured value. Based
on analysis of the data scatter and trends, sequence 7 was assigned a value
somewhat higher than design whereas sequence 8 used the measured value. Se-
quence 9 was assigned a value somewhat higher than the design value. Since
considerable observed flow interference also existed between sequence 10 and
sequence 11, it was decided to distribute the flow by assigning the design

value for outer liner cooling nuggets #2, #3 and #4 and the remaining flow to

the primary air. Sequence 12, 13 and 14 were assigned the measured values,

Columns I, J and K divide the flow given in Column H into primary zone, cool-
ing flow and dilution flow. The side wall leakage flow was then divided pro-
portionally to arrive at the measured percentage flow split. The design esti-
mated flow split is also shown. Comparison of the test results with the de-
sign values indicates that the primary flow split was 3% below the predicted
value while the cooling flew split‘was approximately 3% above the predicted

value.
The measured convective outer liner shroud average Mach number was found to, be

equal to the design value of 0.108. Similarly, the actual convective inner

liner shroud average Mach number was found equal to the design value of 0.101.
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A review of the results shows that the primary éone airflow was less than pre-
dicted. The design.of the primary holes was caiculated using a discharge co-

efficient of ;92. A review of the '"best estimate" cold. flow test results in-

dicated thé innér liner primary hole discharge coefficient to be .80 and the

outer liner discharge coefficient to be .76.

Measured average radial pressure variation at tﬁe combustor exit was 0.27
while maximum variation was approximately O.4%;éthereby indicating no signifi-
cant effects of dilution hole or other upstream;disturbances.

Based on the test measurements, it appears that the prlmary holes should be.
increased from 1.024 inch diameter to 1, 225 inch and the total dilution hole
area increased by 8.550 square inches (1.425 square inch increase in the 60°

sector) in order to achieve the' design goal pressure drop of 4.917% (cold).

A summary of the predicted and measured flow splits and pressure drops is
given below and in Figure 6.17. Also presented are the resulting flow splits
and pressure drops for the indicated configuration change to achieve the de-

sign value overall pressure drop.

Summary of Results at W v T VT = 4.254

P .
Compressor:
% Shroud and %
Compressor - Liner Overall
% % % Diffuser % Pressure Pressure
Alrflow Cooling Dilution Presssure Drop Drop
in P.Z, Alr Air Drop (Cold) (Cold)
_ ‘Measured 58.4 25.8 15.8 0.7 6.0 6.70
Configuration II 62.0 21.4 16.6 0.7 4,21 4.91
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6.3 COMBUSTOR TEST CHRONOLOGY

Configuration I

Combustion tests with the instrumented Configuration I, the original design
concept airflow distribution, were conducted at various pressure levels to
evaluate the validity of the combustor design approach. The combustion tests
were terminated prior to attaining the combustor design condition because of
a test stand control failure which caused substantial damage to the 60° com-
bustor and instrumentatidn, precluding further testing of this configuration.
However, based on analysis of the performance and temperature data obtained,
it was concluded tﬁat the selected combustor design concept demonstrated the
potential to attain the TSTR performance goals at 3000°F exit temperature.
The initial qombustor performance results are shown in Figures 6.18 through
6.20, Combustion efficiency as shown in Figure 6.18 proved to be relatively

insensitive to fuel-air ratio variation indicating that the primary combustion

zone air-fuel loading was adequate for the required wide range of burner tem-

perature rise. Although there was substantial scatter evident in the analysis
of combustor exit temperature pattern factor, it appeared that combustor exit
pattern would not be difficult to control. (See Figures 6.19 and 6.20.)
Combustor wall and vaporizer wall temperature measurements results are shown
in Figures 6.21 through 6.30. Measured temperatures as a function of fuel-air
ratio and pressure level are shown in Figures 6.24, 6.25, 6.26 and 6.27.
Measured temperature levels are significantly below the estimated levels de-
scribed in Section 3 with the excepfion of nugget #6 which could exceed 1700°F
when accounting for the effect of pressure level. The excessive temperature
variation measured in the front section of the combustor (Liners #1 and #2)
indicated non-axisymmetric fuel preparation in the primary zone with a resul-
tant non-symmetric OD/ID temperature distribution (Figure 6.28). Louver lip
temperatures of the #3 liner also exhibit an OD/ID temperature difference ef-
fect. However, the general temperature level of the lips and liner wall are
significantly below the design objectives when accounting for effect of pres-
sure level of 1320°F vs 1600°F estimated. Since the thermocouples were im-
mersed into the sheet metal to provide an average bulk metal temperature mea-

