\

AEDC HIGH-TEMPERATURE
/ . TESTING CAPABILITIES

= AEDC-TR-78-3 S ‘
=

M. H. Trimble, R. T. Smith, and R. K. Matthews
ARO, Inc., a Sverdrup Corporation Company

ARNOLD ENGINEERING DEVELOPMENT CENTER
. 'AIR FORCE SYSTEMS COMMAND °
ARNOLD AIR FORCE STATION, TENNESSEE 37389

April 1978

Final Report for Period December 1976 - May 1977

Approved for public release; distribution unlimited.

Prepared for

ARNOLD ENGINEERING DEVELOPMENT CENTER/DO
ARNOLD AIR FORCE STATION, TENNESSEE 37389

-y



NOTICES

When U. S. Government drawings, specifications, or other data are used for any purpose other
than a definitely related Government procurement operation, the Govemment thereby incurs no
responsibility nor any obligation whatsoever, and the fact that the Government may have
formulated, furnished, or in any way supplied the said drawings, specifications, or other data, is
not to be regarded by implication or otherwise, or in any manner licensing the holder or any
other person or corporation, or conveying any rights or permission t0 manufacture, use, or sell
any patented invention that may in any way be related thereto.

Qualified users may obtain copies of this report from the Defense Documentation Center.

References to named commerical products in this report are not to be considered in any sense
as an indorsement of the product by the United States Air Force or the Govemnment,

This report has been reviewed by the Information Office (OI) and is releasable to the National
Technical Information Service (NTIS). At NTIS, it will be available to the general public,
including foreign nations.

APPROVAL STATEMENT
This report has been reviewed and approved.

FOR THE COMMANDER

e Dl

CHAUNCEY D. SMITH, JR, Lt Colone{, SAF
Director of Test Operations
Deputy for Operations




UNCLASSIFIED

REPORT DOCUMENTATION PAGE BEFCEAD INSTRUCTIONS
[T REPORTY NUMBER 2 GOVT ACCESSION NO.] 3 RECIPIENT'S CATALOG NUMBER
AEDC-TR-78-3
4 TITLE (end Subtrtle) S TYPE OF REPORT & PERIOD COV;RED
_ Final Report - December
AEDC HIGH-TEMPERATURE 1976 to May 1977

TESTING CAPABILITIES

6. PERFORMING ORG. REPORT NUMBER

7 AUTHOR(s) 8 CONTRACT OR GRANT NUMBER(s)

M. H. Trimble, R, T. Smith, and
R. K. Matthews, ARO, Inc,

9 PERFCRMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASK
Arnold Engineering Development Center/DO AREA & WORK UNIT NUMBERS
Air Force Systems Command Program Element 65807F
Arnold Air Force Station, Tennessee 37389
11 CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE .
Arnold Engineering Development Center/DOS April 1978
Arnold Air Force Station T NUWBER OF FAGES
Tennessee 37389 115
14 MONITORING AGENCY NAME & ADODRESS(if different from Controlling Olfice) 1S. SECURITY CL ASS. {of thia report)
UNCLASSIFIED
1sa SDEEELSSEIEFICATION/DOWNGRADING
N/A

16 DISTRIBUTION STATEMENT fof this Reporl)

'Approved for public release; distribution unlimited.

17 ODISTRIBUTION STATEMENT (of the abatract entered In Block 20, it different from Report)

18 SUPPLEMENTARY NOTES

Available in DDC

19 KEY WORDS (Continue on reverse aside if necessary and identify by block number)

test facilities ranges (facilities)
capability dust erosion

high temperature enthalpy
aerodynamics ablation

hypersonic flow

20 ABSTRACT (Continue on reverse side if neceaasary and ldentify by block numbes)

Testing of equipment and materials at elevated temperatures
requires facilities with special features and capabilities. This
report summarizes the AEDC high-temperature facilities testing
capability, discussing both the present and future capabilities
of existing test units. Adequate information is included to
define the thermal, pressure, velocity, and geometrical boundaries.
These parameters are indicative of a capability; however, for test

DD \ 52:‘1,3 ]473 EDITION OF 1 NOV 65 IS OBSOLETE

UNCLASSIFIED



UNCLASSIFIED

20. ABSTRACT (Continued)

planning purposes, a potential user should contact AEDC for an
evaluation of requirements, selection of the most suitable
facility, scheduling, and costs.

AFST
Amcld AFS Tern

UNCLASSIFIED



AEDC-TR-78-3

PREFACE

The work reported herein was conducted by the Arnold
Engineering Development Center (AEDC), Air Force Systems
Command (AFSC), under Program Element 65807F. The results
were obtained by ARO, Inc., AEDC Division (a Sverdrup
Corporation Company), operating contractor for the AEDC,
AFSC, Arnold Air Force Station, Tennessee, The manuscript
was submitted for publication on December 19, 1977.

Testing of equipment and materials at elevated tempera-
tures requires facilities with special features and capabil-
ities. This report summarizes the AEDC high-temperature
facilities testing capability, discussing both the present
and future capabilities of existing test units. Adequate
information is included to define the thermal, pressure,
velocity, and geometrical boundaries. These parameters
are indicative of a capability; however, for test planning
purposes, a potential user should contact AEDC for an eval-
uation of requirements, selection of the most suitable
facility, scheduling, and costs.

If additional information is desired, contact
Arnold Engineering Development Center
Deputy for Operations (DO)

Arnold Air Force Station, Tennessee 37389

Phone 615-455-2611, Extension 7621
or Autovon 882-1520, Extension 7621.
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1.0 INTRODUCTION

Technological trends in aircraft, missiles, and space
vehicles appear to be advancing into an era of increasing
importance on lightweight/high-temperature structures. The
NASA/Air Force approach on the National Hypersonic Research
Facility (NHRF), formally the X-24C program, which utilizes
a lightweight aluminum structure covered with high-tempera-
ture ceramics appears to be a natural follow-on for military
aircraft where high thrust-to-weight ratios for both maneu-
verability and payload are of increasing importance. As the
aerodynamic bodies for efficient hypervelocity flight are
developed, it will be necessary to provide compatible pro-
pulsion systems, and it follows that, as the prime vehicle
or carrier increases in speed, there will have to be a
similar increase in missile and reentry vehicle performance.
This increase in performance results in increasing testing
requirements in the area of ablation, particle erosion, and
ablation/erosion of nosetips. ZFrom this simple assessment
it can readily be projected that high-enthalpy testing will
increase dramatically over the next 10 to 15 years. The
behavior of ceramics and other high-temperature materials
in a properly simulated flight environment will be of ex-
treme importance to designers of both aerodynamic structures
and advanced propulsion systems because of the high cost and
human risks encountered with failure.

Testing of equipment and materials at elevated tempera-
tures has for the past 20 to 30 years been of continuing and
increasing interest on both military and space programs.

The testing techniques have for the most part, by necessity,
been tailored to existing capabilities with neither time nor
resources available for carefully planned new facilities,

As an outgrowth of this approach, a variety of testing capa-
bilities has emerged, which can adequately meet selected
requirements, The purpose of this report is to summarize
the present and, in some cases, the projected capabilities
of the AEDC test units which can provide the environment to
meet high-temperature material and component test require-
ments, The test units included are:

. Aerodynamic Propulsion Test Unit (APTU)
Hypersonic Wind Tunnels (B) and (C)

Hyperballistic Range (G)
. High-Enthalpy Ablation Test (HEAT) Facility
Dust Erosion Tunnel (DET)

oo W+
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A specific introduction is included in the follow-on sections
for each test unit. There are other tunnels, such as Tunnel
F, which are not included because of the limited run time of
a few milliseconds. However, Tunnel F can be used as a tool
for determining heat-transfer coefficients,

To summarize the full range of capabilities for these
facilities is difficult because of the large number of vari-
ables encountered. However, a partial comparison of these
test unit capabilities is presented in Fig. 1l.1.

20 *VKF Confinuous Tunnel Capabifity

Using Wedge Technique

200 | Range G; /

DET
===

5
S
1

Altitude, ftx 10~
g
1
A \.
_\ .
=]
\ =
-2
Q
| » W)

Tunnel B*

Vflocity, kft/sec

110 100 1,000 2,000 5,000 10, 000
Enthalpy {Stagnation - Static), Btu/ib

Figure 1.1 Capabilities of AEDC high-
temperature facilities.

In general, when the velocity is in the 10,000- to 20,000~
ft/sec range (Range G and HEAT), the model will be rather small
(0.5~ to 2.5-in. diameter). For the lower velocities (below
about 7,000 ft/sec), larger models (up to 4 ft2 maximum-cross-
sectional area) can be used. Descriptions of the individual
test units, which are described in detail herein, should be
referred to for specific information of interest on model
sizing (or test airstream size), run duration, discrete tunnel
Mach numbers available, etc.

The ideal facilities would have the following capabili-
ties:

1. Large enough to test full-scale hardware,
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2. Stagnation temperature and local density levels
duplicating those of flight, and

3. Run times long enough to provide component wall
temperatures equal to those in flight.

These capabilities are extremely difficult to attain,
and, as noted in this report, there are several facilities
that address various aspects of these requirements. The
selection of which facility is best suited for a particular
test is strongly dependent on the size of the test article
and the specific requirement of each individual test., Table
1.1 will aid the potential user in selecting facilities
which may be compatible with his specific test requirement,
This table lists examples of the types of equipment or
materials testing which can be performed and the facilities
which should be considered,

Table 1.1 Facility Selection Information

Facllity
Class of Vehicle APTU Tunnels B and C Range G HEAT DET

Reentry Vehicles
Full-Scale Vehicle

1

Full-Scale Nose Cone 1
Sample of Thermal Protection System 1 2 2 2

1

1

Full-Scale Control Surface

Thermal Response of | nternal Components
Particle Erosion Test -—- - 2 -
Ablation/Erosion Test - - 2 1 .-

Missiles
Full-Scale Vehicle
Full-Scale | rdome or Radome
Full-Scale Control Surface
Sample of Above Materials
Thermal Response of | nternal Components
Propulsion System (Full Scale)
Propulslon System Nozzle Materials

Space Shuttle
Samples of Thei mal Protection System 1 2 2 --- 1

Components Including Protection System 1 2 - S .
Propulsion System Materials 1 1 - - -

[ R )

Alrcraft andlor Stores
Sample of Materials 1 1 --- --- 1
Thermal Response of Components 1 2 --- --- 1

1. Facility should be considered for testing.
2. Facility has conducted simllar test.
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2,0 AERODYNAMIC AND PROPULSION TEST UNIT (APTU)

The Aerodynamic and Propulsion Test Unit (APTU) was
planned and assembled at AEDC to meet future Air Force and
Navy requirements primarily in the ramjet missile category.
Facilities such as the Ordnance Aerophysics Laboratory (OAL)
and the Little Mountain Facility (LMF) provided, in part,
capabilities to meet these requirements. For cost effective
reasons, these facilities were closed, and the usable equip-
ment from these facilities was brought to AEDC and integrated
into the APTU facility.

The facility is comprised of a 22,200-ft3 high-pressure
air storage reservoir, and 87,000,000-Btu pebble bed storage
heater, a 16-ft-diam test cell, and an air ejector exhaust
system to increase the altitude capability. Most of the
piping, valves, free-jet nozzles, consummable systems (nitro-
gen, propane), controllers, hydraulic system, etc., were also
surplus equipment.

Initial operation of the facility was in 1973. Since
that time, testing has involved facility shakedown, two ram-
jet programs, and an aerial cannon/fuel tank investigation,
Since the facility has several features' which are state-of-
the-art in nature and require development of sophisticated
engineering approaches and operational procedures, the facil-
ity shakedown program is a continuing process which must be
developed as new operating regions are encountered.

Operation of the facility is based on a simple concept of
storing energy (both high-pressure air and heater thermal
energy) over a period of time (hours) and then utilizing these
energy sources in controlled quantities to produce the desired
test conditions for a time period of up to several minutes.
Considerations in the operation of the APTU include refrac-
tory thermal shock, thermal stress in high-temperature com-
ponents, and flow dynamics encountered in mixing processes,
The following sections will develop more fully the APTU oper-
ating performance and describe the various facility compo-
nents and associated limitations,

2.1 TYPES OF TESTING

The APTU has the potential capability of accomplishing
several types of tests. Typical types of tests include:

13
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1. Free-jet propulsion system development and qualifi-
cation tests,

2. Direct-connect propulsion system component develop-
ment tests,

3. True temperature aerodynamic tests, and

4, High-temperature materials tests.

Initial planning for APTU considered provisions for Items 1 and
2 test capability in support of ramjet test programs. Two such
programs, the Air Force Multi-Purpose Missile and the Navy IRR-
SSM, have been conducted in APTU. The latter two types of
testing, which were also recognized initially and in which user
interest has been expressed, include development of such items
as missile radomes, insulating materials for research vehicles,
and full-scale missile inlets. One aerodynamic-type test, which
has been conducted in APTU, was an aircraft fuel tank vulner-
ability test.

A unique capability of the facility is the ability to es-
tablish and control for selected periods of time a series of
conditions (combinations of pre-selected pressures and temper-
atures). This has been demonstrated for up to 10 different al-
titude conditions at a fixed Mach number. Controlled transient
conditions can also be provided. Mission trajectories or duty
cycles can be simulated for direct-connect testing but must
currently be limited to a fixed supersonic Mach number for free-
jet testing.

Subsonic test conditions have been demonstrated where
stream pressure, temperature, and cell pressure were computer
controlled to maintain test conditions, Original planning did
not include the subsonic region; however, the lower temperature
and pressure region was easily integrated into the APTU oper-
ating envelope by procedural and control system changes.

2.2 FACILITY PERFORMANCE

The range of planned facility performance capability in
terms of an altitude/Mach number envelope in the supersonic
regime is shown in Fig. 2.1. Currently, hardware development
and operational checkout have been limited to the performance
region identified for the low-pressure mixer (maximum stagna-
tion conditions 300 psia at 1,850°R). Expansion of the "de-
veloped" portion of the facility operating range will be ac-
complished as required to support user test requirements.

14
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Figure 2.1 APTU test envelope capability.

The APTU, because it is a blowdown-type facility with
limited storage of thermal energy and high-pressure air, has
a limited run time capability at any specific test condition.
In the free-jet test mode, the factors which influence run
time are altitude, Mach number, and the desired free-stream
test diameter. Estimated available steady-state test time
as a function of these three variables is shown in Fig. 2.2,
At test altitudes below the 50-percent normal shock recovery
limit, altitude simulation is accomplished via the engine ex-
haust diffuser. As test altitudes increase above the 50-per-
cent normal shock recovery (NSR) limit, diffuser pumping aug-
mentation with the annular air ejector is required. Hence,
for a given Mach number, the available test time is seen to
increase with altitude until the 50-percent NSR limit is
reached at which point further increases in altitude will
cause test time to decrease because of air consumption by
the annular air ejector.

15
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Figure 2.2 Estimated facility run times for
the free-jet configuration.

Figure 2.3 relates the maximum mass flow-temperature capa-
bility of the facility for direct-connect testing, materials
testing, and other forms of high-enthalpy testing not directly
related to a specific altitude/Mach number point. Lines of
constant estimated facility run time, exclusive of air ejector
requirements, are shown in this figure. Any vacuum simulation
required above that available via the exhaust diffuser will
decrease the run times shown in Fig. 2.3,

Maximum Secondary Assumptions:

Flow Rate Reservoir Pressure: 4, 000 psia
Maximum Healer Pressure: 3, 500 psia
Heater Outlet Temperature: 3, SO0FR
Secondary Air Temperature: 500°R
Restrictor Film Cooling; f(PAHO, TAHO)

Maximum Heater  Stored Energy: 80 x 106 Btu

Flow Rate

2,000 -

1,500

1.000 Maximum Exit

Restrictor Qutlet
Temperature

Flow Rate, Ib/sec

500

0 1 1 1 1 |
500 1,000 1,500 2,000 2,500 3,000
Total Temperature, %R

Figure 2.3 APTU maximum mass flow/temperature capability.
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2.3 FACILITY DESCRIPTION

The APTU is an intermittent (blowdown) type, true tem-
perature test facility. Major components of the facility
are schematically depicted in Fig. 2.4. An artist's con-
ception of this facility is shown in Fig. 2.5. Functionally,
the facility produces a high-energy test airstiream over a
wide range of stagnation conditions by blending (in the fa-
cility air mixer) varying quantities of heated air, which
has passed through the stored energy heater, with air directly
from the storage reservoir. The test airstream is acceler-
ated to the desired test Mach number, typically using an ax-
isymmetric free-jet nozzle, and is directed on the test article.
A diffuser/air ejector system is used to capture and discharge
the test airstream and test article exhaust gases to atmosphere.
Altitude simulation is provided by the pumping action of the
diffuser/ejector system. The facility blowdown operation is
fully automated, and the primary data recording system is a
high-speed digital data acquisition system.

