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A HIGH-PRESSURE, HIGH-TEMPERATURE COMBUSTOR AND
TURBINE-COOLING TEST FACILITY
by Reeves P, Cochran, James W, Norris, and Robert E, Jones

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio 44135

ABSTRACT

NASA-Iewis Reseurch Center is presently constructing a new test facility
for developing turbine-cooling and combustor technology for future geueration
aireraft gas turbine engines, Prototype engine hardware will be investigated
in this new facility at gas stream conditions up to 2480 K average turbine inlet
temperature and 4, 14%106 N/m2 turbine inlet pressure, The facility will have
the unique feature of fully-automated control and data acquisition through the
use of an integrated system of mini-computers and programmable controllers
which will result in more effective use of operating time, will limit the number
of operators required, and will provide a built-in self-protection safety sys-
tems, This paper describes the facility and the planning and design consider-
ations involved.

INTRODUCTION

Compressor pressure ratios and turbine inlet temperature of aircraft gas
turbine engines have been increasing steadily since the introduction of these
engines during World War II, In both commercial and military applications,
the trend is toward turbofan engines having compact, high-pressure, high-
temperature gas generators, Cycle and mission analyses (such as reported
in ref. 1) have indicated potential éompressor pressure ratios of 40 for future

engines with turbine inlet temperature up to 2480 K (4000° F),
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In these analwscs, it was assumed that materials and cooling schemes
can be developed to operate satisfactorily al these slevated pressure and tem-
perature levels where design requirements for the combustor and turbine com-
ponents are beyond current technology. The higher compressor pressure ra-
tios will be accompanied by higher compressor discharge temperatures, As
a consequence, the compressor discharge air, which is the coolant for the
combustor and the turbine, will have lower heat sink capacity, At the same
time, the cooling requirements will increase because the combination of high
pressure and high temperature will result in higher heat fluxes to engine parts
exposed to the gas path environment, These high heat fluxes will impose
problems such as high temperature gradients through the turbine vane walls
as discussed in ref, 2, These temperature gradients and other heat transfer
and combustion problems that are generated in the high-energy gaspaths of ad-
vanced engines cannot be properly evaluated by extrapolation of data obtained
in the lower-energy gaspaths of current engines or test rigs, An engine or a

test rig designed for high-pressure, high-temperature operation is required

for such evaluation; but none exists currently, Simulation of such an envir-

onment in a specially designed rig is the most practical way to provide for
this evaluation,

To achieve this simulation the NASA-TLewis Research Center has designed
and is building a new facility consisting of independent and parallel combustor
and turbine-cooling test sites with supporting service systems, An integrated
system of mini-computers and programmable controllers will provide auto-
mated control, safety monitoring and data acquisition for the entire facility.
This paper describes some of the design considerations and general character-

istics of the facility and the test sites,
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MATCHING TEST FACILITY CAPABILITIES TO ENGINE CHARACTERISTICS

The planning objective for the new high-pressure, high-toemperature test
facility was to simulate the gaspath environments of advanced turbofan engines
in test sites that would accommodate prototype combustor and air-cooled
turbine components. A combustor test site, a separate turbine-cooling test
site, and the necessary service systems to provide and control the desired
environment were the basis for this planning. Predicted future engine char-
acteristics, such as the trend in compressor discharge temperature with com-
pression ratio as shown on fig, 1, were vsed as a guide for establishing the
operating levels of the new facility, Because the uniqueness of this test facility
lies more in the pressure capabilities than in the temperature capabilities, it
has been named the High Pressure Facility or HPF; it will be referred to by
this abbreviation hereafter.

