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FOREWORD

The work reported herein was sponsored by Headquarters, Arnold
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The results of this calibration were obtained by ARO, Inc. (a sub-
sidiary of Sverdrup & Parcel and Associates, Inc.), contract operator
of AEDC, AFSC, Arnold Air Force Station, Tennessee, under Contract
F40600-69-C-0001. The calibration was conducted on January 26 and 27,
1968, under ARO Project No, PT0748, and the manuscript was submitted
for publication on November 25, 1968.

Information in this report is embargoed under the Department of
State International Traffic in Arms Regulations., This report may be
released to foreign governments by departments or agencies of the
U. S. Government subject to approval of the Arnold Engineering
Development Center (AETS), or higher authority within the Depart-
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Department of State export license. .
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Richard W. Bradley Roy R. Croy, Jr.
Lt Colonel, USAF Colonel, USAF
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ABSTRACT

Tests were conducted in the Propulsion Wind Tunnel, Transonic
(16T) of the Propulsion Wind Tunnel Facility at the Arnold Engineering
Development Center to determine the test section temperature distri-
bution and calibration relationship to a mean nozzle reference tempera-
ture while using a cryogenic cooling system to produce stagnation tem-
peratures from -30 to 30°F, Data were obtained over the Mach number
range 0,20 < M_.< 0.55 for subsynchronous operation and 0,55 £ M_ £ 1.2
for synchronous operation, The temperature deviation in a 6- by 6-ft
core was found to be less than +8°F in the stagnation temperature range
-30°F ¢ T; € 30°F. It was also determined that an offset calibration
factor of -2°F must be applied to the mean nozzle reference temperature
to obtain the average test section temperature in a 6- by 6-ft core.

This document is subject to special export controls
and each transmittal to foreign governments or foreign
nationals may be made only with prior approval of
Arnold Engineering Development Center (AETS),
Arnold Air Force Station, Tennessee 37389.
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SECTION |
INTRODUCTION

The addition of a cryogenic cooling system, in December 1967,
expanded the temperature matching capabilities of the Propulsion
Wind Tunnel Facility Tunnel 16T at the Arnold Engineering Develop-
ment Center (AEDC). A calibration was performed to determine the
extended region of matched temperature and subsequent relationships
between test section temperature and a mean nozzle reference tempera-
ture while using a cryogenic cooling system to produce stagnation tem-
peratures from ~30 to 30°F,

A secondary mission of the calibration was the development of pro-
cedures for subsynchronous operation of the compressor drive to relia-
bly achieve stable operation in the Mach number range 0,2 < M, £ 0.55
for a limited range of test section pressures.

The results of the calibration using the cryogenic cooling system
and subsynchronous operation of the compressor are presented in this
report,

SECTION 1l
APPARATUS

2.1 BASIC TUNNEL AND SUPPORT EQUIPMENT

Tunnel 16T is a continuous flow, closed-circuit tunnel with a Mach
number range from 0,55 to 1,60 while operating the tunnel compressor
in the synchronous mode (600 rpm). The Mach number range can be ex-
tended by operating in a subsynchronous mode (less than 600 rpm). The
tunnel is capable of operating in a stagnation pressure range from approxi-
mately 80 to 4000 psfa. The stagnation temperature range, using water
in the tunnel cooler, extends from approximately 80 to 160°F, depending
on the time of year. This range can be extended, by use of cryogenically
chilled coolant in the tunnel cooler and injection of liquid air into the
tunnel airstream, to approximately -30°F, A structural limitation on
some tunnel components limited the test section temperature to -30°F,

The removable test section is 16 ft square and 40 ft long, A 9-ft
tapered porosity section connects the two-dimensional, solid-plate,
flexible nozzle to the porous wall test section. The test section walls
have 60-deg inclined holes and a porosity of 6 percent. Plenum suction
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for Tunnel 16T is provided by the Plenum Evacuation System (PES),
and additional suction is available by adjustment of movable diffuser
flaps.

The location of Tunnel 16T in the PWT complex is shown in
Fig. 1, Appendix I. The associated cryogenics system is also shown
adjacent to Tunnel 16T in this figure. Detailed information on the tun-
nel can be found in Refs. 1 and 2.