AIR MIXER

EXTENSION SECTION
PLUG VALVE

PEBBLE BED HEATER

EJECTOR DIFFUSER

g

FORWARD ADAPTER  TEST CELL
QDEL \ TNNULAR AIR EJECTOR

RIMARY SYSTEM—— £ | \
POuTROL ALVE FREEJET= 1 Loy { ECHAUST DUCT= 1\
| GRUSR 4 EXNAUST SPRAY—
JET RING
STRETCHER

RESERVOIR

ANNULAR AIR EJECTOR
CONTROL VALVE

Figure 2.4 APTU facility schematic.
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Figure 2.5 APTU (artist’s conception).

2.3.1 High-Pressure Air Storage System

The high-pressure air storage reservoir has a storage
volume of 22,200 ft3, and approximately 450,000 1lb of com-
pressed air may be stored at 4,000 psia. The reservoir is
composed of 95 pressure vessels with a valving arrangement
which will permit the system to be used as a single storage
system or divided into two independent storage systems. Two
air supply systems are utilized: a primary system which sup-
plies high-pressure air through the stored energy heater to
the air mixer and a secondary system which supplies high-
pressure air directly to the mixer and the air ejector,
Airflow through each supply circuit is controlled by hy-
draulically operated control valves, The air storage res-
ervoir is charged by the VKF compressor system at flow rates
up to 87 1lb/sec at 4,000 psia,

2.3.2 Pebble Bed Heater

The thermal energy storage system is a regeneratively
charged pebble bed heater. The energy storage matrix is a
bed 86 in., in diameter and 24 ft high containing 140,000 1b
of 3/4-in.-diam, high-density alumina (AL9O3) pebbles (Fig.
2.6). The storage matrix is contained by an insulated
heater vessel which is approximately 11 ft in diameter and
45 ft long. The maximum heater temperature and flow rate
are approximately 3,6 500°R and 300 lb/sec, respectively.

A propane-fired burner is used to charge the heater to the

18
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The heater outlet is closed by means

of a hydraulically operated plug valve to allow prepressuri-

zation of the heater vessel prior to testing (Fig. 2.7).

This

is accomplished by the plug valve seating in the heater exit

restrictor nozzle.

Maximum design working pressure of the

heater vessel is 5,000 psia.

Heater Air Exit
Restrictor
Nozzle

Heater i
Vessel ——={ & -

Insulation — 4

Reheat Burner

/ Pebble Bed

Maximum Design

Temperature 3, 750°R \4

""""" 24 i T
- Plateau
- After Run
= 16 T
< L
=
- C (1
2 [ R
§ il amp
i Temperature
[ 1,31
__________ 0 1 1 ! J
0 1,000 2,000 3,000 4,000

Bed Temperature, °R

3
— Heater Airflow

Figure 2.6 Pebble bed heater schematic and operation.
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Plug Valve Shaft NN
Support Block ‘
CA A A AT A AHEDA
Plug Valve Shaft Forward Ring /Entrance
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¢ 1) o
w; R\ N
IIIIID.\ : Q\Q%//A/E\\\\\\\\\\\
A [ ’\ = . _<Throat and Diffuser
( o Sections
IR N\ 245N ~
77777 7 AN AN e
o it Restrictor b
Plug Valve Shaft S N ia
Rear Support k. ST
S LLE I LIS E
N
AR

Figure 2.7 Plug valve/exit restrictor assembly.
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2.3.3 Air Mixer

An air mixer (Fig. 2.8) is utilized to blend high-energy
primary air from the stored energy heater and cooler secondary
air bypassing the heater. The secondary air is injected into
the hot stream through 8 radial jets inclined upstream at a
60-deg angle relative to the mixer centerline. Primary and
secondary air valves are modulated to produce the desired
stagnation pressure and temperature in the mixed test airstream
upstream of the nozzle entrance., As indicated in Fig. 2.1,
different mixer hardware is required for the higher stagnation
conditions. The status of the different hardware is summa-
rized in Table 2.1. The mixer includes hardware, as shown in
Fig. 2.8, to uniformly distribute the flow and dampen turbu-
lence in the mixer. The mixer test airstream turbulence level
has been established for the low-pressure air mixer and is pre-
sented in Fig. 2.9.

Table 2.1 Status of APTU Air

Vessel Forward
Fabricated | Adapter | TPS® | Core Breaker [ Screen

Low-Pressure Air Mixer Yes Yes Yes Yes Yes
(300 psi and 2, 200°R)

High-Pressure Air Mixer Yes No No No No
(1, 500 psi and 2, 200°R)

High-Pressure Air Mixer No, 2 No No No No No

(3,500 psi and 3, 000°R)

Vitiation Air Heater Yes No Yes No
{5, 000 psi and 5, 460°R)

*TPS: Thermal Protection System

Secondary Air Manifold

Exit Low-Pressure Air Mixer

Restrictor

Shell
Extension

Free-Jet Nozzle

Plug Valve

Core Breaker / Mixer Rake
Nozzle I nlet Rake

Screen
Figure 2.8 APTU low-pressure air mixer.
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Figure 29 Typical frequency spectrum at nozzle inlet
with low-pressure air mixer configuration.
234 Test Cell

The test cell, which is 16 ft in diameter and about 42
ft long, encloses the test article setup. Either a free-jet
or direct-connect test hardware setup is utilized depending on
test requirements. A typical free-jet setup is shown in Fig.
2.5, which reflects use of an axisymmetric free-jet nozzle
and a jet stretcher to extend the region of flow simulation.
Different free-jet nozzles are used for each desired Mach
number. Table 2.2 lists the free-jet nozzles currently avail-
able in APTU. The test article mounting hardware has a 10-deg
angular adjustment capability. Total test article angle of
attack depends on the installation configuration., Access into
the test cell is provided by a 15- by 34-ft equipment hatch and
a personnel door as indicated in Fig. 2.10. Mounted in the
test cell are diffuser ducting, a force-measuring system,
optical ports for the facility shadowgraph system, a COg
fire extinguishing manifold system, and a cooling-water sup-
ply. Connector ports are provided in the test cell for
lighting, instrumentation leads, and electrical power.

2.35 Diffuser/Ejector Assembly

A diffuser/ejector assembly captures the test airstream,
discharges the flow to atmosphere through a cooling-water spray,
and produces altitude simulation in the test cell (Fig. 2.5).
The assembly consists of a 4-ft-diam test cell diffuser, an
annular air ejector, and a 5-ft-diam ejector diffuser. The com-
bined assembly can provide free-jet altitude simulation, de-
-pending on Mach number and test configuration, up to 100,000 ft.
The desired test cell pressure is controlled by modulating the
airflow to the ejector. Other facility systems include a GNj
supply system, a liquid storage COg system, a fuel system, and
a pyrophoric igniter system.
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Table 2.2 Available Free-Jet Nozzles

Group | Group |1 Group 111 Group IV
Mach Exit Mach Exit Mach Exit Mach Exit
Number | Diameter, in. Number | Diameter, in. Number | Diameter, in. Number | Diameter, in.
3.00 10.0 1.00 2.3 1.50 30.0 2.50 49.3
3.50 10.0 1.30 28.0 1.90 32.9 3,00 43.6
3.80 10.0 1.9 25.3 2.00 32.0 3.50 43.6
2.2 24.8 2.20 2.0 5.17 41.6”
2.20 23.5 2.20 32.5 6.05 2.1
2,20 29.5 2.3 32.5 1.25 2.7
2.35 22.7 2.4 32.0
2.3 21.0 2.50 32.5
2.3 28.6 2,50 34.6
2.4 24.0 2.5 36.0
2.50 22.3 2.70 32.5
2,50 28.8 2.12 32.0
2.70 24.4 3.00 32.8
2.70 26.2 3.50 32.0
2.70 21.9 3.50 32.8
2.72 24.8 4,10 381
3.00 21.6 5.00 32.0
3.00 21.0
3.04 24.8
3.41 24.8
3.8 24.8
4.10 24.8
4,38 24.8
* NASA/Lewis Nozzles

Figure 2.10 APTU test cell.
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2.3.6 Control System

The facility blowdown operation is controlled by a pre-
programmed, automatic digital process control system shown
block diagrammed in Fig. 2.11. The system is fully automatic,
and the control actions include (l) process controls for fa-
cility and test article systems, (2) sequencing of on/off
items, (3) parameter limit checking and monitoring of events
for safety purposes, and (4) integration of actions into a
cohesive operating system, Facility and test article oper-
ations are monitored in the control room using analog meters,
cathode-scope digital display of parameters from digital data
acquisition system, and closed-circuit television with video
record/playback capability.

[—= Printer

Card Reader Supervisory )
Console Controls —- Computer Disk Memory
(PDP 117204 o— Magnetic Tape
Interlock and Process
Sequence Contral Regulation
Computer - Computer
(PDP 11/05) OnLine (PDP 11/05)
Control Room
Display of
Field Facility P Fuel
Components and o] | Mo System
Test Article
Valves Parameters Control Valves
Pressure Transmitters Pressure Transmitters
Temperature Transducers Temperature Transducers
Positions Calibration Controls

Etc. Etc.

Figure 2.11 Controls system block diagram.
2.3.7 Data Acquisition Systems

The basic data recording system is a digital data ac-
quisition system. The system has the capability to record
both steady-state and dynamic data, sample each data channel
sequentially at nominal rates from 3 to 10,000 samples/sec,
and record each data sample for 352 data channels on magnetic
tape in digital form. Dynamic data can also be recorded in
analog form on magnetic tape with a 40-KHz response wideband
frequency-modulated record electronics system. The facility
is also equipped with a shadowgraph system which can be dis-
played on closed-circuit television in the control room and
recorded on motion-picture film,
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24 FUTURE CAPABILITIES

Future potential capabilities in the APTU include longer
run times, higher test airstream stagnation temperatures,
higher test airstream mass flow rates, and increased simulated
altitude capability. Options available to extend facility cap-
abilities in these areas include the following:

1. Expansion and partition of the high-pressure air stor-
age reservoir system to provide longer test times,

2, Modification of the material and configuration of the
heat storage media in the stored energy (clean air)
heater to permit higher test airstream stagnation
temperatures and/or mass flow rates,

3. Installation of a vitiation heater to provide airstream
stagnation temperatures above that of the stored energy
heater capability and to function as a backup system
for the stored energy heater, and

4. Connection of the APTU to the ETF plant exhaust ma-
chinery and/or installation of auxiliary ejector
pumping systems as a means to improve the APTU simu-
lated altitude capability.

The above items are discussed in subsequent sections.
It is important to note, however, that whereas the above
would provide for better utilization of the basic facility
systems, additional facility hardware (heater exit
restrictor, modified thermal protection systems, air
mixers, demineralized cooling-water system, etc.) would
be required to utilize the extended capabilities.

241 High-Pressure Air Reservior Expansion and
Volume Distribution

The existing high-pressure air storage reservoir volume
(22,200 ft3) can be utilized either as one reservoir or be
partitioned into a reservoir system of approximately 40-per-
cent primary (Fig. 2.5) and 60-percent secondary by closing
a single isolation valve, Studies have shown that facility
run times can be optimized for most free-jet conditions with
the 32- and 36-in. exit diameter nozzles by using the existing
reservoir volume distribution plus two additional volume dis-
tributions, specifically 20- and 60-percent primary volumes,
Typical increase in facility run time resulting from different
reservoir volume distributions are shown in Figs. 2.12 and 2.13
as a function of Mach number and altitude, respectively. In-
creasing ghe air storage volume to 57,000 ft3 from the existing
22,200-ft° capacity is feasible using existing surplus vessels.
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Such an increase would extend facility run times by a ratio
that is a function of the Mach number/altitude test condition.
Typical gains in run_time for storage volume increases to
35,000 and 57,000 ft3 are shown in Fig. 2.14.

10O £ aitude: 40,0001t
800 I Nozzle: 32-in. diam
00 | Storage Volume: 22, 200 3
i "3
g 40F
@ -
£
=
200 -
100 1 1 1 1 L i J
0 10 20 30 ) 50 60 70

Percent Primary Reservoir

Figure 2.12 Facility run time versus reservoir volume
distribution for different Mach numbers.
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Figure 2.13 Facility run time versus reservoir volume
distribution for different altitudes.
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Figure 2.14 Reservoir volume comparisons (performance).

2.4.2 Storage Heater Modifications

The storage heater modification would reconfigure the heater
storage media of alumina pebbles to a cored brick bed of eituer
alumina or a mixture of alumina (lower half of the bed) and
yttria stabilized zirconia (upper half of the bed). The cored
brick configuration would permit maximum mass flows through the
heater to over four times the maximum permissible through the
pebble bed. Also, the combination alumina/zirconia bed would
permit a maximum heater temperature of 4,500°R compared with
3,500°R for an alumina bed, Estimated facility performance
utilizing the three different heater beds is shown in Fig.
2.15. 1In this figure, the one-minute total facility run time
lines are plotted for each type bed for direct comparison,

0

32-in. diam Free-Jet Nozzle

—— e ———

Geometric Altitude, ft x 103
5
T

I

1 2 3 4 5 6
Mach Number

Figure 2.15 Estimated APTU performance with three
different storage heater matrices.
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2.4.3 Vitiation Heater Installation

The maximum clean aix temperature from the alumina pebble
bed stored energy heater is about 3,000°R. Above this level,
direct instream (vitiation) heating, with oxygen replenishment,
is required to raise the test airstream temperature up to
5,000°R., This region of potential improvement of the APTU fa-
cility performance map is shown in ¥ig, 2.1, This capability
can be provided by a vitiation heater installation in series
with the stored energy heater. 1In addition, a properly sized
vitiation system separate from the stored energy could dupli-
cate the facility performance capability of the stored energy
heater and thereby serve as a backup heater system in case of
refractory problem.

2.4.4 Facility Exhaust Pumping

Currently, exhaust jet pump augmentation is required for
high-altitude simulation., However, this augmentation is ob-
tained by using large quantities of air from the high-pressure
air storage system, thus depleting the air available for the
test airstream and reducing facility run times. An exhauster
system independent from the high-pressure air storage system
could not only produce higher simulated altitudes but also
extend facility run times. Connections of the APTU to the
ETF exhaust machinery and/or use of other ejector systems
would provide this additional capability.
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3.0 HYPERSONIC WIND TUNNELS (B) AND (C)

Tests of hypersonic vehicle heat shield materials have
been conducted for many years in arc heaters and range facil-
ities. 8Sled tracks have also been extensively used for mate-
rials testing. These types of facilities have the capability
of producing high enthalpy levels; however, there can be cer-
tain disadvantages, such as small test core, short run times,
contaminated flow, excess vibration, low productivity, and
high cost. On the other hand, continuous-flow wind tunnels
are not capable of providing the required enthalpy levels and,
therefore, are generally not used for materials testing. How-
ever, in the supersonic Mach number range, the enthalpy levels
are significantly lower, and recent experience has shown that
there is a need for materials testing in this flight regime,

Within the past two years, a new testing technique has
been developed at the Arnold Center. This new technique
utilizes the large continuous-flow hypersonic Tunnels B and
C to duplicate supersonic flight conditions. Normally, these
facilities are used to simulate hypersonic flow on scaled
models of aerospace vehicles; however, for materials testing,
true pressure, temperature, and Mach number are required. To
provide this environment a large wedge is used to reduce the
local Mach number to the desired supersonic level, and the
tunnel stagnation conditions are adjusted to produce the local
pressure and temperature that duplicate the desired local flow
conditions for a given situation.

3.1 FACILITY PERFORMANCE

Performance and calibration data are presented in Tables
3.1, 3.2, and 3.3. The calibration data show flow uniformity
at Mach numbers 6, 8, and 10,

Table 3.1 Performance of Tunnels B and C

Nominal Po PSia To ¥ Ogy PSia Reltt x 1076
Tunnel Mach
Number | Min. Max. Max. Min.  Max, Min.  Max.
B 6 20 2100 300°¢° 0.3 41 0.3 4.7
B 8 50 850 | 890 0.3 3.8 03 3.7
c 10 200 2000 1450°*** | 0.3 3.0 0.3 2.4
*Maximum for short duration 300 psia
**Maximum for short duration %00 psia
***Up to 890° can be supplied at low stagnation pressures
*=**Maximum of 1, 00% at maximum Py of 1, 200 psia
{available, but nonstandard
o Stagnation Pressure o Free-stream dynamic pressure
To Stagnation temperature Re Free-stream Reynolds number
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Table 3.2 Open-Circuit Operating Conditions

Tunnel B Tunnel C B _
Mach Number | p,, psia | Relftx 10 | Mach humber Pp Psia | Reltx 106
] 25 0.5 10 300 0.4
6 60 11 10 525 0.7
[ . 15 3.1 10 700 0.9
8 1 125 0.7 10 975 1.3
8 250 1.3 10 1725 2.1
8 I g0 3.7
Po Stagnation Pressure Re Free-stream Reynolds number

Table 3.3 Flow Calibration for Tunnels B and C

Mach Number
Average | Standard Deviation | Re/ft x 106 | Test Core Diameter, in.®
5,88 +0.02 0.6 38
5.91 =0.01 1.0 39
5.% £0.01 a7 3
1.8%5 +0.01 0.3 B
7.% 10.01 1.0 34
8.00 10.01 3.7 -
9. 88 10,02 0.4 26
9.98 £0,02 1.0 i
10.13° +0, 02 2.4 29

*Data obtaihed throughout test core from station -16 te +20 in.
**Mach numbers are obtained at each test condition with a retractable
probe.