Design Criteria

Exact duplication of all actual engine operating environments was a de-
sirable goal. However, technical and economic considerations sometimes
dictated compromises that resulted i veasonable approximations of the desired
goal, Existing air handling equipment at NASA-Lewis can provide pressurized
and tempered air as indicated by the '"Mode 0 '* block on fig, 2, The flow rate
for this air supply is in excess of 136 kg/sec (300 lb/sec), the nominal max-

6 N/m2 (165 psia), and the nominal maximum

imum pressure rating is 1. 1410
temperature rating (using an existing indirect preheater) is 534 K (500° F)
with short time capability to 589 X (600O F) at lower flow rates,

Design point conditions for the HPF of 40 atmospheres (4:.14:<106 N/m2
or 600 psia) and 894 K (1150° F) at the combustor inlet were chosen as being

representative of advanced turbofan engines. Increasing the temperature and
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pressure of the air supply to these design point lovels would require the ex-
pend.iure of considerable energy in direct proportion to the airflow, The pres-
sure increase would clearly require mechanical compression; both centrifugal-
and axial-flow compressors were considered for this purpose. A survey of
available drivers to power the required compressor(s) indicated that the pres-
sure increases should be taken in two tandem steps and that the airflow should
be limited to about 91 kg/sec (200 lb/sec), Greater compression ratios and/or
greater flow rates would require drivers that were significantly larger and
more costly. A turbine flow rate of 9! kg/sec (200 1b/sec) is a reasonable ap-
proximation of advanced turbofan engine characteristics,

The choica of the methed of achieving the required temperature increase
in the airstream was not as obvious as that for the pressure increase, Heating
the air prior to compression would impose severe operating requirements on
the compressors. [Jsing indirect heat exchangers in the high pressure air-
stream after compression would result in bulky and expensive air-tempering
equipment. The simple expedient of burning fuel directly in the airstream
(vitiation) was not satisfactory because the resulling oxygen depletion was un-
acceptable for combustion research, The final choice was to use the heat of
compression of relatively low efficiency compressors to achieve the temper-
ature rise along with the pressure rise.

By separating the total energy increase in the airstream into two inde-
pendent Iand tandem steps, the following advantages accrued:

1. Moderate-size, lower cost industrial gas turbine units could be used
to drive the individual compressors

2. The temperature increase was divided between two compressors, thus

simplifying thermal design problems, at least for the first compressaor
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3, The size and cost of the compressors was reduced

4, Operation at less than maximum design conditions could be done with
less equipment,

Several factors dictated the choice of axial-flow over centrifugal-flow
compressor, Chief among these [actors was the more rapid metal temper-
ature response and lower thermal stresses associated with the lower mass of
axial flow compressors., The aerodynamic design for the compressors was
obtained by scaling & proven 10-stage, 2, 4:1 pressure ratio compressor that
is currently in use in the 10 fool-by- 10-foot Supersonic Wind Tunnel at NASA-
Lewis. This original compressor is 4,52 m (14, 85 {t) in diameter; scaling
for the new facility compressors resulted in a 0.6 m (23, 6 in,) diameter for
the first compressor and a 0,45 m (17,6 in.) diameter for the second compres-
sor, These compressors are to be driven individually through similar gear-
hoxes by identical gas turbine drivers. Adding the first of these facility com-
pressors to the existing NASA-Lewis air-handling equipment would result in
airstream conditions shown by the '"Mode T'' block on fig, 2; using both facility
compressors in tandem would resull in airstream conditions shown by the
"*Mode II'" block, The representative engine compressor curve from fig, 1 is
also shown on fig, 2, The capabilities of the new facility will permit simula-
tion of typical engine compressor discharge (combustor inlet) conditions over.
most of the range of this curve,

Description of HPF

A schematic diagram of the HPF that resulted from this design planning
is shown on fig, 3. Air-pressurized to 1, 143109 N/m2 (165 psia) in the ex-
isting NASA-Lewis air system is tempered in an existing preheater to 534 K

(500° F). This air passes through the first facility compressor to emerge at

i
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2, 28x10% N/m2 (330 psia) and 725 K (845° F), The air then passes through the