2.2 CRYOGENIC COOLING SYSTEM

The Tunnel 16T cryogenic cooling system is basically composed
of a liquid nitrogen system to chill the mineral spirits for the tunnel
cooler and a liquid air system for direct injection of cryogenics into the
tunnel airstream. A photograph of the liquid air injection spray bars
in the tunnel stilling chamber is presented in Fig. 2. The spray bar
system is removed when this testing capability is not desired, and rein-
stalled upon request.

2.3 TEST APPARATUS

Thermocouples used in the temperature calibration were shielded
copper-constantan aligned with the airstream. The basic dimensions
of a typical thermocouple are given in Fig. 3.

Two thermocouple grids were built for the calibration. Both grids
were constructed by safety-wiring the thermocouples to two sets of
parallel prestressed steel cables located in the nozzle contraction region
and in the test section (Figs. 4 and 5). Two grids were needed to obtain
a test section temperature calibration as a function of the temperature
in the nozzle contraction region. This was necessary because a refer-
ence was needed to enable test conditions to be accurately set in the test
section after the test section thermocouple grid was removed. The geo-
metry of the two grids is shown in Fig. 6. Photographs of the tunnel in-
stallations are shown in Fig. 7.

In addition to the thermocouples, total pressure probes were mounted
on the two thermocouple grids. The pressure probes were made from
0.125-in, -OD by 0. 018-in. -wall stainless steel tubing. One probe was
mounted on the nozzle grid and five were mounted on the test section
grid.

Three electrical counters for measuring compressor speed capable
of measuring one-third rpm per count were located in the compressor
monitoring room, in the compressor control room, and in the 16T con-
trol room,
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SECTION Ih
PROCEDURE

3.1 SUBSYNCHRONOUS OPERATION

The Tunnel 16T compressor is normally operated in a synchro-
nous mode (i.e., compressor speed = 600 rpm). Mach number is
normally set by varying the nozzle contour and by controlling the tunnel
pressure ratio with stator blade adjustment. However, Mach numbers
below 0. 55 are set by employing the basic Mach 1 nozzle contour and by
controlling tunnel pressure ratio (varying the speed of the wound-rotor
induction motors used to drive the compressor). The motor speed can
be accurately controlled to one-third rpm in this subsynchronous mode
which allows Mach numbers in the range 0.2 £ M_ € 0. 55 to be set with
little more difficulty than encountered in normal synchronous operation.

3.2 TEMPERATURE CALIBRATION PROCEDURE

During the temperature calibration, the temperature distribution
at station 12, 2 in the test section was studied as a function of the dis-
tribution at station -64.25 in the nozzle contraction region. The noz-
zle grid shown in Fig, 6a was broken up into two groups of thermo-
couples denoted as Ty 5 and Ty . The test section grid was also
broken up into two gréups to measure temperatures designated as
Tt,1 and Ty » as shown in Fig. 6b. Groups T; ; and Ty , were se-
lected so that thermocouples from both groups would be contained in
approximately the same stream tube.

When a given Mach number and altitude were selected, the corres-
ponding matched temperature was set by passing chilled mineral spirits
through the tunnel cooler and, if necessary, by injecting liquid air into
the tunnel airstream, Once the matched temperature was set, distor-
tion and calibration parameters were determined. Also, the total pres-
sure was studied to see if there was an appreciable pressure change
from the nozzle to the test section.

3.3 DATA REDUCTION PROCEDURE

Data obtained during the calibration were reduced on line using a
‘Raytheon 520 computer and recorded on a line printer in the Tunnel 16T
control room. The data recorded included individual temperature and
pressure readings, temperature and pressure differentials, and aver-
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age temperatures. For monitoring purposes during operation, a cath-
ode ray tube (CRT) was used to display the AT between the mean tem-
peratures and the temperature of the individual thermocouples of a
selected group.