During tests which have material ablation or injection
of foreign gases into the airstream, the tunnels are operated
in an open-circuit mode. In this mode, atmospheric pressure
must be attained at some stage of plant compression resulting
in the test conditions being limited to those listed in Table
3.2.

3.2 FACILITY DESCRIPTION

The 50-in, hypersonic tunnels are Tunnel B (Figs. 3.1
and 3.2) for Mach 6 and 8 and Tunnel C (Figs. 3.3 and 3,4)
for Mach 10. Both tunnels are closed circuit with axisym-
metric contoured nozzles and operate continually over a
range of pressure levels with air supplied by the main com-
pressor system, Stagnation temperatures sufficient to avoid
liquefaction in the test section are obtained through the use
of a natural-gas-fired combustion heater in combination with
the compressor heat of compression at Mach 6 and 8 and in
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combination with electric resistance heaters at Mach 10,
Each entire tunnel (throat, nozzle, test section, and dif-
fuser) is cooled by integral, external water jackets, Both
tunnels have identical test sections equipped with model
injection systems.

\']““-— Atmosphere Vent

F

Ground Floor Tank Entrance

Figure 3.2 Tunnel B assembly.
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Figure 3.3 Tunnel C.

TEST SECTION
MODEL SUPPORT
INSTRUMENTATION RING o e LA
e SYSTEM
SCREEN THROAT
SECTION SECTION—  NOZZLE SAFETY DOOR
Badvssiioad g DIFFUSER SECTION
SECTION DOOR
2 ¢ & 40 - MODEL COOLING
P F T o TANK 4 "~ AIR LINE
v | G R PRESSURE TRANSDUCER
OPERATION { SYSTEM
FLOOR L] MODEL COOLING
NOZZLES
LTEST SECTION TANK

Figure 3.4 Tunnel C assembly.
3.2.1 Test Section and Tank

Directly below each test section is a test section tank
(Fig. 3.5) into which the model and its support can be
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retracted. When the model and support are retracted, the
test section can be sealed from its tank so that the tunnel
can remain running while the tank is vented to atmospheric
pressure in order that personnel may enter the tank to make
modifications to the model or its support system. After the
desired modifications are made and the tank entrance door is
closed, the tank is vented to the test section pressure, the
doors between the tank and test section are opened, and the
model is injected into the airstream to obtain the desired
data. Upon completion of the data acquisition, the model is
retracted, and the cycle is completed. The injection system
is also used for materials tests in which the model is cooled
in the retracted position, set at the desired attitude, and
injected into the airstream to obtain the time history of the
sample. The minimum injection time is about two seconds, and
the maximum acceleration or deceleration is about one g. The
model is exposed to the airstream approximately 0.9 sec prior
to the injection stroke limit with the model in the test posi-
tion.

Each test section is equipped with six fused quartz win-
dows. The two on either side are used for the shadowgraph or
schlieren system, and the two on top are used for either
photographic purposes or overhead test support and boundary-
layer survey equipment., The viewing area of each window is
about 17.25 in, in diameter. Two additional 12-in.-diam
window ports are provided in each test section for auxiliary
lighting and photographic purposes. These windows are located
on top, 145 deg off vertical axis, and near downstream edges
of the large viewing windows .

Windows for Model I nspection
or Photography —

Windows for Shadowgraph/
Schlieren Photography

for Heat-Transfer Tests
) or Quick Mode! Change

Tank Entrance Door for
Model 1nstallation or

I nspection - 1 Model Injection and

-~ Pitch Mechanism

Figure 3.5 Tunnel C test section tank.
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3.2.2 Model Support

Models are generally supported from the rear by stings
which attach to the roll mechanism on top of the single-ended
support strut. The support system will accommodate a vertical
load of 1,500 1b or a horizontal load of 1,000 1b applied at
the nominal center of model rotation. The relationship of the
model support and the windows is shown in Fig. 3.6. 1In either
the retracted or injected position, the model can be rolled
+180 deg and pitched through a range of 30 deg when the
center-of-model rotation is within the rearward 10 in. of its
travel. The center-of-model rotation can be moved so that the
region of interest on the model remains within the viewing
area of the windows. At the most forward position of the
center-of-model rotation, the angle-of-attack range is limited
to about 24 deg. Straight and bent water-cooled stings are
available for supporting the models. One series of split bent
stings has prebends of 3, 12, 30, 39, and 48 deg which can be
interchanged without disconnecting the model instrumentation,
Combinations of angle of attack and angle of sideslip can be
obtained by rolling the model-sting arrangement. Details per-
taining to attachment of models to available stings will be
furnished upon request.

Forward Center . 14, 16.00 — 1 + "‘”’—1
orwa &n 14.00 s
of Rotation [ 105 L1025 | tCentercfRotaton  yynne) wail |
Most Forvard POINLin | i G ¢ Tl
orwa
Tunnel that Model May |  pomgs o o o £ e
Extend and Clear Door I i . T

Ref.

Maximum Angle Range is —
e
. =@ al Nominal
enter of Rotation 'W" )
4.00 lﬁn, +a at Nominal I .
Center of Rotation +13%( H :
{f - - \ f:_,“ """" izt -, l :

//. %G1 (== Fairing on Pltch Strut
| /fport Baeainee | Zolazed Area R . | forion isS
‘Flangeod % N =l ) S

ge Test Section - Rl %}I\
al - ! Tunnel Wall B T
48.500 10 Door Opening Width 30 in. All Dimensions in Inches

Figure 3.6 Test section (elevation), Tunnels B and C.
3.2.3 Instrumentation
Tunnels B and C are each equipped with a complement of
permanently installed instrumentation for measuring such

parameters as pressure and temperature, In general, this
equipment provides visual indications for monitoring purposes
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as well as output signals for the data acquisition systems.
These systems can accept 98 digital signals (including con-
stants) and 32 analog signals. The normal sampling rate is
3,500 samples per second, but other rates can be provided to
meet special requirements. The format of the digital signals
can be either 17-bit binary or 4-digit BCD plus sign. Analog
signals may range from 15-mv full scale to 110-v full scale.
These signals are converted to a 4-digit BCD format. During
operation, the data system is connected on-line with the DEC
10 computer.

3.3 TYPES OF MATERIALS TESTS
3.3.1 Test of Insulating Panels

A sketch of a wedge that has recently been used for
material testing is shown in Fig. 3.7. The basic wedge angle
was 33.6 deg; however, during recent tests, prebent stings
were used in conjunction with the model pitch mechanism,
which provided for wedge angles from O to 38 deg. In addi-
tion to the material samples, an instrumented '"calibration
plate'" was used to define the local conditions on the wedge
for various wedge angles. The calibration plate was instru-
mented to measure both pressure and heat-transfer levels. To
provide a turbulent boundary layer, trip spheres were in-
stalled 3 in, from the leading edge of the wedge as illus-
trated in Fig. 3.7.

Calibration Plate Instrumentation

s Heat-Transfer Gage
° Pressure Orifice

\ Installed

[ on Wedge

S as Re-
quired

Enlargement & 7 ; =

-

3 Diam
5 [:]
2 Diam w 3 ~1.75
h i : All Dimensions in I nches
0. 047-in, -Diam Spheres

Figure 3.7 Sketch of test hardware.
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The use of a large wedge as a holder for material sam-
ples actually provides two possible test regions as illus-
trated in Fig. 3.8. Region I is limited in height by the
distance of the bow shock above the wedge boundary layer at
the base of the wedge. Because of this severe limitation, a
significantly larger test core is being planned for a future
facility which will be discussed in Section 3.4. Much larger
samples can be tested in Region II, and, in fact, samples up
to 25 in, in length have recently been used. This region can
be utilized for low-density ablative materials which may be
required in locations of interference heating or as a general
surface covering,

Figure 3.8 Wedge sketch
3 illustrating
nomenclature.

In Region II, duplication of local shear stress (11) is
probably the most relevant parameter for the given total
temperature level (Tty1), whereas in Region I duplication of
total pressure (ptl), total temperature (Tt;), and Mach number
would be required. This is accomplished by setting the proper
tunnel stilling chamber conditions as illustrated in Fig. 3.9.
A summary of the supersonic flight conditions which can be
duplicated in the AEDC-VKF hypersonic tunnels is presented in
Fig. 3.10. This envelope covers a significant portion of the
operating envelopes of current aircraft and missiles. The
application of the capability to a specific example can now

be illustrated.
K/f PI. T-l-I
Py Mo,
i/\ Poge T .

—————— b — Tank Access Dour\

Altitude
Altitude

— = ——

— cm el

Pamb Tamb

Ambient Pressure Ambient Temperature Por To- and &, can be adjusted such that: p; = pany,

T = Tamb
My = Myt

Injection Tank

Figure 3.9 Illustration of testing technique used
to duplicate flight conditions.
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Figure 3.10 Summary of flight conditions
which can be duplicated in
VKF continuous-flow tunnels
by wedge technique.

Consider an air-launched missile traveling at Mach 4
and 60,000 ft for a flight duration time up to 30 sec., Will
the radome material withstand this environment, and what is
the minimum amount of material required for the fin and in
the fin interference region? The flight environments for
the nose and fin regions are shown in Fig. 3.1lla. Figure
3.11b shows the wind tunnel conditions required to duplicate
these environments. The actual flight radome and radome
support hardware could be tested in the facility described
in Section 3.4. The fin and the material to be used in the
interference region could be tested in Region II. A test
somewhat similar to this example has recently been conducted
for NASA in Tunnel C., The objective of this specific test
was to observe the behavior of a low-density insulator in
the region of a l-in.-diam cylindrical protuberance, A
schlieren photograph of the flow-field disturbance is pre-
sented in Fig. 3.12, and the timewise effect on the material
is presented in Fig. 3.13. The horizontal dark lines in
this figure were projected onto the samples to provide a
system for determining material recession rate, Upstream
"movement" of the grid lines corresponds directly to the
amount of material eroded as will be discussed later. The
left-hand photograph in Fig. 3.13 shows that the interfer-
ence flow field caused by the protuberance was sufficient to
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erode completely through the l-in.-thick layer of this par-
ticular material sample in just 4 sec,

Flight Conditions
Mach 4, 60,000 ft
Pep * L.05 psia

i
o
L . -69. 70
& Ty * -69. 10F
Sh——— T‘t = 1179°F
py = 159.4psia

Local Conditions (Fin)

pj = 0,914 psia
Ml = ?3
T) = 198%
These conditions can be determined from analytical or experimental

techniques.

a. Flight environment

Utilizing AEDC-VKF Tunnel C, My, = 10 (Real Gas Corrections < 4%)

Nose Fin
Test Region | (See Fig. 3.8) Test Region |1 (See Fig. 3.8)
for By = 21deg for By =29.7deg
Po = 2000 psia & Ty = 1179°F Po = 965 psia & Ty = 1265°F
The Flow Conditions Are: The Flow Conditions Are:
Migg = 4.0 = Moy Migt = 2.73 = Migi
Tt'wt = 1179%F = Ty Piyt = 0.914 psia = pyyq
Pty = 159. 4 psia = pyyy Tiyt * 198%F = Ty

b. Wind tunnel conditions required
to duplicate flight environment
Figure 3.11 lllustration of test technique.

Shock from Protuberanc».-'/

Figure 3.12 Typical Schlieren photograph.
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- T
; Praluhnnce ~ 1 fn -Dlan Cylinder

Figure 3.13 Photographs illustrating interference
effects of protuberance.

The unique grid line projection system mentioned above
is illustrated in Fig. 3.14, A standard slide projector was
mounted on top of the tunnel, and a slide was made such that
grid lines spaced about 2 in. apart were projected onto the
sample at an acute angle. As the material surface receded,
the projected lines translated toward the leading edge as
viewed from the position of the 70-mm camera. This system
was calibrated for each wedge angle and camera installation

mera
70-mm Sequenced Ca Pro Line

Translation in

e

Enlargement

Rscession, in

Figure 3.14 lllustration of grid
line projection system.
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by photographing a sample level with the wedge surface and
then removing a known thickness of spacers and again photo-
graphing the sample., An enlarger was used to measure the
translation of each grid line so that ''scale factors'" could
be determined. This provided a means of obtaining quanti-
tative measurements of the recession rate during the run
since the samples were photographed at a nominal rate of one
frame every two seconds.

Photographs of a sample without a protuberance are shown
in Fig. 3.15. The grid line projection system clearly illus-
trates the formation of large grooves in this particular sam-
ple. As a result of these tests, some modifications were
made to the material to improve the performance in this en-
vironment.
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Figure 3.15 Photographs illustrating an
example of groove formation.

42



AEDC-TR-78-3

In addition to photographing the sample, it was also
desirable to obtain temperature measurements on the front
and back surfaces of the samples, The back surface tempera-
tures were measured with a thermocouple attached to the alu-
minum plate (substrate), and the front face temperatures were
measured with an infrared scanning system. The camera used
was an AGA model 680 which has a detector sensitive to the
2- to 5-p wavelength band., Radiant flux is converted to an
electronic signal which is then viewed on a color monitor
which displays the thermal image in ten distinct color bands.
Figure 3.16 illustrates typical results from these tempera-
ture measurements on a silicone foam sample., Since these
materials are good insulators, the surface temperature rises
very quickly to an equilibrium value, while the back face
temperature remains less than 160°F.

11500
1800 J1300
l*—Recovery Temperature for Bw =12.5 deg
| AEDC-VKF Tunnel C
1600 P = 1800 psia 41100
Tu = 1440°F
1400 - T T ] &
¥ T 1 1%
‘\ £
L i
& 1200 Front Surface Temperature 4 700 ‘é.’
3 / 2
=
% 1000
g } 1°®
§
= =
800 - 300
Substrate Temperature\_M
600 — J 100

Time, sec

Figure 3.16 Silicone foam temperatures
for 6, = 17.5 deg.

3.3.2 Test of Windshield Materials

Another example of this wedge technique is the recent
series of tests conducted on candidate windshield materials.

The design of supersonic aircraft windshields is strong-
ly influenced by aerodynamic heating. The windshield must be
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able to withstand the severe heating environment and still
provide an undistorted view for the pilot. A windshield com-
posed of several laminated plies of clear plastic materials
is being considered for use in supersonic aircraft by the Air
Force Flight Dynamics Laboratory (AFFDL/FEW). The objective
of these tests was to evaluate the performance of three can-
didate windshield materials to determine the amount of opti-
cal distortion caused by the repeated exposure of the mate-
rials to the combined aerodynamic heating and pressures,.

Nominal flight conditions of Mach 2.5 at an altitude of
50,000 ft were chosen to be simulated. The tests were con-
ducted in the Hypersonic Wind Tunnel (B) of the von Kdrmdn
Gas Dynamics Facility (VKF) at a nominal free-stream Mach
number of 6,0.

For simplicity, and because of model size limitations,
flat windshield sections (test panels) approximately 8 by 10
in, were tested in the two-dimensional flow field existing
behind the wedge. The test panels were subjected to the
flow for nominal 200-sec cycles, and photographs were taken
after each cycle to evaluate the relative condition of the
test panels.

3.3.2.1 Model

The model shown in Fig. 3.17 consisted of a wedge that
served as the flow generator and a test panel attached di-
rectly behind the wedge. Four panels were tested: three
windshield panels and one instrumented panel.

M
Region Environment & i
Free-Stream Conditions Leading Mach
O Mp-66

To = 885%R, p, =210 psia

Approach Conditions
@ |m-22
To = 885°R, p = 2.41 psia

Windshield Conditions
@ | M-18,p-460psia y <
To = 885%R, Rey = 4.2 x 10° - Windshield Test

@ Inboard Face Conditions
=0, 1psia

Parallel to Tunnel
Centerline

Figure 3.17 Windshield test environment.
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The three windshield panels, provided by Pittsburg Plate
Glass Industries under AFFDL contract, were of identical con-
struction except for the outboard surface plies of the lami-
nated plastic material. The windshield panels were composed
of alternate layers of plastic materials.

An instrumented panel was used to determine the heat-
transfer rate and pressure environment on the outboard surface
of the windshield panels tested. Ten pressure orifices and
nine Gardon-type heat-transfer-rate gages were located on the
surface of the instrumented panel.