surement there was no reason to doubt the accuracy of these measurements.
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THERMOCOUPLE LOCATIONS ON COMBUSTOR LINER #3 CONFIGURATION I
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TM-61 ] 767°F | TM-69 | 679°F § TM-77 | 709°H
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TEMPERATURES IN DEGREES °F
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N 3NV
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Figure 6.21
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Visual inspection of the hardware after the pressure-induced failure confirmed
the validity of the temperature measurements. Temperatiure measurements of the
vaporizer tube (Figures 6.28 through 6.30) indicated the range of temperatures
previously experienced and which are an operating éharacteristic of the mush-

room vaporizer. In general, the overall temperature level decreases with fuel
loading, with the skirts usually hotter than the dome of the tube. The effect
of pressure level on vaporizer tube, determined to be 1.2 (approximately same

as- liners), will increasée the maximum measured wall to approximately 1600°F at

the TSTR engine design condition.

Configuration II

As previously described, the Configuration I measured overall burner section
total pressure loss was slightly more than one percentage point above the de-
sign goal, the difference being attributed to a lower actual primary zone air
injection flow coefficient. In addition, the combustor exit radial average
temperature profile was found to peak below 507% span rather than at the target
627 span location. A second 60° combustor sector was prepared by increasing
the primary combustion zone air holes and dilution slot areas to reduce the
liner loss to meet the overall hot pressure drop goal of 6.0% and move the
combustor exit radial average profile to peak at 627% span. This modified com-

bustor was designated as Configuration IIL.

A comparison of the airflow distribution between Configurations'I and II is
shown in Figure 6.31. No changes in combustor wall cooling airflow were made
since previously measured temperature levels and projections were consistently
below the maximum design limit of 1600°F. The Configuration II 60° combustor
sector was only minimally instrumented to measure those pressures and metal

temperatures considered critical from the data obtained with Configuration I.
The Configuration II measured combustor performance and metal temperatures are

shown in Figures 6.32 thrdugh 6.37. Analysis of the data found that this con-

figuration did not meet the performance goals at 3000°F exit temperature.
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The performance deficiencies were concluded to be in paft’caused by inadequate

fuel/air mixture preparation within the combustor mushroom vaporizer tube,

producing less than optimum fuel distribution within the primary combustion
zone of the burner. The actual pattern factor measured was .28 (Figure 6.33),
which exceeds the goal of .25, while combustion efficiency was low by approxi-
matély 2.5 péréentage points. Although, as shbwn by Figures 6.35 through 6.37,
the majority of measured combustor wéllﬂtemperatures were within the design
goal of 1500°F; a.small section at.the rear of the inner liner exceeded 1700°F

as shown in Figure 6.36.

Following the same trends as Configuration I, the combustor primary zone inner.
liner temperatures decreased as fuel-air ratio was increased, while the outer
liner temperatures increased. These trends are shown by Figures 6.36 ahd 6.37.
The headplafe temperature measurements, Figure 6.35, verify this cooling ef-
fect of increasing fuel flow as well as the significant difference in tempera-
ture level between 0D andeD regions’ of, the primary zone. Temperature mea-
surements of the mushroom vaporizer tube recorded at approximately design con-
ditions indicate a maximum'wall temperature of 1500°F to 1600°F (Figure 6.38)
which compares favorably to the estimate of 1600°F based on the data from

Configuration 1 testing:

Investigation into the éauses of the difference in temperature from inner to
‘outer liner in the primary zone found a gravitational'deflection of the fuel
jet trajectory within the -mushroom vaporizer tube.oﬁ_approximately 0.1 inch
below the vaporizer centerline as shown in Figure 6.39. Two alternate fuel
tube arrangements were conceived to corréct,the vaborizer fuel jet deflection,
and thus improve, at least partially, the fdel maldistribution indicated by
the difference in primaffiZone liner temperatures. The two alternate fucl in-
jection schemes are shown in Figure 6.40. Analysis of the original fuel in-
jection tube design indicated that effectiveness of the vaporizer tube could
be improved by utilizing air blast atomization energy scheme (a), or by high
velocity liquids dynamics breakup scheme (b). Samples of both alternate ar-
rangements were fabricated for bench test evaluation. Free stream testing of
the air blast atomization. scheme is shown in Figure 6.41, where an air blast

is dirccted over the tip of the fuel injector as is the case in the vaporizer,
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Configuration Ila

Another series of combustor tests was conducted with scheme (a) fuel injectors
incorporated in combustor Configuration II. This arrangement was defined as
Configuration IIa. Combustion performance tests at 6 atmospheres and at part
power (including idle conditions), with and without overboard combustor air
bleed were conducted. Test results are shown in Figures 6.42 through 6.44 as
well as Figures 6.45 through 6.50. Theselfesults demonstrated that signifi-
cant improvement in performance had been atfained by incorporating the scheme
(a) fuel injectors. Combustion efficiency (Figure 6,42) and pattern factor
(Figure 6.43) goals were achieved with a reductign of the inner -rear wall

metal temperature (Figure 6.48) to the 1600°F range.

Comparison of the combustor primary zone liner headplate and vaporizer tempera-
tures with comparable data from Configuration II indicates a significant im-
provement of symmetry bétween the inner and outer burner walls. The implica-
tion is that the fuel distribution is more uniform in the dome of the combus-
tor with the scheme (a) fuel injector than with the originally—désigned in-
jector. This is graphically demonstrated by comparing Figures 6.47 and 6.48
and examining the comparison plot of Figure 6.49. These figures show that the
ID dome temperature level and the OD dome temperature level have. converged.
Vaporizer metal temperatures were low, as :hown in Figure 6.50. However, the
comhustor exit radial average profile of Configuration IIa shifted slighlty
toward a higher temperature level at the outer portion of the annulus as shown
in Fignre 6.44. (Comparable data for Configuration II is shown in Figure 6.34.)
The effect of part power operation and overboard air bleed from the combustor
section on efficiency and pattern factor are shown by Figures 6.51 and 6.52
respectively. ‘These indicate satisfactory performancc with overboard bleed

as well as off-design operation with Configuration IIa combustor. Post test
inspection of the combustor hardware fevealed that cooling at the rear wall of
the inner liner was still marginal for longer term operation in the TSTR. Tt
was determined that additional film cooling should be introduced into this
section of the combustor and evaluated for effectiveness by follow-on 60°

sector combustor testing.
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Configurafion II1a:

Combustion performance/durability tests Wé?e.conducted at ‘'six ‘atmospheres to
evaluate three cooling scﬁeﬁes'for métal tempéréfure reduction af the rear
section of the inner combustor liner. The first of these, Qesigngted Configu-
ration IITa, consisted of three rows of sweat cooling holes‘immediately for-
ward of the hot area. With this arrangement, a cooling film is produced when
the high velocity main combustor hot gas stream deflects the cool air jets
emerging from the sweat cooling holes normal to the liner surface, - The holes
in each row are staggered to establish uniform film coverage over the affected

surface area.

The three rows of 0.125 inch diameter sweat cooling-holes provided 4.1% of the
combustor airflow immediately upstream of the area to be cooled. An additional
1% airflow was added to the splashplate cooling knuckle of the fifth inner

wall panel upstream, The complete cooling scheme is shown in Figure 6.53.

Some additional local cooling (approximately 0.587%) was also incorporated
downstream of the primer/igniter location. The resultant overall combustor
airflow distribution of Configuration IIIa is shown in Figure 6.54; this rep-

resents a cooling airflow increase of approximately 5.4% over Configuration Ila.