The calibration factor (§) was determined by correlating the
temperature from the permanently installed nozzle grid with the
temperature from the temporary grid in the test section. Tempera-~-
ture values from thermocouple groups Ty , and Ty, ; were used to
obtain this parameter because they represent the temperature of a
6- by 11-ft core in the nozzle and a 6- by 6-ft core in the test section,
respectively. Corrections for Reynolds number and Mach number
effects (Appendix II) were applied to the measured temperatures be-
fore § was determined. The thermocouples of the arrays designated
as Tt,p and T; 9 were used to develop the data presented in Fig. 8.
Thermocouples of the type used in this calibration are generally con-
sidered to have a systematic error of +4°F,

A check made to determine if there was a total pressure loss be-
tween the nozzle and the test section as a result of the installation of
the cryogenic sprays revealed no pressure deviation between Py, and

Pi1s therefore, a pressure correction was not required for data re-
duction. purposes.

SECTION IV
RESULTS AND DISCUSSION

One of the results of primary interest was the temperature cali-
bration parameter linking the nozzle temperature to the test section
temperature. After the thermocouple corrections were applied to the
raw temperature data, the calibration parameter was determined to be
-2°F. Therefore, to obtain a given test section temperature, the nozzle
temperature had to be set two degrees lower than the desired test
section temperature., Temperature could be controlled to within +1°F of
the desired test section temperature.

Temperature profiles illustrating the temperature distribution in
the nozzle and test section in the form of isolines are shown in Fig. 8.
All temperatures have been corrected for Mach number and Reynolds
number effects. The isoline method of presentation was selected be-
cause it provides a means of physically depicting the temperature distri-
bution in the test section and nozzle as a function of T, 1. Deviation in
the temperature profiles of Fig. 8 was found to be less than +8°F for a
6- by 6-ft test section core. Thermocouples on corresponding stream
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tubes in the contraction region produced similar results, thereby
allowing a nearly one-to-one correlation to be made while testing
without the test section thermocouple grid.

Installation of the cryogenics system extended the testing capa-
bility of the PWT Tunnel 16T. Regions of matched temperature for
standard day conditions are presented in the operating envelope of
Fig. 9. The limits indicated for temperature matching are governed
by exhauster capacity for synchronous operation and power limits of
the wound rotor induction motors for subsynchronous operation. Sub-
synchronous operation may be time limited by the heat capacity of the
liquid rheostats used to control the wound-rotor induction motors.

The normal operating envelope of Tunnel 16T (Ref. 1) extends
from 0.2 £ M_ £ 1,6. However, since Fig., 9 was designed to illus-
trate the temperature matching capabilities created by the cryogenics
system, the Mach number range was not extended beyond the region
for which extrapolation of data was considered reasonable,

The Reynolds number envelope for the extended matched tempera-
ture range is presented in Fig. 10,

SECTION VY
CONCLUSIONS

The following conclusions were made after temperature calibration
of the PWT Tunnel 16T with the cryogenic cooling system installed:

1. A temperature calibration factor of § = -2°F must be applied
to the nozzle temperature to obtain the correct test section
temperature.

2, The temperature deviation in the test section was less than
+8°F for a 6- by 6-ft core. An approximate one-to-one corre-
lation was found to exist between the test section temperature
deviation and the deviation of the temperatures in the nozzle
contraction region so that the nozzle parameter could be used
to predict test section conditions when testing without the test
section thermocouple grid,

3. Temperature control can be held within +1°F of the desired test
section temperature.

4. Subsynchronous operation of Tunnel 16T is feasible and produc-
tive.
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Fig. 2 Liquid Air Injection Spray Bars in Tunnel 16T Stilling Chamber
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APPENDIX Il
THERMOCOUPLE CORRECTIONS

It has been established that corrections should be applied to
thermocouple data for Mach number and Reynolds number (Re) ef-
fects on thermocouple geometry. Correction factors are discussed
at length in Ref. 3 for Chromel®-Alumel® thermocouples. However,
since the physical geometry of the subject thermocouples is similar
to probe number 6 in Ref. 3, and the corrections are a function of
M, and Re and not the type of thermocouple wire used, these correc-

tions can be validly applied to the copper-constantan thermocouples
used in this study.

To establish and apply the corrections, define:

T,-T
A= — 8 II-1
T,
where T, = True total temperature, °R
T_ = Measured gas temperature. °R
A = A (M_, Re) recovery factor

Before the corrections can be applied to the thermocouples, a
reference recovery-correction factor, Ay, must be established. This
was provided in Ref. 3 and is shown in Fig. II-1. Having established
A, for the probe, A is directly available from Fig. II-2, also extracted-
from Ref. 3. Solving Eq. (II-1) for Ty yields the true total temperature
of the gas as a function of measured gas temperature and recovery factor.