To evaluate the relative deterioration of the optical
quality of the windshield panels, photographs were taken of a
grid pattern viewed through the windshield pancls, These
photographs were taken prior to the test and after each time
a panel was exposed to the tunnel flow. The photographs were
taken with a Hasselblad camera which was mounted on a bracket
located behind the model. The bracket was permanently mounted
to the model support, while the camera was installed for the
grid photographs and then removed before the model was in-
jected into the tunnel. The camera was located 26 in. behind
the windshield panel, and the camera line-of-sight was 22 deg
(same as pilot's view) relative to the panel,

Flow-field photographs were taken periodically by a
standard refocused shadowgraph system. General coverage 16-
mm color motion pictures were obtained at 24 frames/sec,

3.3.2.2 Test Conditions

The area of an aircraft windshield which would normally
receive the highest heating, and therefore the area that would
probably fail first because of overheating, is that area di-
rectly behind the aircraft nose and on its centerline., A
typical supersonic aircraft nose shape with the flow environ-
ment depicted in the area of interest is shown in Fig. 3.18.

For simplicity, a two-dimensional wedge model was chosen
to simulate the approach flow conditions of the aircraft nose,
A two-dimensionnal, inviscid, oblique-shock solution was
assumed to determine the appropriate Mach number and pressure
to simulate the flight environment. Because of size limita-
tions, the approach length of the aircraft nose could not be
simulated. However, conditions were such that fully turbulent
boundary-layer flow approached the test panel, as was expected
to be the case for the flight environment. The test environ-
ment predicted by the inviscid two-dimensional solution is
shown in Fig. 3.18.
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Figure 3.18 Windshield flight environment.

3.3.2.3 Test Procedure

At the beginning of the test, a single injection of the
model (with the instrumented panel installed) was made to
determine the test environment of the windshield.

Each windshield panel was preheated to approximately
140°F (to simulate the expected temperature under normal
flight conditions at subsonic speeds), installed behind the
wedge model, and then injected into the tunnel flow for a
nominal 200-sec period. Shadowgraph photographs were taken
at 4-sec intervals, and motion pictures were taken continu-
ously to observe any panel deterioration, The thermocouples
embedded in the windshield panel were recorded continuously
while the windshield panel was exposed to test conditions.
Photographs were taken of a grid pattern through the wind-
shield panel prior to the test, and each time the model was
retracted after exposure to test conditions. After each
injection, the windshield panel was cooled to approximately
1409F on the inboard surface. This process was repeated
for ten injections or until the windshield panel failed.

3.3.2.4 Materials Evaluation

The primary objective of the tests was to determine the
amount of optical distortion caused by the repeated exposure
of the windshield materials to the combined aerodynamic
heating and pressures. The relative optical distortion due
to exposure to test conditions can be determined from the
sequence of grid photographs shown in Figs. 3.19 and 3.20.

A posttest photograph of Panel 3 (Fig. 3.21) shows the ex-
tent of surface deterioration. Large bubbles formed under
the top ply of this panel causing the surface to crack
severely,
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Figure 3.20 Panel No. 3 after test completion
(test time = 405 sec).

Figure 3.21 Panel No. 3.
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3.4 FUTURE CAPABILITIES

The existing aerothermal testing capabilities in Tunnels
B and C are primarily designed for testing large flat samples
or small hemispherical noses. In recent years, the need for
aerothermal testing of full-scale infrared domes (or radomes)
has also become important.

Current high-performance aircraft are capable of flight
Mach numbers in the 2.0 to 2.5 range for brief periods of
time. TFlight at these conditions can produce aircraft skin
temperatures in excess of 400°F, Advanced aircraft will be
capable of sustained flight at Mach 3, which increases skin
temperatures to over 700°F. And finally, for these aircraft
to be effective, they must carry weapons which operate in
the Mach 4-plus regime. As a result, stagnation temperatures
can exceed 1,100°F (see Fig. 3.22). When missiles are

Air-Launched
Advanced Missiles

Aircraft
Current
Aircraft
20
0 vﬁ.\ 1 ] —

8

g B3

Altitude, ft x 10
8

Stagnation Temperatures

10 0% 600 1000 1500

80

60

20

0 I 1 f ) g
2.0 3.0 4.0 5.0

y——

0 LO

Altitude, ft x 1073
=]

Mach Number
Figure 3.22 Definition of environment.

launched and accelerate to their design Mach number, the pro-
truding domes which house the guidance equipment and provide
its "view" of the target may experience these large tempera-
ture increases in a very short time period. This 'thermal
shock" can be severe enough to cause structural failure of the
the domes as illustrated in Fig. 3.23. In less severe cases,
the structure of the dome may survive, but the sophisticated
guidance system may receive a distorted "image" through the
dome. To demonstrate the operational reliability of these
domes and to utilize the "best" dome materials, ground tests
are needed to screen and qualify materials.
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Thermal Shock Can Cause Failure of Domes,

Figure 3.23 Thermal shock damage.

Having discussed some of the aerothermal problem areas,
let us now look at the existing capabilities or tools which
can be used to help solve these problems. The advantages and
disadvantages of the various approaches are listed in Table
3.4. While each approach has its advantages, there are still
several undesirable characteristics associated with each
technique. The proposed aerothermal test capability can elim-
inate many of the '"undesirable characteristics'" and, there-
fore, provide a unique test capability for the flight regime
of current interest.

Table 3.4 Pros and Cons of Existing Capabilities

Technique Pros Cons

Flight Testing Real World: Very Expensive
No Assumptions Long Lead Times Required
Flight Safety Approval Difficulties

Track Test Real Hardware Short Exposure Times

Severe Test Environment Requires Extrapolation
(High TDI High Cost
Radiant Heating Test Real Hardware Poor Duplication of Flight
Relatively | nexpensive No Pressure-Loading
Versatile No Shear Forces
Analytical Solutions I nexpensive Unrealistic for Complex Flow
Fast Unrealistic for Complex Geometry
Versatile Requires Many Assumptions
Existing Wind Tunnels Relatively | nexpensive Cannot Duplicate Temperatures
Versatile Requires Extrapolation

Simulation of Pressure
and Shear

High-Enthalpy Facilities | Can Produce High Temperatures | "Dirty" Flow (Particles, Grit,

(Arc Jets, Combustion | Relatively | nexpensive or Foreign Gases|
Heaters, efc.) Usually Small Test Core
Undefined Aerodynamic Environment
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Development of an improved aerothermal test capability
should, of course, address the weaknesses of existing capa-
bilities and, for economic reasons, incorporate their posi-
tive factors. Because the VKF is basically an aerodynamic
test facility, its strength and experience lie in providing
high quality (clean) aerodynamic ground testing. Our
approach, therefore, follows these guidelines.

The approach used in the planning of the improved aero-
thermal test capability was to study the existing AEDC air
supply systems to determine how they could be utilized to
achieve an increased capability. Emphasis was placed on
duplication of flight conditions in the supersonic Mach
number regime.

Basically, an improved aerothermal capability can be
obtained by providing a new stilling chamber and nozzle in
place of the existing Mach 10 nozzle in Tunnel C. The
design of this modification has been completed under AEDC
sponsorship. Figure 3.24 emphasizes the interchangeability
between the existing Mach 10 nozzle and the planned Mach 4
nozzle, With the Mach 4 nozzle installed, the facility will
provide an important supersonic aerothermal test capability.
Mach 10 performance of Tunnel C will be retained requiring
only a few days to interchange nozzles.

Windows for Mode! Inspection
Final Design or Photography

is Complete

Shadowgraph/
: Schlieren
Nozzle (Mg =10)  Photography

Tank Entrance Door
for Model Installation
or Inspection

Figure 3.24 Interchangeability of Mach
10 and Mach 4 nozzles.
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The specific features of the aerothermal test capability
are listed as follows:

1. 25-in.-diam Test Section
2. Continuous Mach Number 4 Flow

3. Duplicate Pressure and Density Altitudes from 55,000
to 100,000 ft, (i.e., 24 < py < 200 psia)

4, Duplicated Stagnation Temperatures up to 1,180°F
5. Provisions for Mach Number 3 Nozzle

6. Nozzles Are Interchangeable with Current Mach Number
10 Nozzle

7. Vastly Improved Supersonic Heat-Transfer Testing
Capability

Duplicated pressure and density altitudes mean that the free-
stream pressure and temperature in this tunnel will be iden-
tical to those in the U, S. Standard Atmosphere for the alti-
tude range shown. To provide these matched conditions down to
sea level would require a major facility with plant and heater
capabilities significantly greater than those which exist to-
day. However, since Mach number 4 flight at sea level is not
commonly encountered, such a facility is not considered es-
sential at the present time,

A significant "spinoff" of the aerothermal capability
will be improved quality of supersonic heat-transfer data
which can be obtained in this facility as compared with cur-
rent capabilities (see Fig. 3.25). The quality of heat-
transfer data is proportional to the difference between the

Aerothermal Tunnel, Mg, = 4 Tunnel C, My, = 10
£ ol // // ////
g
i Tunnel B, Mg, =8
3 swonf
s Tunnel B, Mg, = 6
3
>40 i 1 ] ! ! I | J
0 200 400 600 800 1,000 1,200 1,400 1, 600

Driving Potential, Ty - Ty,

Figure 3.25 Improved heat-transfer capability.
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tunnel stagnation temperature and the model wall temperature.
That is, the larger (Tgo - Ty), the better the quality of the
heat-transfer data. Heat-transfer tests in the supersonic
speed regime are currently conducted in the VKF/Tunnel A,
which was not originally designed (Tunnel A was designed in
the early 1950's and became operational about 1958) for
heat-transfer testing. The aerothermal tunnel will provide
a temperature difference (To - Twy) of about 1,000°F, which
will enable measurement of heat-transfer data to better than

+10 percent.
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4.0 HYPERBALLISTIC RANGE G

The thorough evaluation of materials selected as candi-
dates for external surfaces of reentry vehicles requires
clean air ablation, erosion, and boundary-layer transition
testing in ground-based test facilities. To obtain ground
test data that are directly applicable to the reentry flight
case, it is frequently necessary to duplicate rather than
just simulate important aspects of the reentry environment.
For example, in obtaining materials data applicable to re-
entry vehicles with large ballistic coefficients, a major
problem is to duplicate simultaneously velocity, stagnation
enthalpy, and stagnation pressure corresponding to a point
in the reentry trajectory. The significant advantage of
the aeroballistic range in this regard is that it does have
the capability to duplicate simultaneously the very high
levels of stagnation enthalpy and pressure at Mach numbers
corresponding to peak heating portions of reentry trajectories,
In addition, the quiescent environment of the range facilitates
simulation of various types of erosive encounters by means
of free-falling particles which closely resemble those found
in the natural environment in terms of size, concentration,
and structure,

Historically, the free-flight Range G has been adapted
to meet a wide range of test requirements other than its
originally intended mission. Concentrated efforts during
the past ten years in such areas as model launching tech-
niques, test environment simulation, and specialized instru-
mentation have resulted in the emergence of Range G as a
viable and versatile facility for testing reentry materials.
Interest in providing the Range G with a model guidance
capability to further improve test capability began in 1970.
‘The concept was shown to be feasible but was generally con-
sidered to be unjustifiable by the ablation testing need
alone. However, in 1972, the justifiability for such a
capability was markedly increased by the need for ground
test simulation of RV nosetip encounter with atmospheric
hydrometeors. Thus, a decision was made to initate a
Joint project between AEDC and ABRES to install a track
and recovery system in Range G. Subsequently, a 160-ft,
1-5/8-in.-diam system was developed and studied. This
system was installed in Pilot Range K and used extensively
to develop a technology base for the design and operation
of the Range G track, which was placed in operation in
March 1977. The track system includes a retraction ca-
pability so that the free-flight mode of operation is
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retained. Thus, materials tests may be conducted in free-
flight or with track guidance.

To acquire meaningful data under realistic test condi-
tions, a state-of-the-art technology has been developed for
Range G to overcome facility limifations associated with
the severe model launch and in-flight environment, the short
test time, and the acquisition of data from a hypervelocity
test article., In particular, this advanced technology is
manifest in the following capabilities: (1) model guidance
for trajectory control, (2) models suitable for ablation,
erosion, boundary-layer transition, and heat-transfer
testing, (3) measurement of material response to aerothermal
and erosive environments, (5) model recovery, and
(6) advanced data reduction techniques,

The test techniques and hardware, which have been
developed for use in the Range G track and which collec-
tively comprise its materials testing capability, are
described in the following sections,

4.1 FACILITY DESCRIPTION

The major subsystems which comprise the Range G track
facility are (1) a model launcher device, (2) a model guidance
system including the track and its ancillary hardware, (3) a
model recovery system that is used to dissipate the kinetic
energy of the test article without significant damage, (4)

a test model that is either a full- or reduced-scaled flight
vehicle, (5) an environmental system, the basic component

of which is the 10-ft-diam range tank, to provide a wide range
of environmental simulation such as high-altitude flight in
clear air, erosive particle encounter, or special chemically
inert environments, and (6) an instrumentation system capable
of in-flight data acquisition. Each of the subsystems is
described in detail in the following sections.

4.1.1 Model Launcher System

Range G is equipped with a 2,5-in.-caliber, two-stage,
powder-hydrogen gun approximately 150 ft long. This gun, re-
ferred to as the GO4 launcher, is the fourth generation two-
stage gun that has been developed for use with Range G. It
has been in use for about eight years and has launched over
one thousand models. A conservative limit of performance for
this launcher based on structural considerations for a range
of models and sabots that have been tested extensively in
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Range G is shown in Fig. 4.1. Model/sabot combinations that
exceeded the limit curve by a considerable margin have been
successfully launched many times; however, a "harder" than
average launch package has been required for reliable oper-
ation in this regime. In this regard, it is likely that
experience with track models which do not require a sepa-
rate sabot will result in definition of a new limit curve
displaced to the right of the present curve.
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Figure 4.1 Range G launching capabilities - typical models.

4.1.2 Guidance and Recovery Systems

The concept of trajectory control which has been uti-
lized for the Range G track is to confine the test article
to a straight-line trajectory by four surrounding guide
rails as shown schematically in Fig. 4.2. The main advan-
tages obtained by trajectory control are that the model can
subsequently be recovered for posttest examination, and
significant latitude is gained in many critical areas of
design such as instrumentation and erosive field systems.
The main components of the track installation (Fig. 4.3)
are: a launch tube extension to reduce muzzle pressure,

a muzzle adapter/recoil section to allow for gun recoil,
approximately 910 ft of guidance track formed by four
rails in a cruciform pattern inside a 7-in.-ID steel tube,
and a support/stowage system. Quick-operating valves at
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range bulkheads are provided so that the test pressure or
range gas composition may be staged along the track.

At the end of its guided flight, the test model enters
a recovery device where its energy is dissipated in the
compression of gas in a long tube. Model recovery is parti-
cularly useful for certain types of tests where in-flight
photography cannot fully characterize model surface features
because of either resolution limits or hidden contours,

Environmental Field Dustfield Snowfield
Generator (Typ. ) Generator (Typ. )

\ =l

Rail Section (Typ.)

Figure 4.2 Range G track guidance system.
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Figure 4.3 Range G track installation.
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4.1.3 Test Models

A Range G track test model is required to withstand ac-
celeration loads of up to 200,000 g's during launch (at
18,000 ft/sec), survive extreme heating rates and erosive
particle encounters during the test period, and finally
withstand deceleration loads of up to 120,000 g's during
recovery. In addition, the ballistic coefficient must
be large in order to minimize timewise variation in test
conditions., For the free-flight case, these requirements
were satisfied for materials testing applications by the
development of a model/sabot package which combined an
open base sabot with a heavy model (Fig. 4.4). Adaptation
of this model concept to track guidance was accomplished
by making the sabot an integral part of the model which
forms the track '"runner.'" An additional benefit of this
concept is that retention of all the launched weight in
the test model results in improvement in model ballistic
coefficient, and hence less velocity decay in flight, A
more comprehensive description of models developed for
specific test applications is given in a later section.
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Figure 4.4 Typical free-flight material test model.
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4.1.4 Environmental Systems

A major advantage of the Range G track facility is the
straightforward manner in which erosive particle fields may
be simulated because of its quiescent free-stream environment.
The range tank itself is the basic component of the environ-
mental system and provides an operating pressure range of 0.2
torr to one atmosphere. The aerothermal environment to which
a test article is exposed is determined by its velocity and
the ambient pressure and temperature. It is shown in Fig.
4.5 that the velocity range of interest for materials testing
can produce stagnation pressures in excess of 350 atm and
stagnation enthalpies of almost 6,000 Btu/lb. Any arbitrary
level of stagnation pressure enthalpy may be obtained by
appropriate test velocity and ambient pressure combination.
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Figure 4.5 Aerothermal simulation capabilities
for materials testing.