Metal temperature levels at the rear of the inner liner were measured by Fif-
teen tﬁermocouples embedded at three circumferential locatilons in each of five
axial planes. Ihe'first plane, approximately 1.35 inches downstream of cooling
panel edge #5, planes #2, #3 and #4 coincide with the three rows of sweat
cooling holes while plane #5 is at the critical last cooling panel nugget.

Test results as shown in Figures 6.55 and 6.56 indicate that this arrangement
satisfactorily lowered metal temperatures to below 1500°F in the critical areas.
A comparison of predicted metal temperatures is included with the measured re-
sults in these figures.

The sweat cooling modification adversely affected combustor performance to the
_extent that both temperature pattefn factor. and aﬁpareﬁt combustion ef%iciency

were unacceptably low, as shown in Table 6-4. .
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Table 6-4

TSTR 60° SECTOR COMBUSTOR PERFORMANCE SUMMARY

Radial - Maximum
Combustion Profile Factor Temperatures
Efficiency T . Temperature Rear-Inner
% —m%z—éxg/Span % Pattern Factor Wall, °F
Configuration At F/A .043 avg At F/A .043 At F/A .043
IIa 97.5 1.12/40% <245 Over 1600
I11a 90.5 1.13/65% .280 1350
IVa 95.5 1.08/40% .250 1600
Va 97.5 1.09/40% .230 1520
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Configuration IVa

In an effort to minimize performance effects, the sweat cooling hole scheme of
combustor Configuration IIla was modified by closing the front two rows of

.125 holes, thereby significantly reducing the quantity of cooling air. This
modification (Figure 6.54) was identified as Configuration IVa, was tested at
six atmospheres to evaluate the effect on performance and cooling effective-
ness, As shown by the performance summary Table 6-4, some performance im-
provement was accomplished, but at the expense of inner liner cooling effec-
tiveness. Analysis of the sweep probe temperature data from the tests of both
.Configurations IITIa and IVa resulted in the conclusion that the changes in per-
forménée were caused by excessive peﬁetration of the cooling air jets into the

hot gas stream.

Configuration Va

In order to reduce cooling air penetration into the hot gas stream, and thereby
improve deflection of the cooling air to produce a more effective cooling film,
the sweat cooling arrangement of Configuration IIla was modified to utilize

two rows of smaller holes as shown in Figure 6.57, and identified as Configura-
tion Va. As shown in Figure 6.54 combustor overall airflow distribution for

Configurations IVa and Va were the same.

Performance tests of Configuration Va at six atmospheres indicated satisfac-
tory combustor performance and adequate cooling of the rear inner liner as
shown in Table 6-4 and Figure 6.58. Although, the combustor exit radial, av-
erage temperature profile was slightly warmer than the target profile at 887%
span as shown in Figure 6.59, the Configuration Va performance was judged to
be adequate for the follow-on turbine vane cascade test program. Subsequent
analysis of the cascade test results indicated that the TSTR combustor exit
gas stream maximum temperature should be reduced at the outermost radius of
the annulus for optimum vane cooling. As shown in Figure 6.59, the origi-
nally targeted maximum temperature goal at the 887% span thermocouple location

was achieved by Configuration Va in the combustor development program.
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The combustor exit temperature pattern of Configuration Va as shown by Figures
6.60 and 6.61 indicates the area in which a need for reduction of temperature

was indicated by the cascade test.

Configuration Va Through Xa

Following the turbine vane cascade test, the 60° combustor sector rig was pre-
pared for further development testing to lower the maximum exit temperature
level at the outermost radius of the annulus. The original and revised goals
are compared in Figure 6.62. The combustor modifications to achieve the re-
vised goals included redistribution of both the primary combustion air and
dilution zone airflows between the combustor inner and outer liners. As shown
in Figures 6.63 and 6.64, combustor primary and dilution zone changes were in-

corporated in the following sequence:

Configuration VIa incorporated a reduction in primary zone airflow with a

higher percentage through the outer liner (557 outer, 457 inner liner) and re-
directing all of the inner liner dilution flow to the outer liner. Overall
combustor liner pressure drop was increased approximately 1.5 percentage points
to 5.257% by this modification.