25



AEDC-TR-69-2

REFERENCE RECOVERY

0.010
[ -]
[ - |

g- 0.008
[t

E 0.006
3
(&)
o

€ 0002
[ & ]

0

0.2

0.4 0.6 0.8 1.0
MACH NUMBER, M

Fig. I1-1 Reference Recovery-Correction Factor as ¢ Function of Mach Number

&

\

S

L\ ——— EXTRAPOLATED

| 1

N\

N\

N

\
\\Lr

RECOVERY CORRECTION FACTOR RATIO, T‘;
o

4 8 2 18 20
TOTAL PRESSURE, pefa x 10~2

Fig. 11-2 Recovery-Correction Factor Ratio versus Total Pres_sqre

26

24



UNCLASSIFIED
. Security Classification
DOCUMENT CONTROL DATA-R&D

(Security clasallication of title, body of abatract and indexing annotation must be entered when the overall re,
1. ORIGINATING ACTIVITY (Corporate author) 28. REPORT SECURITY CLASSIFICATION

Arnold Engineering Development Center UNCLASSIFIED
ARO, Inc., Operating Contractor 2b. GROUP

Arnold Air Force Station, Tennessee 37389 N/A

e

8'; REPORT TITLE
TEST SECTION TEMPERATURE CALIBRATION OF THE AEDC PWT 16-FT TRANSONIC
TUNNEL AT STAGNATION TEMPERATURES FROM -30 TO 30°F

4. DESCRIPTIVE NOTES (Type of report and inclusive dates)

Final Report January 26 and 27, 1968

ST———— —
8. AUTHORIS) (First name, middie initial, last name)

G. D. Robson, ARO, Inc.

6. REPORT DATE 7a. TOTAL NO. OF PAGES 7b. NO. OF REFS
February 1969 32 3

%2, CONTRACT OR GRANT NO. %a. ORIGINATOR'S REPORT NUMBERI(S)
F40600-69-C-0001

s AEDC-TR-69-2
"Program Element 31014F

e. 9b. OTHER REPORT NOI(S} fAny other numbere that may be assigned
this report)
a N/A

10 DisTRIBUTION sTATEMENTTRIS document 18 subject to special export controls and
each transmittal to foreign governments or foreign nationals may be made
only with prior approval of Arnold Engineering Development Center
(AETS), Arnold Air Force Station, Tennessee 37389,

1. SUPPLEMENTARY NOTES 12. 8 NSORING MILITARY ACTIVITY
° Arﬁgla ﬁ;gfneering Development
Available in DDC. Center, Air Force Systems Command
Arnold AF Station, Tenn. 37389

p——
13. ABRSTRACT

Tests were conducted in the Propulsion Wind Tunnel, Transonic
(16T) of the Propulsion Wind Tunnel Facility at the Arnold Engineering
Development Center to determine the test section temperature distri-
bution and calibration relationship to a mean nozzle reference tempera-
ture while using a cryogenic cooling system to produce stagnation tem-
peratures from -30 to 30°F, Data were obtained over the Mach .number
range 0.20 $ M, £ 0.55 for subsynchronous operation and 0.55 S M, $ 1.2
for synchronous operation. The temperature deviation in a 6- by 6-ft
core was found to be less than +8°F in the stagnation temperature range
-30°F £ Ty < 30°F. It was also determined that an offset calibration
factor of -20F must be applied to the mean nozzle reference temperature
to obtain the average test section temperature in a 6- by 6-ft core.

This document is subject to special export controls and each transmittal
to foreign governments or foreign nationals may be made only with prior
approval of Arnold Engineering Development Center (AETS), Arnold Air
Force Station, Tennessee 37389,

DD %..1473 UNCLASSIFIED

§ecurity ‘Classification




UNCLASSIFIED

Fecurlty Classification

r LINK A LINK B LINK C
KEY WORDS
ROLE wT ROLE wT ROLE wT
calibration, temperature
wind tunnels
transonic flow
cryogenics
|
|
\
UNCLASSIFIED

Security Classification