The technology required for generation of free-falling
particulates was developed for Range G free-flight testing
and has subsequently been adapted to track operation.
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Types of environments which have been developed include: (1)
snowfields consisting of dendritic-crystal snowflakes, (2)
dustfields consisting of spherical particles of various
sizes and materials, (3) water droplet clouds consisting of
particles less than 100 um in diameter, and (4) rainfields
consisting of approximately l-mm raindrops. However, at
the present time, hardware is fabricated and installed for
only dust and snow testing on the track, All the erosive
fields which have been developed for range testing meet the
simulation requirements in regard to realistic field con-
centration and impact frequency. This is illustrated for
dust in Fig, 4.6, where it is shown that number density and
particle size combinations may be chosen to produce a very
wide range of field concentrations, The interaction which
occurs between a nosetip and erosive particles during
encounter is shown in Fig. 4.7 for the case of a free-
flight graphite nosetip passing through a snowfield. Bow
shock distortions and a plume of debris from the surface
are apparent. Although most environmental fields are simu-
lated in air, specialized environments (nitrogen, argon,
helium, et al.) can be satisfactorily introduced for unique
test requirements.

Techniques for conducting single particle impact tests
have been developed to an operational status. Water drops
of uniform size and spacing can beé generated under actual
test conditions using a monodisperse drop generator. In
addition, a dust capability has been provided by suspending
single dust particles on 15-pym-diam silk threads.
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Figure 4.6 Erosive field concentration in terms
of particle size and number density.
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o

Figure 4.7 Graphite nosetip passing through snowfield.

4.1.5 Instrumentation Systems

The instrumentation for the Range G track facility con-
sists of specially designed high-speed photographic, electro-
optical, and electronic systems. The various instrumentation
systems, along with the primary intended function for each,
are listed in Table 4.1, These systems are described briefly
in this section,

Table 4.1 Range G Instrumentation Systems
for Materials Testing

Number of Primary
System Stations® Functions
Front-Light Laser Photography T To Provide in-flight photographs
from which nosetip-recession data
may be obtained,
Stereo Laser Pholography 1 To Provide in-flight sterea photo-

graphs from which mass eroded and
roughness data may be extracted.
X-Ray Shadowgraphs 7 To provide photographic data (with
fiducial marks) for use with time
data for accurate determination of

model velocity.

Photopyrometers 4 To provide in-flight surface tem-
perature data.

Environment Cameras 15 To provide photographs for charac-
terization of erosive fields.

Five-Frame Sequential Laser Pholography 1 To provide photographic coverage of

high-speed events such as erosive
particleiow shock interaction.

Mode! Detectors 0 To provide pulses for accurate
triggering of photographic system
light sources and camera shutters.
Data Acquisition and Control System (DACS) 1 To sequence events necessary for
Irack operation and 1o acquire and
record all timing information.

Humber of systems is the number currently proposed and is subject to chanae depending on
measurement requirements, funding situations, etc,
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4.1.5.1 Laser Photographic Systems

Laser photography is used in Range G to provide
in-flight measurements of model nosetip recession. The
standard front-light laser photography systems which were
developed for free-flight testing in Range G have been modi-
fied to take advantage of the fact that test models on the
track are confined to a known flight path. Large viewfields
and depths-of-field are not required as they are in the free-
flight case, and hence higher magnification, and, therefore,
better photographlc resolution, is achieved.

A schematic of a typical laser photographic system for
Track applications is shown in Fig. 4.8. This optical arrange-
ment provides a combination of diffuse front and back lighting
through appropriate slots in the track tube. This arrangement
produces a magnification of approximately O. 7, and peak photo-
graphic resolvability of such a system has been shown to be
approximately 25 um. For comparison, the resolution of the
laser photography systems configured for free-flight testing
is 200 um. This improvement in photographic resolution re-
duces the average uncertainty of nosetip recession measure-
ments from 2.5 mils to about *1 mil, respectively.
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— \_ 6 Filter
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Figure 4.8 Track frontdight/back-light laser
photography system.
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4.1.5.2 X-Ray Shadowgraphs

X-ray shadowgraph systems provide the primary means for
model velocity measurements in Range G. By surveying the
locations of fiducial markings within each viewfield and by
digitally recording the times of each X-ray exposure, model
velocity can be measured with an overall uncertainty on the
order of *0.1 percent. The possibility of adding fiducial
references to the laser photographic systems so that these
systems may be used for additional velocity measurement
stations has been investigated. Preliminary indications
are that this can be done with approximately the same measure-
ment uncertainty as with the X-ray systems.

Another important application of the X-ray shadowgraph
systems is for cases where either the model surface is ob-
scured by an opaque shock layer or where knowledge of some
internal feature of the model is desired. The former situa-
tion arises where massive model erosion precludes meaningful
interpretation of laser photographs. During certain metal
nosetip ablation tests, for example, ablation material com-
pletely fills the d1mens1on reference grooves on the model,
obscuring them in laser photographs. In such instances, X—
ray shadowgraphs, although of poorer optical quality than
laser photographs, allow visualization of the reference
grooves and determination of nosetip recession.

Knowledge of internal features of the model during flight
is desired for certain types of tests, such as, where fluid is
expelled from a cavity by movement of a piston. An example
of such a model is one developed for testing transpiration-
cooled nosetip concepts. The coolant mass flow rate history
is deduced from the position of the piston for a series of
times during flight. These times correspond to points along
the range at which X-ray shadowgrams are obtained and from
which piston position may be measured.

4.1.5.3 Photographic Pyrometry Systems

These systems are employed in Range G for in-flight

model surface temperature measurements as shown schemat1ca11y
in Fig. 4.9. The photopyrometry systems feature image intensi-
fier cameras and optics to afford viewing angles of approxi-
mately 17 deg from head-on. Proximity-focused image intensi-
fiers with fiber optic coupling to the recording film (Gener-
ation I image intensifiers) are employed in two photopyrometry
systems, and more sensitive Generation II image intensifiers
featuring microchannel plate amplifiers are used in two other
systems. All intensifiers have S-20R spectral responses; i.e.
they respond to visible and near-infrared radiation out to a
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wavelength of approximately 0.93 um. It is estimated that

the lower temperature measurement limits for the photopyrom-
eters are approximately 1,600°K for the Generation I systems

and approximately 1,200°K for the Generation II systems. The
upper measurement limit for all systems is approximately 4,500°K.
Measurement uncertainty for either system is approximately 100°K.

Systems were designed so that the image intensifier cam-
eras can be removed conveniently from the range and transported
to the laboratory for calibration. Graphite-arc lamps and
other lower temperature blackbody sources are maintained as
temperature standards in the laboratory.

To ensure that the photopyrometry systems detect only
incandescent radiation from the model surface and thus provide
accurate measurements of model surface temperature, it is
necessary to quench or considerably decrease chemiluminescence
and shock cap radiation. This is achieved in the range via
use of helium-filled chambers at each photopyrometry measure-
ment station. Each photograph (viz; surface temperature
measurement) is made while the model is temporarily in "flight"
within an inert helium atmosphere.

I mage- Intensifier Device- Notes:

Fiber-Optics Coupling to Film L Distance along optical axis from
camera lens o focal plane: 34.5in.

2. Distance from camera lens to
mirror: ~12in.

3. Magnification: 0.3
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8-in. Focal Length,

Image-Intensifler Camera 1.5

—Focal Plane Elliptical, Fronmt-Surface Mirror

Flight Direction ]
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Figure 4.9 Track photopyrometer geometry.
4.1.5.4 Erosive Environment Photographic Systems
These systems provide photographs for use in the charac-
terization of erosive fields., Back lighting with xenon flash

lamps is used to provide good definition of particle edges.
Photographic systems for tract application were designed
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with "quick disconnect'" features to faciliate and expedite
installation on or removal since removal of the systems is
necessary before placing the track in its stowed position.
The light source, field optics, and camera for each system
are mechanically fixed with respect to one another and can
be removed (or installed) as a unit without disturbing the
optical alignment. Photographic resolution of Track G
systems has been measured to be on the order of 50 um,
whereas resolution of comparable Range G systems is approxi-
mately 175 um. Depth-ocf-field for the 50-4m resolution with
the Track G system is approximately 25 mm.

4155 Sequential Laser Photography System

An innovative sequential laser photographic system has
been designed for Range G and successfully applied in Pilot
Range K for the observation of one-on-one encounters between
erosive particles and the test model/bow shock. This system,
shown schematically in Fig. 4.10, consists essentially of
five individual backlight laser photography systems located
very close to one another. Images formed by the five individ-
ual backlight systems are separated from one another geometri-
cally; i.e., light from one particular laser enters only one
particular lens of the multi-lens camera. Specially designed
electronics allow the time between laser firings (photographic
exposures) to be varied from 100 nsec to 100 usec. At the
minimum t1me between frames of 100 nsec, an effective framing
rate of 107/sec is achieved.

Snow, Dust, or 5
Other Environmental 1
Field Generator ‘ 2

('
8by 10 Carera;

Five Individual
Images are Formed
on the Film

Model Is in View Fleld lTlme between Laser angs
{Exposures) Can Be Varled from 100 nsec to 100 ysec)

Figure 4.10 Sequential laser photography system.
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1,04 usec t=2.08 usec

t=3.12 usec t=4 16 psec

Model Velocity: 2,570 m/sec
Range Pressure: 25 torr
1-mm-diam Dust Beads

Figure 4.11 Sequential laser photographs depicting model and bow
shock interactions with water droplets in Range K.

ti=(0) t=0.5 psec t=10 psec

t=1.5 usec t=2.0 usec

Model Velocity: 3, 660 m/sec
Range Pressure: 350 torr
1-mm-diam Water Droplets

Figure 4,12 Sequential laser photographs depicting model and bow
shock interactions with water droplets in Range K.
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Examples of the use of the sequential laser photography
system in Range K are shown in Figs, 4.11 and 4.12, 1In Fig.
4.11, the encounters of first the bow shock and then the
model with two l-mm-diam dust beads are pictured. The dust
beads were suspended on very fine silk threads. In Fig. 4.12,
l1-mm-diam water droplets in free fall are shown between the
model and its bow shock, and then the encounter of one of
the water droplets with the model surface is degicted over
a period of 2 usec, at a framing rate of 2 x 109/sec.

4.1.5.6 Stereo Laser Photography Systems

A stereo photography technique using Laser illumination
has been developed in Range K track as a method for obtaining
in-flight crater and surface roughness measurements. The
model nose is illuminated by diffuser laser light (pulsed
ruby laser), and a stereo pair of cameras views the model
nose from the left and right at angles of approximately 20
deg from head-on. An example of a stereo pair of photographs
of a test model in flight in Range K is shown in Fig. 4.13.
Two discrete craters on the model nose caused by impacts with
water droplets are readily discernible, as are surface ejecta
resulting from the impacts.

Model Velocity: 2,440 m/sec (8, 000 ft/sec)
Total Angle between Cameras: 40 deg

Figure 4.13 Stereo photographs of laser-illuminated
Range K model.
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Stereo photographs such as those shown in Fig. 4.13 re-
quire further processing to produce elevation contour maps of
the nose region and the desired crater and surface roughness
data. The use of stereo plotter devices that provide recon-
struction of the three-dimensional image is being investigated
for this purpose.

4.2 TYPES OF MATERIALS TESTS

Types of materials-related tests which have been con-
ducted in the Range G include (1) ablation, (2) erosion,
(3) nosetip transition, (4) heat transfer, and (5) transpira-
tion cooling. The various types of high-temperature materials
which have been tested include various grades of bulk graphites;
carbon/carbons of several different constructions, carbon
phenolics of various kinds, quartz phenolic, and a number of
high-temperature tungsten alloys. 1In all, close to a thousand
shots have been fired over a period of eight years in support
of materials development programs, For materials testing in
the aeroballistic range, discussion of modeéls and types of
testing are not clearly separable because of their interde-
pendence. Therefore, types of material testing discussed in
this section are illustrated with particular models which
have been devised to meet specific requirements.

A typical model configuration for nosetip ablation/
erosion/transition testing is shown in Fig. 4.14. The ex-
ternal model components are (1) carrier, (2) carrier heat
shield, (3) specimen holder, and (4) test specimen, In this
case, a single model is useful for different types of testing
because the differences are in the test environment for ex-
ample, ablation testing requires a high-velocity, high-pres-
sure clear air environment; erosion testing requires the ad-
dition of erosive fields; and transition testing requires a
relatively low-pressure clear air environment. Obviously,
these types of testing may be combined for special purposes;
for instance, such as might be required for investigation of
effects of erosion-particle induced roughness on clear air
ablation or transition,

The 2.5-in. diameter of the track permits hemispherical
test specimens of up to 2,25 in. in diameter to be tested,
A cut sphere nosetip which has been utilized in free-flight
erosion testing offers the advantage of simulating up to 3 in.
in nosetip diameter with only a minor flow-field modification.
Ballistic coefficients for typical models of this type are
expected to range from 50 to 100 1b/ft2
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-

Specimen
Holder

Internal Strut
(Titanium)

Figure 4.14 Typical nosetip ablation/
erosion/transition model.

Test Specimen

Carrier
{Polycarbonate
Resin)

Heat Shield

A heat shield model which has been used in erosion tests
is shown in Fig. 4.15. This design features the basic carrier
with a four-sided pyramid-type forebody. A portion of each
surface is comprised of an ablation test specimen mounted at
an oblique angle to the flow to simulate the heat shield case.
Specimens cut from four different full-scale heat shields can
be evaluated simultaneously.

Carrier
Heat Shield Kizgiylf‘alfbonate
Material

30 deg

Nosetip
(Aluminum}
3.3 in.—-|

[— 6.5in.

a. Model design

b. Recovered model
Figure 4.15 Heat shield ablation model.
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An area of current interest in the field of RV nosetip
technology is that of transpiration cooling. Testing re-
quirements in this area have been addressed by development
of a model, shown in Fig. 4.16, which incorporates an inno-
vative pressurized fluid reservoir. Nosetips of this type
which have been tested were of metallic construction and
utilized discrete shots for transpirant injection.

Kennerlium®w-2

(Ballast) Propellant Hcrllier7
3.0 i 16°
TCNT (See Fig. 4. 16b) / >
Orifice Plug
(See Fig. 4.16b)

\

[t: r ,,,,,, L

/

’ /
Water Reservoir —/ J\
Piston e

Primer

All Dimensions in Inches

a. Model base
le—r10, 885——-‘
e 0,745 —+]
e (), 388 —»
—e{ 0.320 }o— 0.320 |
| 016 Diam
I?M ] A piaces)
. | - i |
1 - 0.750 1 g0 310
0.20R - | l |
e 20 \-7// ~{ k008 '
b
Orifice Plug

0.60R Aerojet TCNT
All Dimensions in Inches

b. Aerojet TCNT and orifice plug
Figure 4.16 TCNT model for free-flight testing.
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Though not a materials testing capability per se, models
have been devised for free-flight testing which melt during
flight in such a way that heating rates can be deduced. Such
models utilize a thin tapered outer shell fabricated from a
high thermal conductivity metal which melts progressively from
the trailing edge forward, as shown in Fig, 4,17, The relation-
ship of this type of model to materials testing is that flow
phenomenon, which plays a vital role in nosetip performance and
which is manifest in the surface heating distribution, may be
investigated at full-scale Mach numbers and boundary-layer
thicknesses using this technique. Two studies which have been
conducted using this capability have addressed effects of sur-
face roughness and entropy layer swallowing on heating. Such
a model concept could also be adapted to track testing.

Development of other specialized test models will be
initiated in the future as dictated by test requirements.

Figure 4.17 Sequence of laser photographs illustrating
melt line measurement technique.

4.3 FACILITY LIMITATIONS

The facility limitations inherent in aeroballistic range
testing are (1) short test time - which can be increased only
by lengthening the range, and (2) model size limitation imposed
by the diameter of launch tube and track system. Both these
limitations have been addressed in feasibility studies of an
upgraded facility. Launch tube/track diameters of up to 5 in.
and range lengths up to 5,000 ft have been considered. Although
such a new facility would be quite costly, the benefits which
could be obtained may be justifiable. For example, one
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aspect of nosetip testing to which the range is not currently
applicable, and which no other ground test facility can ad-
dress, is that of shape change phenomenology. A factor of
five increase in the present range length would result in

a significant capability in this regard in that sufficient
test time would be available for a nosetip to ablate to a
steady-state shape at a given test condition. This parti-
cular problem is one of much current interest, and inability
to simulate simultaneously levels of Mach number and stag-
nation pressure and enthalpy encountered during reentry pre-
cludes this type of testing in either conventional wind tun-
nels or arc jets.

Another problem area which is encountered in aeroballistic
range testing is frequency of model failure during launch. For
types of models which have not been tested extensively, failure
rates of up to 50 percent may be experienced. In addition to
loss of data, such failures may result in damage to either the
launch tube or track, or both. However, models which have been
tested extensively frequently exceed 90-percent reliability.

In addition, welding techniques have been developed by which
launch tubes and track sections may be satisfactorily repaired
without disassembly. Other facility problems peculiar to the
track installation have not been fully assessed because of

the limited operational experience which has been accumulated
at this time.