Configuration VIIa revised the primary zone outer/inner liners air flow split

to make them equal and incorporated a secondary zone immediately downstream of
the primary zone by shifting some airflow from primary and outer liner dilu-

tion zones.

Configuration VIIIa modified Configuration VIIa by adding low penetration holes

in the outer liner dilution zone. The effect of the increased dilution zone

area was to reduce liner pressure loss from 5.25% to 5.0%.

Configuration IXa modified Configuration VIIIa by further addition of low pene-

tration holes in the outer liner dilution zone by modification of the dilution

slots.
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Configuratioﬁ Xa modified Configuration IXa by restoration of the dilution

slots configurations of Configuration VIIIa and further addition of low pene-
tration dilution holes in the outer liner panel (#15) downstream of the dilu-
tion zone. This increase of dilution hole area further reduced the liner cold

pressure drop to approximately 4.8% (total hot loss =.6.5%).

The results of the test program conducted with the above modifications to the
TSTR 60° sector burner rig‘are given by Tables 6-5 and 6-6. Although -combus-
tor exit temperature profile goals were not exactly achieved by the final
Configuration Xa, it was judged that the demonstrated performance and dura-
bility of this configuration was satisfactory for incorporation into the T5TR
cascade rig and full-round burner. As shown in Figures 6.65 and 6.66 the
outermost portion of the combustor exit annulus temperature achieved the aver-
age radial target of 2250 °F, while the maximum temperature was reduced approxi-
mately 350°F from the baseline Configuration Va.. Visual inspection of the 60°
combustor sector after approximately 15 hours test at 6.0 ATM indicated ex-
cellent durability as shown by Figure 6.67. Based on these results, Configura-

tion Xa was released to the TSTR.
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Table 6-5

TSTR 60° SECTOR COMBUSTOR PERFORMANCE SUMMARY

Radial Max Linum
Combustion Profile Factor Tempe vatures
Efficiency T ax av Temperature Rear-Inner
% —EagiiiJ%/Span % Pattern Factor Wall, °F
Configuration At F/A .043 avg At F/A .043 At F/A .043
Via *
ViIa 97.0 1.12/40% .255 1520
VIIIa 97.5 1.13/40% .220 1500
IXa 97.0 1.15/40% .230 .1600
Xa 97.0 1.18/40% .230 1600

* Tests Terminated Prior to Full Evaluation
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Table 6-6

COMPARISON OF EXIT TEMPERATURE PROFILES WITH TSTR 60° COMBUSTOR SECTOR RIG

CONFIGURATIONS 2600°F AVERAGE EXIT TEMPERATURE - JP-5 FUEL

Combustor
Configuration

Previous
(Baseline)

Configuration Va

Goal

Secondary Zone

Configuration VIIa

First Dilution
Change

Configuration VIIIa

Second Dilution

Change

Configuration IXa

Third Dilution
Change (Final)

Configuration Xa

88% Span 64% Span 49% Span
Max. Avg. Max. Avg. Max. Avg.
OF OF OF OF OF OF
3070 2800 3070 2830 3280 2920
A°F  A°F A°F  A°F A°F  A°F
=520 =550 +230 +170 + 20 + 80

CHANGE FROM BASELINE
- 60 =210 + 10 + 30 - 90 +110
-270 =330 + 40 -+ 60 - 40 +130
-250 -415 +110 + 45 - 35 +180
-340 =~550 +130 + 10 + 70 +320
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Section 7.0

CONCLUSION

The TSTR combustor development program to demonstrate durability and perfor-

mance up to 3000°F was conducted in a 60° sector (cut from a full-round com-
bustor) test rig at pressure levels up to 6 atmospheres. Following the de-
velopment program of 130 test hours, the 60° sector combustor rig was in-
stalled ahead of a turbine cascade sector for evaluation of the cooling ef-
fectiveness of‘the TSTR turbine vanes. Upon successful demonstration up to
2800°F combustor exit temperature with the cascadé, combustor Configuration

Xa was considered acceptable for, and was released for TSTR installation.
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