6 N/m? (660 psia) and 894 K

second facility compressor and exits at 4, 55X10
(115()o F), To facilitate the startup of the air system, all or any portion of
this airflow can be routed directly to an existing exhaust system, Tn normal
facility operation, the airflow will be directed to either the turbine -cooling or
the combustor test site, To avoid the cost of flow confrol valves and metering
stations for each of the test sites and to provide for leak-proof separation be-
tween test sites, a common control valve, a common metering station, and

a flanged swinging elbow are used in the combustion air piping, D-wnstream of
each test site are a pressure control valve and an isolation valve. Cooling air_
for ten separately-controiled cooling air systems for various parts of the tur-
bine-cooling test site is taken from the facilily compressor discharge at a point
ahead of the metering run for combustion air,

The test sites and the control room for the new HPF are located in a re-
habilituted section of an existing building; new adjoining structures were built
to house the facility compressors and drive units, The physical layout of the
facility is shown in a cutaway perspective view in fig, 4. TFacility services
such as air, fuel, cooling water, electric power, etc., are available in the
vicinity of the building, The design for the new facility provides for inter-
faces with and the distribution and control of these services to the test sites
as required, Control and data handling for these services and for the compon-
ents of the HPF are automated to make the most efficient use of operating per-
sonnel and operating time. A programmable controller supervises the gsequen-
cing of facility systems operations, The operation and data acquisition for the
test sites are fully automated through the use of an integrated digital mini-

computer system called the Digital Control Center (DCC). A second program-




mable controller acts as a back-up to handle the shutdown of the test sites in
the event of a failure of the DCC,

The following sections of this paper are general descriptions of the DCC.
the turbine~-cooling test site, and the combustor test site, S .

DIGITAL CONTROL CENTER :

Automation of the test sites in the HPF involved two primary tasks, The
first task was the control of the research experiment; the second task was
acquisition, display, and transmissicn of the research data to a central data col-
lector for later processing by a separate central computing system, Early in
the design planning for automation, decisions were made to use digital control
and to use several digital mini-computers, each with a dedicated task, rather
than a single medium-size computer. This latter choice permitted complete
separation of tasks between computers and allowed variations in the degree of
security for the different tasks according to relative criticality to overall op-
erafion, For example, a control function is more critical in nature than a
data gathering function; therefore, the rigid program in the mini-computer
supervising controls functions should not be jeopardized by on-line changes
that may be made in the more flexible program in the mini-computer super-
vising dafa gathering., In the final system design, four digital mini-computers
were used for the purpose of automated control and data handling for the test
sites, These four mini-computers plus peripheral equipment comprised the
Digital Control Center (DCC).

General Description

Figure 5 shows a simplified schematic of the DCC that will serve as a

guide for following this description. The four mini-computers in the DCC

are interconnected; however, separation of tasks between the computers
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simultaneously allows security in the control programming and flexibility in
the data handling and operation areas, The computers are labeled according
to their dedicated task as the Input, Conirol, Operation, and Research Com-
puters, The computers and the peripheral equipment are located in the con-
trol room (shown in fig, 4) and are powered by a 30 KW uninterruptable power
supply.

The Input Computer serves as data acquisition controller, data buffer and
intermachine communication buffer, This computer will be brogrammed in
Assembly language, The control Computer directly controls approximately
20 process variables on the turbine-cooling rig and.eight process variables on
the combustor rig, with update rates of 20-150 per second, This computer
also will be programmed in Assembly language, The Operation Computer
supervises overall control of the experiment sgch’ as setpoinﬁ calculations dur-
ing start-up, test point and shut-down operations., This computer will use ‘a

real-time operating system with high-level language application programming,

. The Research Computer centinuously displays the information needed by the

test director, and selectively stores, collates, and transmits data to a Central
Data Collector via telephone lines, High level language application program-
m.ng will be used in this computer also. Associated with each of the four com-
puters is 2 magnetic core raemory; also, ali excepp the Input Computer have
associated printers for making hard-copy records olf preliminary data,
Data Acquisition

The acquisition of research data will be performed by the DCC in a semi-
automatic mode (i, e., automatic colléction and manual control of data flow
by the test director through the use of programmed push-button selector

switches). On command from the Input Computer, the multiplexer-digitizer































































Figure 8. - Upstream view of fuel module array,
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Figure 9. - Exit temperature map for annular combustor,
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