44 FUTURE CAPABILITY

The Range G materials testing capability is continually
being upgraded for future testing in all areas. Developed
models are available to meet currently anticipated test re-
quirements, and improvements in this regard are expected to
result in refinements to existing designs. Some activity
is expected in the near future in support of asymmetric
nosetip technology, and development of appropriate model
types will require a fairly radical departure from current
design types., Therefore, this development work is expected
to be a difficult task.

In the area of erosive field generation, some interest
in cirrus ice has been received from test sponsors. A tech-
nology base for generation of cirrus ice environments which
closely simulates the particles encountered in the natural
environment is currently under development. It is anticipated
that this capability will be available for application to
track testing in the near future.
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In the area of instrumentation, the materials testing
capability is being upgraded by development of new pyrometry
systems with a lower temperature threshold. This capability
is particularly important in boundary-layer transition tests
where two of the important parameters are surface roughness
and wall temperature. Nosetips for such tests are typically
preablated in a high-enthalpy arc jet to simulate the sur-
face condition produced during the high-altitude laminar
flow portion of a reentry trajectory. It is important in
testing this preablated ballistic range model that transi-
tion data be obtained before the known surface roughness
is altered by subsequent ablation processes. This requires
that such data be obtained as early in flight as is practical
- which is equivalent to saying at as low a temperature as
is possible. In addition, it is now known that, in the pres-
ence of surface roughnesses characteristic of graphltlc ma-
terials, wall temperature has a stabilizing effect on the
boundary layer. To fully characterize this phenomenon re-
quires measurements over as wide a temperature range as can
be achieved.

Other areas where new or additional capability may be
profitably developed will be pursued as future trends as
materials testing requirements emerge.

45 CONCLUDING REMARKS

Hypervelocity Range G incorporates state-of-the-art
hyperballistic range technology. It retains the range
capability of simultaneously duplicating velocity, pressure,
and enthalpy corresponding to a point on the reentry tra-
jectory. 1In addition, its fixed trajectory capability per-
mits improved characterization of the encountered particulates
and high resolution in-flight photography. Model recovery is
a characteristic of great significance since postest material
analyses hold the promise of providing insight into ablation/
erosion mechanisms,

These facility characteristics of (1) real life test
conditions, plus (2) realistic and well-characterized erosive
fields, plus (3) accurate in-flight measurements, plus (4)
posttest model examination represent a significant ground
test simulation capability. Hypervelocity Range/Track G
provides cost effective solutuions to numerous present and
future problems in the reentry physics field.
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5.0 HIGH-ENTHALPY ABLATION TEST (HEAT) FACILITY

Reentry vehicles for ballistic missile systems commonly
employ a covering of ablative material for heat protection.
The nosetip of the vehicle is normally a spherically blunted
cone in shape and is subjected to a much higher heating rate
than the rest of the vehicle. The heating rate on nosetips
increases with increasing reentry velocity and velocity at
impact. This is the natural direction of performance evo-
lution of ballistic missiles. There is a continuous devel-
opment effort to provide better materials for nosetips.
Ground test facilities are required to evaluate the perfor-
mance of these materials in a timely and economical manner.
Unfortunately, the performance of missiles has continuously
outpaced the performance of the test facilities. No existing
facility can duplicate simultaneously the enthalpy and pres-
sure conditions encountered in flight by current reentry ve-
hicles, and this defficiency becomes even greater for the
vehicles under development for the future.

Arc-heated test facilities were first operated at the
Arnold Engineering Development Center (AEDC) in 1962, The
purpose of these facilities was to investigate nozzle throat
cooling techniques applicable to large arc facilities. The
original arc heater was an N4000 obtained from the Linde
Company. The operating conditions of this heater were 37-atm
chamber pressure and an energy balance enthalpy of 2,700
Btu/1b.

In mid-1966, the heater was combined with a multiple-
position model injection system and data recording equipment
to permit its use for ablation testing of RV nosetips and
heat shields. Continuous studies and investigations have
been made at AEDC to improve the arc-heater performance, and
thereby the testing capabilities of the ablation facility.
This improved arc heater has been moved to the second test
leg of the High-Enthalpy Ablation Test (HEAT) Facility, and
its performance has been upgraded to deliver more power to
the airflow (Fig, 5,1). The first test leg of the HEAT
Facility uses a large high-powered segmented arc heater as
the heat and pressure source, thereby allowing testing in
large test flows at very high enthalpies,
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Figure 5.1 Layout of the AEDC high-temperature laboratory.

5.1 TYPES OF TESTING

A facility with the capability of HEAT operating on
pure air can do many types of tests. Also, the addition of
the second test leg (H-2) to the high-performance capability
of the primary test leg (H-1) adds versatility that no other
facility has. The model injection systems are similar, and
the models are designed so that one can operate on either
test leg.

The more standard tests that can be accomplished in
these facilities are the ablation tests which require shape
change, recession rate, and reentry simulation by model
ramping. The facilities also are very amenable to transpi-
ration-cooled nosetip testing. Either of the two test legs
of HEAT can be equipped with a specially designed particle
injection system and nozzle so that simultaneous ablation
and erosion can be applied to the test articles. This sys-
tem has been tested and is operational. A special test
technique is available where models are exposed to ablation
for a short time, thereby preconditioning nosetips that are
later fired in the AEDC hypervelocity gun range.

Other types of testing are available but require three
to four months lead time to fabricate. Some of these are:
real time variation of model angle of attack during ablation,
real time variation of model spin rate, sidewall testing of
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either curved or flat walls, and large model testing in a
coaxial shrouded flow of hot core flow and cold surrounding
airflow. In the not too distant future, the facility will

be upgraded to "fly" a reentry pressure-heat transfer profile
in real time. The arc heaters will be continually upgraded
in performance and versatility.

5.2 FACILITY DESCRIPTION

The HEAT Facility has two test legs. The main test leg
will be used for ablation and combined ablation/erosion
testing. The second will be used primarily for facility-
oriented research and development. Both test legs share the
same basic utilities including the d-c power supply capable
of 40- to 60-MW output for several minutes. The air system
can provide air at pressures up to 270 atm and flow rates up
to 90 1lbm/sec. The main test leg (H-1l) utilizes a segmented
arc heater scaled from the AEDC prototype segmented arc
heater. This prototype heater has demonstrated that bulk
enthalpy of the effluent stream will vary from approximately
8,500 Btu/lbm at a heater pressure of 25 atm to 4,000 Btu/lbm
at 150 atm. The enthalpy profiles at the nozzle exit will
be essentially flat in contrast to the peaked profiles char-
acteristic of the Huels-type arc heater. The second test leg
(H-2) is equipped with a nominal 12-MW Linde heater (Huels
arc) for facility-oriented research, as a test bed for
advanced arc-heater designs, and ablation tests. An aerial
photograph of the HEAT Complex is shown in Fig. 5.2, and a
facility schematic is shown in Fig. 5.3. Figure 5.4 is a
photograph of H-1 showing relative location of components.

High

Temperature "
v Laboralol

Figure 5.2 Aerial photograph of HEAT Facility.
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Figure 5.3 Schematic of HEAT Facility.

Model

W Control

Figure 5.4 Photograph of HEAT H-1 leg.
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5.2.1 Power Supply

The d-c power supply consists of a three-phase load-
tap-changing transformer feeding a three-phase, full-wave
bridge rectifier. The bridge rectifier consists of over 400
diodes series-paralleled to give a maximum open-circuit
voltage of 50 kv. Maximum rated operating current is 2,000
amp. The maximum design power of the system is 60 MW. The
power supply has a voltage tower for voltage measurements
and inductive current measuring systems.

5.2.2 Water and Air Systems

The facility components are cooled by a closed-loop
demineralized water system which supplies water at pressures
up to 1,500 psi and flows of 1,300 gpm. The water is cooled
by passing it through a tubed heat exchanger cooled by low-
pressure lake water. Water for the arc heater passes through
a distribution manifold to each component to be cooled.

The air system is connected to the VKF/AEDC main high-
pressure air compressor and storage tanks with 8- and 10-in.
piping. Air is stored at pressures up to 3,800 psi and can
be flowed at rates up to 90 lb/sec at the facility. Normal
airflow rates for the arc heaters are 0.5 to 4 lb/sec con-
trolled by regulation and control valves. Airflow rate is
continuously measured by a subsonic venturi and can be
measured by calibrated choked venturis if necessary.

5.2.3 HEAT H-1 Arc Heater

The primary test leg of the HEAT Facility uses a large
segmented arc heater as the wind tunnel (ablation) driver.
This complex arc heater gives a performance 50 percent higher
than conventional Huels arc heaters of equal power. A
sketch of the arc heater is shown in Fig. 5.5 and a photo-
graph in Fig. 5.6. The electrodes are fixed at each end of
the arc heater separated by about 200 electrically floating
segments. The arc heater is usually operated at voltages
in excess of 10,000 v and currents in excess of 1,000 amp.
Heater stagnation pressures of 150 atm can be obtained at
very high stagnation enthalpies.
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Figure 5.5 Sketch of the HEAT (H-1) segmented arc heater.

Figure 5.6 Photograph of HEAT (H-1) segmented
arc heater.
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An air mixing chamber is available to mix cold air with
the arc-heated air if the user requires lower enthalpies and

higher Reynolds numbers.
5.2.4 HEAT H-2 Arc Heater

The second test leg of HEAT uses a conventional Huels-
type of arc heater with cooled copper tubes as electrodes.
These tandum electrodes allow the arc to seek its own length,
hence some low-frequency fluctuations occur in the test flow.
This heater is the same device previously used on the AEDC
5-MW Arc Heater Test Unit except it has been optimized for
15 MW of power input. It is capable of pressures of 180 atm
with small nozzles and 130 atm with large nozzles. A sketch
of the arc heater is shown in Fig. 5.7, and a photograph is
shown in Fig. 5.8.

Heat Shield
Air Injection Ring

Front Shell Seal

Rear Electrode Flange

Tie Rod ) Chamber Pressure
Rear Shell Shield Swirl Chamber
Shell Seal | nsulator

Figure 5.7 Sketch of HEAT (H-2) conventional arc heater.

i

Figure 5.8 Photograph of H-2 arc heater.
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5.2.5 Rotary Model Injection System

Each leg of the facility is equipped with a multiple-
strut, remotely controlled rotary model injection system
(Fig. 5.9). Normally, from one to seven models are posi-
tioned sequentially on the test stream centerline for pre-
set dwell times from 0.5 sec to 5.0 min. The arc-heater
conditions remain essentially constant for all models.
Nearly constant injection velocity is provided during the
index cycle between normal stop positions, and, by using
45-deg offset arms, transient calibration probes can be
swept through the test stream at constant velocity. In
this mode, sweep speeds from approximately 20 to 60 in./sec
can be attained.

X 'Rotary Model g
. [njectlon System_ .

Figure 5.9 Rotary model injection system of HEAT H-1.

The model injection/support system can be operated with
the carriage in a fixed position and with the support struts
rotating in a fixed plane. In this case, the axial position
of each model with respect to the nozzle exit is set by
means of a frictional clamp between the model sting and the
support strut. Model mounting interface and maximum outline
dimensions are shown in Fig. 5.10. The user can either
supply the specimen or entire holder.
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Figure 5.10 HEAT Facility model mounting interface.

The uniform flow regions in high-pressure arc facilities
are limited in size because of power limitations, and the
recession of an ablating model frequently moves the model
out of the uniform flow region. To counter this problem,
the entire model injection system is driven axially with a
servocontrolled drive system to advance the model upstream
at (essentially) the same rate at which it ablates down-
stream, thus holding the model front surface in the uniform
flow field.

A schematic of the model advance system in relation to
the H-2 test unit and a block diagram of the laser control
system are presented in Fig. 5.11. The test unit model ad-
vance system includes a laser beam propagated through the
centerline of the plasma stream and detected by a photocell
sensor. When the laser beam is blocked by the model front
surface to a preset beam percentage null point, a command
signal is sent to the servovalve and hydraulic cylinder to
stop forward movement. When the model recedes approximately
0.002 in. and the laser beam is partially uncovered, the
photocell signals the axial drive system to move forward to
the null point. The model front surface is thereby kept at
virtually a fixed position with respect to a predetermined
test station.
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Figure 5.11 Laser-controlled model advance system.

This same axial drive system can be used to ramp the
model forward in the flow field and simulate reentry. This
system is useful in determining the onset of transition as
the pressure is increasing. Ramp rates of about 0.5 in./sec
are easily accomplished over a 5-in. length.

Control of the entire model injection system is per-
formed using a Digital Equipment Company 1430 controller.
This controller computer allows preprogramming of dwell
times, camera sequences, and ramp rates.

5.2.6 Instrumentation and Data Reduction

5.2.6.1 Test Unit Instrumentation

The arc-heater performance and nozzle cooling loads are
determined from the recorded data and presented to the oper-
ator on-line on a CRT. The water temperature rise through
each component to be cooled is measured using thermocouples
immersed in the cooling water. All flows are measured using
standard turbine flowmeters. Data are amplified before
entering the data system. A wide variety of strain-gage
and piezoelectric crystal pressure transducers are available
for use in the facility.
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5.2.6.2 Data Acquisition and Recording

The two test legs share a common computer-based acqui-
sition system (Fig. 5.12) which is built around a Digital
Equipment Company, DEC 11/45 computer. In the normal or low-
speed data mode, 192 channels are available for facility in-
strumentation. Up to 64 high-speed channels are available
for the requirements of high-response probes. Typical sam-
pling time for these data is 200 psec. All facility data,
such as heater pressures, bulk enthalpy, voltages, current,
and airflow rates, are continually calculated and presented
on a CRT for the user and facility operator to monitor. Any
of these channels and/or the high-speed channels can be
recorded on a high-speed direct-reading oscillograph, All
low~speed data are processed immediately after the run and
printed using a high-speed electrostatic printer. All high-
speed data are processed on the AEDC IBM 370/165 base com—
puter,

64 Channels High-Speed Data
192 Channels Low- Speed Data
{Facility Data) ::;ﬁslfgodzs)
50-KHz System i Z System
192 Channels = 260 samples/sec 1 E’:g‘:ﬂ's; mt:m%'l':;‘l::és
Video Data Display Digital Equipment Corporation ':’;‘a g:rfd
Real Time PDP 11/45
Pressure, Enthalpy .
e ™ M":":':t On-Line Communi Dtl‘5kn+ e
Temperature eletype Dir-Line Lommunicatio 1,300 LPM High-Speed Printer

Immediate Off-Line Data

Pressure, Heat Transfer,

Flow Enthalpy, Abiation
Rate, efc.

Disk Program Communication with
and Data Storage 1BM 370 by Magnetic Tape

Figure 5.12 HEAT Facility computer-based data
acquisition system.

5.2.6.3 Optical Instrumentation

Each of the two cells has three high-speed cameras avail-
able for model data recovery. Supplemental cameras can be
added as required. One of the cameras has the capability to

record 10 digits of data on the film in the margin. Typically,

the test number and run number plus the computer time will
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be input to the camera. Up to six cameras can be prepared
by the model injection system controller to operate at a
predetermined time. A table of photographic equipment is
presented in Table 5.1. High-speed color motion-picture
film is processed at AEDC every morning for viewing by

the user. Copies can be made at AEDC within two days.

Table 5.1 Available Photographic Equipment

Camera | Negative |Framing Rate, | Film, Magazine Number_‘
Type Size Frames/sec | Framesift |Capacity, ft | Available
Hycam 16mm | 6to 10,000 40 400 3
Locam 16mm | 6to500 40 400 4
Locam* lomm | 6to500 40 400 1
Veriton 70 mm 1 3.4 100 6
Cine Special | 16 6 to 60 40 200 3
Millikan 16 60 100 40 400 1
Speedgraphic| 4x5in. | Single --- --- 1
Panasonic** |Television ; 30 71 2,150 3

*Digital Data on Each Frame.
**Slow Motion/Stop Split Screen.

Television cameras monitor the models and facility
during testing for rapid determination of model survivabil-
ity and facility safety. These images are recorded on a
video tape recorder and can be played back using a multi-
speed playback system with stop action.

5.2.6.4 Data Reduction

All data are recorded on magnetic tape and reduced to
engineering units immediately after the test using the fa-
cility minicomputer. Data obtained from flow probes are
reduced and plotted using the AEDC IBM 370/165 computer
with overnight service. Data such as heat flux, flow pres-
sures, enthalpies, surface temperatures, TCNT flow rates,
etc., can be plotted against time and/or probe position.

Feedback from the model injection system axial posi-
tion sensor can be tabulated and/or plotted against time
and recession rate calculated.

5.3 FACILITY PERFORMANCE AND CALIBRATIONS

Both test legs of the HEAT Facility have the capability
to provide high pressures on the test specimen as well as
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being able to generate a severe erosive environment when de-
sired. Either leg can be run an average of once a day depend-
ing on the complexity of the test specimens, Normal run times
are less than 2 min, depending on the user requirements and
severity of the test conditions. The flow contamination resi-
dual (garticles in the flow for a clear air test) is greater on
the H-2 facility because of the nature of the more standard
arc heater. Flow contamination from the HEAT segmented arc
(H-1) is almost nonexistent. The facility normal firing
sequence does not allow for any cold airflow just prior to

the arc firing. Cold flow can be made any time up to 15

min prior to arc firing. There are no provisions for direct
visual observations of the test. All views of the flows are
made with closed-circuit television systems and high-speed
cameras. Both arc heaters could operate on gases other than
air, but the capability currently does not exist at the fa-
cility. On rare occasions during extremely cold weather,

the facility may be curtailed from operating during peak
electrical use times of the day. This rarely happens and

does not preclude operation at a different time of the same
day.

The AEDC has developed a long list of diagnostic tools
for the calibration of the ablation and ablation/erosion
facilities. These probes and diagnostics are available to
the user for any test that involves this facility. A list
of these tools is presented in Table 5.2, and the list will
grow through the ongoing research effort at the AEDC,

Tabhle 5.2 Diagnostic Tools Available to User
to Check Facility Calibration

. \ Direct Nose Setup Lead
Diagnostic Measurement Range Radius, in. | Time, Days
Impact Pressura Probe| Flow Pressure Profile |5 to 100 atm 0.040 0.5
Heat-Transfer Probe | Stagnation Point Heat | 1, 000 to 20, 000 Btu m2-sec | 0.250 0.5
Transfer
Transient Enthalpy Total Enthalpy 500 to 6, 000 Btu/ibm 0.125 1.0
Probe
Pressure Distribution [7-Channel Pressure |1 to 100 atm 0.250 1.0
Probe Distribution Model
Pressure Distrisction {7-Channel Pressure 1to 100 atm 0.500 1.0
Probe Distribution Model
Heat-Transfer Distri- |7-Channel Heat- 200 to 20, 000 Btumz-sec 0.250 10
bution Probe Transfer Distribution
Model
Heat-Transfer Distrl- |7-Channel Heat- 200 to 20, 000 Btu/M-sec 0.500 10
bution Probe Transfer Distribution
Model
Laser Velocimeter Erosion Particle 1, 000 to 8, 000 ft/sec --- 5.0
Velocity
Pyrometer Ablating Surface 1, 500 to 6, 5000F 10
Temperature
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5.3.1 HEAT H-1 Leg

The facility has at present (Fall 1977) undergomne a
partial calibration at high arc-heater pressures. All per-
formance information that will be presented here is calcu-
lated except where experimental calibrations are noted.
Table 5.3 shows a list of nozzles including size, pressure,
enthalpy, and Mach number available for use in this test
leg, The M = 2 (0.85 in.) and the M = 2,65 (1.40 in,)
nozzles have undergone primary calibration and are ex-
pected to be typical of all nozzles.

Table 5.3 HEAT H-1 Available Nozzles

Throat Diameter, | Exit Diameter, Exit | Model Pressure | Maximum Arc Pressure-Enthalpy Erosion Particle
in, in. Mach Arc Pressure (Flow Enthalpy)*® Velocity, ftisec

0.625 0.770 1.80 0. 800 120 to 3, 10047, 0001

0.625 0.850 2.00 0.700 120 to 3, 10047, 000I

0.625 0.850 1.8 0.773 120 to 3, 10017, 0OD) 5, 4000140 u ), 6, 80075 1)
0.625 1.120 2.50 0.461 120 to 3, 100(7, 000!

0.625 1.600 3.00 0.282 120 to 3, 100(7, 000}

0.700 1.400 2.65 0.400 120 to 3, 100(7, 000)

0.700 1.400 2.52 0.416 120 to 3, 100(7. 000! 5, 800140 ), 7, 000(75 u )
0,900 1.350 1 80 0. 900 120 to 2, 000

*Inferred from Pressure and Heat-Transfer Measurements Using Laminar
Heating Relationships

**Flared

Figure 5.13 shows typical pressure profiles and heat-
transfer profiles of the flow from the Mach 2 nozzle.
Note that these profiles are replots of computer plotted
data with no smoothing applied and still show no significant
peaking even at high pressure, The profiles at the 70-atm
case are typical of 20 profiles taken at this condition.
These data are for nominal half-power conditions of the fa-
cility and should be considered lower limits of heat-transfer
rates that can be obtained without mixing cold air with the
arc flow. The heater has a mixer available which allows cold
air to be mixed with the heater air, resulting in a lower
enthalpy, higher Reynolds number flow.
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Figure 5.13 Typical calibration results for

5.3.2 HEAT H-2 Leg

HEAT (H-1) Facility.

This test leg of the HEAT Facility has the same capa-
bility of the AEDC 5-MW Facility plus the ability of using

all the nozzles that H-1 uses.

The main difference is that

the enthalpy of H-2 is lower than H-1 because of the dif-

ference in the arc heaters.

Table 5.4 shows a list of noz-

zles including size, pressure, enthalpy, and Mach number
available for use in this test leg.

Table 5.4 HEAT H-2 Available Nozzles
Throat Diameter, l Exit Diameter, Exit Model Pressure | Maximum Arc Pressure-Enthalpy Erosion Particle
in, in, Mach Arc Pressure {Flow Enthalpy)* Velocity, ftisec
0.375 0,428 1.60 0.889 160 to 2, 400¢4, 000)
0.375 0. 465 180 0.880 160 to 2, 400(4, 000)
0.375 0.518 2.00 0.700 160 to 2, 400(4, 000}
0.375 0.617 2.30 0.551 160 to 2, 400(4, 000}
0.500 0.570 1.60 0.889 160 to 2, 600(4, 400)
0.625 0.770 1.80 0.800 120 to 2, 300(3, 900)
0.625 0.850 2.00 0.700 120 to 2, 300(3, 900)
0.625 0. 850 1.80 0.773 120 to 2, 300(3, 900} 5,100(140 1), 6, 00075 )
0. 625 1.120 2.50 0.461 120 to 2, 300(3, 900)
0.625 1.600 3.00 0.282 120 to 2, 300(3, 900)
0.700 1.400 2.65 0. 400 120 to 2, 300(3, 900)
0.700 1.400 2,52 0.416 120 to 2, 30013, 900) 5,350(140 p ), 6, 300(75 )
0.750 0.800 1.30= 0.978 100 to 2, 300¢3, 900)
0.750 1.800 320 0.230 100 to 2, 300(3, 900)

*Inferred from Pressure and Heat-Transfer Measurements Using

Lami nar Heating Relationships

**Conical Nozzle
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Many tests run in this facility use very large wedge
or hemisphere models which require testing in the flow
plume. Figure 5.14 is a descriptive sketch of the flow show-
ing the plume size, flow angularity in the plume, and Mach
number distribution for an M = 2 nozzle using a 0.375-in.
throat. Figures 5.15 and 5.16 show the distribution of impact
pressure and stagnation point heat transfer in the expanded

plume. Test Position in
/ Expanded Jet
Normal Test - Jet Boundary
Position-.. e ———

{1n Nozzle Rhombus)

Radial Profiles
atX-15%in,
| , JJ
4 5 10
g 05
£ _ 0 5 0 15 30
E Longitudinal Mach Mach No..  Flow Angle, o
z4 Number Distribution M
3
g 2 h I i J
0 1 2 3 4 5
X, in
Figure 5.14 Descriptive sketch of plume from HEAT (H-2).
08—
Pl [~ '\\‘
B Method of Characteristics
— # Solution for Plume:
- P = 167 atm
& T, = 6,4809R = 3,600%
010 — H, = 2, 040 Btu/lbm
— =12
Figure 5.15 Impact pressure distribution N Machpl()):s:tanocatwn
in plume from M = 2 nozzle. - 50
- po: HOB.
- Sym atm Bluflb
— o M3 2213 100
| o M 214
o 1716 2,452
a 167 1,94 150
0.01}— d 101 2,392 20
[ 0 116 2461 'S
— ¢ 8 210
ool 1l 1 N gl
0.10 1.0 10

Distance from Nozzle Exit, in.
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10, 000
1.7 x Laminar
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y

Velocity Gradient
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& B Hg = 2, 200 Btu/lbm
g2 [ Po Hop, Ry=0.5in
£ 0T Sym atm Blulb _ Experimental Data Corrected to
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"F o s 21m "
L. & 167 1,964 % Laminar Theory
- d 101 2,3 Based on Method of
L I 103 2100 Characteristics Plume
) 80 2,100 Solution Plus Fay/Riddell
3m i L J | L L1 11l 1 1 1 et
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Distance from Nozzle Exit, in.
Figure 5.16 Stagnation point heat transfer
in plume from M = 2 nozzle.

5.3.3 Ablation/Erosion Capability

Both legs of the HEAT Facility have the capability of
graphite particle injection and acceleration for ablation/
erosion testing. This unique capability is accomplished by
injecting various size graphite particles in a chamber just
upstream of the nozzle and allowing them to drag-accelerate
to hypersonic velocities. There are two systems available
for particle injection (Fig. 5.17), each with a different
range of particle flow rate. The particle/binder rod system
provides positive control of the rate of low flows up to 6
gm/sec. The other system provides particle flow rates by
dust injection of flow rates up to 60 gm/sec. There are
two nozzles currently available for particle acceleration.
The smaller one is a nominal M = 1.8 nozzle with a 0.85-in.
exit diameter. This nozzle has the advantage of high impact
pressures at fairly high particle velocities. The maximum
pressure and calculated velocities are shown in Fig. 5.18.
The second nozzle is larger but at the sacrifice of model
pressure. This nominal M = 2,52 nozzle has an exit diameter
of 1.4 in. The calculated particle velocities are shown in
Fig. 5.19. Kinetic energy fluxes of the particles have been
calculated for both nozzles for a range of particle velocities
and are shown in Fig. 5.20. Energy fluxes in excess of 3
kw/cm2 have been measured in the facility.

Although all the velocities shown in the figures were
calculated by drag acceleration, AEDC has had considerable
experience in particle velocity measurement in similar fa-
cilities. Figure 5.2]1 shows a comparison of measured versus

93



AEDC-TR-78-3

calculated velocity for various systems using three different

measurement techniques.

A program is planned for verification

of the calculated velocities in the HEAT Facility by direct
measurements, using both high-speed fast shutter photography

and a laser velocimeter.

There is no method available to

measure particle size in the flow field, but the important
parameters, such as kinetic energy flux, can be measured.

Dual Drive Motor

Particle/Binder Rod
/ Acceleration Nozzle
Rotary Model
I njection
System

Low Particle Density System

Regulator

\ Gas Flowmeter
Parti
)

Dividing Tee
Acceleration Nozzle

High Particle Density System

Figure 5.17 Particle injection systems.
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Figure 5.18 Particle velocity versus

bulk enthalpy for arc-
heater pressure of 120
atm and the M = 1.80
nozzle.
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Figure 5.20 Theoretical kinetic energy flux

and ATJ-S graphite erosion rates
for various particle velocities.
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Figure 5.21 Summary of particle velocity measurements
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different facilities; comparison with
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54 FUTURE CAPABILITY

The facility (especially H-1) has great growth potential
in its ability to satisfy the user. Several items of research
are under development which when fully operational will
greatly increase the flexibility and performance of the fa-
cility. The most near term increase in capability will be a
significant power increase when the current is increased.
Ongoing research at AEDC on particle acceleration should
double particle velocities within the next few years, A
better calibration of the particle flow field will result
from development of a particle sizing interferometer. The
facility will be augmented with the capability of prepro-
grammed power and pressure which will allow a test specimen
to "fly" a trajectory with nearly full simulation of pressure
and heat transfer in real time.

Long-term future capabilities lie in increased arc-heater
pressures, i.e., increased model pressure and higher power
operation. Both of these items will also result in larger
flow diameters. At present, the AEDC power distribution
system will support a d-c power supply of up to 200 MW. By
1982, this will increase to about 500 MW,

96



6.0 DUST EROSION TUNNEL (DET)

6.1 Typesof Testing ... ........... 99
6.2 Facility Description ... ......... 101
6.3 Facility Perfformance .. ......... 104
64 FutureCapability ............. 114

97

AEDC-TR-78-3




AEDC-TR-78-3
6.0 DUST EROSION TUNNEL (DET)

Ballistic or other missiles flying at high velocities
near the earth's surface may be required to traverse dust
clouds formed by surface bursts of nuclear weapons. Dust
erosion of heat shields, fins of various kinds, antennas,
and windows or other items in subsurface cavities will occur
during the penetration of such dust clouds. Natural snow and
rain, and water/ice formed by the rapid expansion of nuclear
fireballs also pose erosion problems. The phenomenological
bases of particle erosion are not completely understood, and
there are large undocumented gaps in some flight regions where
empirical correlations could be formulated for use in practical
design problens.

The AEDC Dust Erosion Tunnel (DET) was the first tunnel
designed specifically to drag-accelerate solid particles to
velocities greater than 5,000 ft/sec on a continuous (>5 min)
basis. A feasibility study on the use of an existing electric
arc heater for the DET driver was concluded affirmatively in
calendar year 1970 at AEDC. Subsequent to the conclusion of
the feasibility study, USAF/AFSC-SAMSO contracted with the
Boeing Company to design and fabricate a dust tunnel to be
installed and operated at AEDC. The first shipment of tunnel
components arrived at AEDC May 3, 1971; installation was
completed on May 30, 1971: shakedown tests were completed
June 18, 1971; and calibration of the tunnel, highlighted by
the use of laser holography for dustfield characterization,
was begun June 21, 1971, and extended into calendar year 1972.
Concurrent with the tunnel calibration, the first test series
was completed during the period November 30, 1971, through
April 7, 1972. This first test series, sponsored by SAMSO,
involved a study of the ignition and combustion of titanium,
first observed during a sled track test at Holloman Air Force
Base. From the conclusion of this test until the present time,
the DET has been used to investigate the erosion resistance of
a wide spectrum of materials, ranging from graphite through
carbon-carbon composites and from beryllium through titanium.

6.1 TYPES OF TESTING

Historically and primarily, the DET has been used to
document tne effects of high-velocity solid particle impacts
on a wide variety of materials. The tunnel was specifically
designed as a particle drag-accelerator, using a shallow-
expansion-angle nozzle 207 in. (17.25 ft) in length for simu-
lation of a point on the ascent trajectory of an ICBM. Since
this long nozzle was of sectional construction, and since
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requests for testing at off-design Mach and Reynolds numbers
began to arise, tests were run with nozzle lengths of 127.5
and 75 in. to exploit the built-in capabilities for the
expansion of the range of these variables.

Model geometries for erosion testing have varied greatly;
e.g., thin-walled hemispheres from 1- to 3-in. diameter; spher-
ically blunted cones, thin-walled, with 1- and 3-in.-diam
spheres joined to 18-deg half-angle cones having base diameters
of 2 and 6 in., respectively; flat-faced cylinders or thin
disks ranging from 1 to 3 in. in diameter; material samples
attached to wedge holders ranging up to 20 deg; and a solid
2-in,-diam hemisphere with a 1/16-in.-diam orifice at the
stagnation point, used in a recent test to obtain gas samples
for laboratory analyses. Thin-walled models were instrumented
with thermocouples, and the outputs were used to calculate
heat-transfer rates. Witness bars, plates, and rods of dif-
ferent materials have been used for tunnel calibration and
special purposes.

In addition to solid particle erosion testing, other
kinds of tests have been accomplished: e.g., a test where
the effect of surface roughness (caused by particle impacts)
on heat-transfer rates was investigated, taking advantage of
the fact that the core flow of the DET is laminar, while that
in the thick boundary layer is turbulent; a test where the
tunnel was used to supply hypersonic, particle-laden jets for
developmental testing of a laser-powered particle sizing
interferometer with simultaneous velocity-measuring capability;
and a test where water was injected into the tunnel to investi-
gate the effects of the presence of water on the surface
chemistry of a hot titanium hemisphere undergoing erosion,

Interest has been expressed in using the DET to simulate
the effects of an aluminum-laden rocket motor exhaust jet
impinging on an RV surface, for use in the development of an
acoustical particle impact counter, and for use in the develop-
ment of a pressure transducer designed for use on a heat shield
undergoing erosion.

Other possible uses are: development of erosion-resistant
materials for endo-atmospheric, hypersonic aircraft (wind-
shield, leading edge, control surface, radome, or EM window
materials, for example); conditioning, by controlled amounts
of erosion, with attendant roughness, models to be subse-
quently launched in a gun range; and, perhaps, impacting
models continuously with liquid water droplets or snowflakes,
contingent upon the feasibility of such operation. Even
though water has been injected into the tunnel in a recent
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test, there were no means available to characterize the water
field either as to droplet size or velocity. Facility develop-
ment tests structured to generate snowflakes or ice have never
been attempted, primarily because, up to now, they have not
been proposed. There may be a possibility that snow or ice
could be generated by the condensation of injected steam,

when operating the tunnel at minimum or ambient enthalpy.

Higher particle velocities, using air as the carrier gas,
could be obtained by replacing the present tunnel driver with
one that can operate at higher pressures and enthalpies, or
by developing the capability to use helium as the carrier gas.

6.2 FACILITY DESCRIPTION

The AEDC-DET is a hypersonic, continuous-flow (>5 min),
open-circuit facility, designed to drag-accelerate particles
to high velocities., A schematic plan of the tunnel is shown
in Fig. 6.1, power supply not included. Power is supplied

Dust
Particle
Injector Camera

Arc
Heater l———'-_-l-
| —
Nozzle

Ports for Laser
Doppler Velecimeter
and Holography

Test
Cahbin Rofary Model

Positioner

Wi

Figure 6.1 Schematic view of DET.

through a network of 3-phase a-c transformers and converted
to d-c¢ power with a 3-phase, full-wave ignitron rectifier.

* Arc-heater power is regulated by the use of a tap-changing-
under-load transformexr on the a-c side. A resistive ballast
on the d-c side can be used for arc stabilization, if
required. Air is heated to high temperatures by the electric
arc heater, is then ducted through the adapter section and
the dust injection section, and then into the expansion
nozzle. If enthalpies less than about 1,500 Btu/lbm are
required, a mixing section is placed between the adapter and
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dust injection sections to temper the heater effluent. Just
downstream from the plane where the flow exits from the
expansion nozzle into the closed test cabin, a rotary injec-
tion system (see Fig. 6.2) moves the test models into the jet
in a required sequence. Nine model mounting stings are
available, with the tenth being empty for facilitation of
starting the nozzle flow. The test jet is not walled in as
with conventional wind tunnels, and generally, the nozzle
exit flow is slightly overexpanded but with no effect on the
model flow field. After the dust-laden flow impacts the test
model, it exits the cabin through a diffuser and then is
ducted into the ETF exhaust compressors and discharged into
the atmosphere. Tunnel photographs are shown in Fig. 6.3.

Model Positioning System Test Cabin

Tunnel Exit Nozzle ,—Specimen in . Window
/_ Test Position .

J L-Specimen in Stowed Position
“— Indexing Mechanism

Figure 6.2 Test cabin and model positioning system.

a. Heater and expansion nozzle
Figure 6.3 Photographic view of DET.
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High-pressure air to the arc heater and mixing section
is supplied by the high-pressure air pumping system of the VKF.
Cooling water for the arc heater and nozzle liner is supplied
from demineralized and raw water pumping systems.

Dust hoppers pressurized by GNg are used to inject par-
ticulate matter into the hot airstream. Materials used to
simulate dust have been magnesium oxide (50, 100, 650 pym),
silicon carbide (100 pm), and glass spheres (100, 200, 650
wn). Two-micron titanium dioxide was used for an in-house
research program. Laser shadowgraph equipment is also avail-
able but cannot be used concurrently with the laser holograph
since they both must use the same optical window in the test
cabin. One week is required for shadowgraph installation.
High-speed cameras with 400 ft of 16-mm film capacity (16,000
frames) are available, with framing rates up to 10,000 sec~1,
A closed-circuit television system with the screen located in
the DET control room is used for model viewing during a test
run.

A water-cooled pressure probe is available for measuring
pitot pressure. For tunnel enthalpies less than 900 Btu/lbm,
a probe is available for measurement of total temperature.
Model temperatures and pressures can be recorded on magnetic
tape using a 96-channel recorder with signal sampling rates
of 6 msec or less, depending on the number of channels
scanned,

6.3 FACILITY PERFORMANCE

The DET was designed to accelerate solid particles, and
all other requirements were secondary to this purpose.
Table 6.1 is a summary of tunnel aerodynamic conditions for
the three lengths of nozzle used for testing: 75, 127.5,
and 207 in. Included in this table are the nozzle diameters
and wall angles, and velocities for 100-pm MgO particles.
Tunnel conditions are 400, 800, 1,400, and 1,800 Btu/lbm
enthalpy and 1,000 psia, the nominal heater enthalpy operating
range and pressure, respectively. A limited number of test
runs have been made at 500 psia.

To achieve the fullest use of the DET, it is useful to
know the aerodynamic conditions at the various stations.
Table 6.1 shows that the nozzle boundary layers are quite
thick. These data are from boundary-layer calculations by
Dr. A. W, Mayne, Jr., AEDC-VKF, Velocity profiles are shown
in Fig. 6.4, and calculations indicate that the flow at these
stations may be merged. The values of unit Reynolds numbers
in Table 6.1 indicate that the flow at each station is
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Table 6.1 Tunnel Performance at Three Nozzle Stations,
Including 100-um MgO Particle Velocities.

Mol Nozle Station, 75 in. Nezzle Station, 127 5n. Noazzle Station, 207 in.
P 1, 000 1,000 1, 000
hy w0 |0 | 1am | Lew |40 [0 140 [180 (a0 [0 | 140 | 180
M 60 5.8 5.6 55 117 7.1 67 67 LX ] 90 B6 85
Po 28 26 2 22 10.0 13 1.2 9.6 36 38 3.6 32
Re 8006 | 3.006 | 1.6+6 | 1246 | 4.6¢6 | 1.5+46 | 7145 [53+¢5 | 2346 | 8045 | 36+5 | 2 6+5
v 4150 | 595 | 7,765 | 8795 | 42715 | 6,050 | 3,000 |9060 | 4340 | 6,140 | 8125 | 9,210
\Ip 2,100 | 4700 | 5,00 ] 500 | 3,750 | 4550 | 5200 |5480 | 3,750 | 4570 | 5 240 | 5,520
0 43 4 43 4 830 830 8% 830 1534 |15 | 153 | 153
[ 1.61 177 172 1.65 322 3 391 357 600 754 76 1.58
[} 175 L5 175 175 2.5 2.5 2.5 25 25 2.5 25 2.5
—
lQvRy ,SP-CW 54 ' 130 231 ) o 33 } -] 161 196 2 S0 91 113
Nomenclature
Py Tunne! total pressure, psia
hg Energy balance enthalpy, Btuibm
[} Mach number
P Pitot pressure, psia
Re Unit Reynolds number, 1/ft
v Gas velocity, ftisec
vp Particle velocity, ft/sec
0 Nozzle diameter. in
[ Boundary-layer thickness, in
[] Nozzle wall angle. deg
qufy) Sphere stagnation point, cod-wall (540°R}, clear awr heat-transfer rate, 18tu- VT wiht-sec),
SPCW  feom Fay-Rlddel theory SAsasured values will lie within +15 percent of 1hese values
10 03 Geometric
. | Sta. 75 Nozzle Exit
L Sta, in. - Size
75 o 002| !
£ L
1.0 g
= 0.0
= g
1215 g ol a1y
1.0 © . 1
a , 012 [
3 <4
207 w 0.008
0.81 =
R 0. 004
. | I . |
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hg = 1. 800 Blu/ibm ar
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Figure 6.4 Typical velocity profiles

for three nozzle lengths.
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Figure 6.5 Pitot pressure profiles and
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turbulent; however, stagnation point heat-transfer measure-
ments made on hemispheres placed on the tunnel centerline
show that the core flow is laminar. The Table 6.1 values of
heat=-transfer rate o the stagnation point of a cold-walled
hemisphere with a 1.0=in. radius were calculated using the
Fay-Riddell theory, and past experience has shown that 95
percent of the measurements lie within *15 percent of these
values. As the boundary layer is traversed, the effects of
turbulence are in evidence; this conclusion was reached by
examining power spectral density plots from dynamic pressure
measurements made in the boundary layer which exhibited the
high-frequency roll-off associated with turbulent flows.

Pitot pressure profiles made during the tunnel calibra-
tion and shownh in Fig. 6.5 indicate reasonably uniform core
flow diameters of about 7, 4, and 1.6 in. for the 207-,
127.5-, and 75-in., nozzles, respectively. Also, the temper-
ature profile for station 207 shows reasonable uniformity.

To date, the majority of the erosion tests have used
mainly magnesium oxide (MgO) as the erosion agent in the
100-pm (nominal) particle size. A few test runs have used
50- and 650-pm MgO; several test runs in the early
tests used 100-, 200-, and 650-ym glass beads; and two rumns
were made with 100-ym silicon carbide (SiC). Several runs
were made during an in-house research project with 2-pm
titanium dioxide, but no holograph documentation was obtained
because the optics of the existing system establish a lower
size resolution limit of about 30 ym. The system optics
could be reworked so that particles as small as 10 ym could
be seen, but this would probably require several months time
plus funds for the design, fabrication, and checkout work
involved.

Nominal 100-pym MgO dust as obtained from the supplier
has been found to have a size spectrum of 10 to 200 ym, with
90 to 95 percent of the particles being in the 100 to 200
range. Figure 6.6 shows typical radial profiles of particle
velocity obtained from double-pulse holograms at station 207
for nominal 100-pym dust. The sizes observed range from 20 to
190 ym shown in AD,'s of 20 ym. The profiles are fairly
uniform over the 7-in. core, and the cloud centerline is very
nearly coincident with the tunnel centerline. Centerline
particle velocities range from about 5,000 ft/sec for the
150- to 190-ym bin to about 6,600 ft/sec for the 20- to 40-ym
bin. The distributions are parabolic, showing the influence
of the gas velocity profiles shown in Fig. 6.4. Also shown
in Fig. 6.6 is the radial distribution of particle number
density, which is seen to be uniform over the 7-in. core.

The core value shown §epresents an average number density of
about 0.5 particle/cm”. Dust particle concentrations are
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Figure 6.6 Velocity and number density profiles,
station 207, nominal 100-um, MgO
particles.

customarily specified by a concentration factor_ (C.F.) which
is equal to the dust spatial density, pg (gm/cm3) multiplied
by 108. With the present dust injection system a C.F. range
of approximately 10 to 100 can be set with uncertainties
ranging from about +50 percent at C.F. of 10 to +20 percent

at C.F. = 100. For 100-ym MgO particles (Fig. 6.7), C.F. = 10
corresponds to a number density of about 5.34_x 10—2 particles/
em, C.F. = 100 corresponds to about 5.3 x 10-1, and

C.F. = 1,000 to 5.3 particles/cm3. Figure 6.8 shows the
particle material mass flow rate required for a given C.F. and
enthalpy, for 100-ym MgO and tunnel p, = 1,000 psia. The data
were calculated using the laser holographic information
obtained during tunnel calibration. If the dust system could
sustain a flow rate of 100 gm/sec of 100-pym MgO dust, then the
C.F. range at station 207 would be 10 to 100, and that at
station 127.5 would be 10 to 350. Extrapolating these results
to station 75 gives a C.F. range at that location of about

10 to 1,000. The use of dust materials greater than 100 pym

in diameter and composed of materials other than glass, SiC,
or MgO would require additional dust cloud callbration.
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Particle velocity as a function of tunnel stagnation
pressure, stagnation enthalpy, and particle diameter is
presented in Fig. 6.9, for spherical MgO particles at
stations 75, 127.5, and 207. The calculated data shown were
obtained by use of a computer code which calculates the
boundary-layer growth on the nozzle surface and then inte-
grates the drag equation for particles accelerated in the
core flow, making use of the best sphere drag data available.
The particle flow is assumed to have no effect on the gas
dynamics. For a given enthalpy, increasing the pressure
from 500 to 1,000 psia results in a substantial increase in
particle velocity. No particle velocity calibration has been
done at station 75; however, measurements using double-pulsed
laser holography have been made at stations 127.5 and 207.
Measured velocities are 0 to 8 percent higher than calculated
at the 207-in. station and up to 12 percent higher at the
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Figure 6.9 Particle velocity versus enthalpy
envelopes for p, = 1,000 psia and
500 psia.
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127.5-in. station, probably because the particles are
irregular rather than spherical solids. Comnsequently, the
actual drag coefficients are different from those used in

the computer code, and apparently higher in value. Figure
6.10 shows that 95 percent of the particle acceleration has
been accomplished when the particles arrive at station 127.5.
A test model could be moved from station 207 to station 127.5
with no great loss in dust velocity, but values of Reynolds
number and convective clear air heat-transfer rate would
increase, and test stream diameter would decrease.

hg.
5,500 - 100-um MgO Btu/lbm
Po = 1.000 psia 1,600

Calculated Data

5,000 -

// l'zm
. 4,500

Particle Velocity, Vp ft/sec
o~
T
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3' 1 L | 1 1
00060 8 100 120 140 160 180 200 20

Nozzle Station, in.

Figure 6.10 Particle velocity versus nozzle
station and enthalpy, p, =
1,000 psia, MgO particles.

Comprehensive blockage tests to determine allowable model
sizes at various nozzle stations have not been made. Diameters
of blunt, axially symmetric models which have been run, how-
ever, are given in Fig. 6.11, as well as probable limits
inferred for two basic model shapes. If it is desired to test
a model larger than heretofore run or a substantially different
shape, a simple test run to determine blockage on a dummy model
of the required characteristics should be made. Four-inch=-
wide wedge model holders (Fig. 6.12) with a 30-deg total angle
(two 15-deg angles) have been used at station 207 only, but it
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is believed that they could also be used at stations 127.5
and 75. If their use at these stations were required, a
test run could be made to determine feasibility.

Probable Base Diameter Limit,

18-deq Half-Angle Cones, Blunt 207
Nose Diameter = 1/2 Base Diameter
. | s Probable Limit for
£ i ﬂ““l Hemisphere Models
3 e ‘ .
s Sta. 75 +\
a | Actual Tests
=1 1 ]
oyl | | |
E [~ o ' )
n 1 ! 1 ! 1 1 1 J
0 50 100 150 200 250

Tunnel Axial Station, in.

Figure 6.11 Allowable diameters of axially
symmetric models for no blockage.
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Figure 6.12 Watercooled wedge model holder.

Model holders for various model geometries are available.
Generally speaking, these holders can be modified to accom-
modate models not radically different from those used in past
tests. Hemispheres of 1-, 2-, and 3-in. diameters, disks
mounted on wedge holders, and also 90 deg to the flow have
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been used in the past. A typical holder for a hemisphere
model is shown in Fig. 6.13. This holder was designed for

Drill a nd Tap 3 Equally .

Spaced Holes for 2-56 Dritl and Tap 0.5-in. Hole for 10-32 Screw

Screw
0.20
__\,_|f/ L

0.0625 250
1.915 \\\\() |
-t == C b
""""" \\\\ %%%E;: ; [::uﬁ
0.04 — . \\\‘- N—R.0375

0.8 —= ~ < 1.0 >+ 1.0 =

All Dimensions In | nches

Figure 6.13 Sketch of modsel holder for
2-in.-diam hemisphere models.

a 2=in.-diam hemisphere with a 0.040-in. wall. The off-axis
0.375=-in. hole is for routing the back sidewall thermo-
couple leads. Hemisphere models are made with a 0.25-in.
cylindrical skirt to facilitate mounting on the 0.20-in. 1lip
projection using three equally spaced screws. Fifteen wedge
model holders are available, and a typical one with its two
surfaces inclined 15 deg to the flow is shown in Fig. 6.12.
The leading edge is water cooled and the trapezoidal piece
which holds the circular sample is uncooled. This piece
could be modified to accommodate other than disk-shaped
samples. The wedge holders have angles as follows:

Angles, deg No. of Holders

9-9
6-12
2-15
15-15
4-20

WWWwww

Shims can be used to provide angles intermediate to the ones
given.

The model injection system is integrated with the dust
injection system through a remotely operated valve and timer
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controls. A dust, no-dust schedule for up to nine models
can be preprogrammed and executed automatically, with dusting
periods up to 30 sec for each model.

6.4 FUTURE CAPABILITY

The DET was designed and operated initially as a
single-purpose test facility. There has already been an
exploitation of test capability beyond the original design.
Depending on missile and aircraft mission requirements,
there is no doubt that the DET could have a greatly expanded
utility. A segmented arc heater is now undergoing develop-
ment at AEDC which has the possible capability of operation
at 150 atm and 4,000 Btu/1bm. Analytical methods for nozzle
optimization have been developed that could lead to shorter
nozzles with thinner boundary layers, Mach numbers greater
than 10, test section jet diameters of 20 to 30 percent
greater size, and, in conjunction with the improved heater,
particle velocities up to 7,000 ft/sec. The availability of
modern data acquisition systems and microprocessors for
control purposes would greatly enhance the data handling and
delivery to test users.

Liquid water was injected into the tunnel in a recent
test, with the purpose of documenting the effects of water
on the surface chemistry of a hot, eroding titanium hemi-
sphere. For this exploratory test, adequate instruments
were not available to characterize the water field, but model
temperature responses indicated that the injected water
survived the acceleration process in liquid droplet form for
at least some of the reservoir conditions tested. As
previously mentioned, the possibility exists that the DET
could become a continuous water/snow/ice erosion facility,
if the means of supplying these erosive agents could be
developed. The natural condensation of steam in the expan-
sion nozzle is considered to be one method worthy of investi-
gation.
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