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NOMENCLATURE

ALPBA , ~ Angle of attack, positive pitch up Independent
‘S. of roll angle , deg

DPP—N, z~p Differential static pressure, 40° (included—angle)
p cone probe in pitch plane , paid

DPY—N, ~
p Differen tial static pr essure , 400 (included—angle)

cone probe in yaw plane , paid

rn Tap number, in — 1 ,2,3,4 (see Fig. 2d)

MACH (I NF) , M~ Nominal free stream Mach number

MN S—N Local Mach number

MUINF Free stream viscosity , lb f
_aecfft

2

N Probe number

PCRS—N , p Static pressure—measured , 20° (included—angle)
cone probe , psia

PCRSm—N , p Static pressure—measured , 40° (included—angle)
cone probe , psia

PCRSA—N Average static pressure of probe N, 40° (included—
angle) cone probe , psia

4
PCRSA-N - E PCRSm—N

r n 1

PCRS AV Average static press ure , 20° (included—angle)
cone probe, psia

PCRSAV — Z PCRS—N

PCRSmAV Average static pressure, 40° (included—angle)
cone probe , psia

PCRSISAV — E PCRSin-N

PCRT—N, p
~ 

Pitot pressure—measured , psia

PCRTAV Average pitot pressure , psia

k PCRTAV • E PCRT-N

PHI , $ Roll angle , deg

PINT , p
~, 

Free—stream pressure , ps ia

POP Calcula ted pitot pressure , psia

2
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N-.

PTO , p0 Tunnel stilling chamber , pals

QIN F , q~ Free—stream dynamic pressure , psia

R(Sl) Scan item reading, counts

RE/P T , R e /f t  Reynolds number per foot

RE OINF , p170 Free—stream density , slugs/ft
3

TINF Free—stream temperature, °R

TTO , T0 
Tunnel still ing chamber tempera tur e, °R

U Free—s tream velocity , f t/sec

Xl’ Tunnel position measured from pin A , positive
upstream, Xl’ — 6.60 in.

p.

3 
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j 1.0 INTRODUCTION

The work reported herein was conducted by the Arnold Engineering
Development Center (AEDC) , Air Force Systems Cosmiand (AFSC), under
Program Element 65807F, Control Number 9R04—01—9 , at the request of
AEDC/XRFD, Arnold Air Force Station , Tennessee for the Engine Test
Facility ’s (El’?) APTU projects. The AEDC/XRFD project monitor was
W. L. Sinmione and the ETF/APTU project monitor was W. W. Muse. The
resul ts were ob tained by ARO, Inc., AEDC Division (a Sverdrup Corpora-
tion Company), operating contractor for the AEDC, AFSC , Arnold Air
Force Station , Tennessee. The test was conducted in the von Karman
Gas Dynamics Facility (VXF) , during the period of October 24 to October
26 and November 9, 1978 , under ARO Project No. V41A—53.

The primary objective of this test was to calibrate the APTU free—
jet nozzle calibration rake in a known flow—field environment. Pressure
data were obtained at Mach numbers 1.76, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5,
and 5.0 at a nominal free—stream Reynolds number of 5.0 million per foot.
Data were also obtained at Reynolds numbers of 1.0— and 7.0—million per
foot at Mach number 3.0 to check for the effects of Reynolds number
variation on the calibration. The rake was pitched from —6 to 6 deg In
2—deg increments at roll angles of 0 and —90 deg at each Mach number.
Additionally, data were obtained at zero pitch with roll angle 180 deg
and at each pitch angle at roll angle — 45 deg fo r Mach numbers 3.5
and 4.5.

Inquiries to obtain copies of the test data should be directed to
AEDC/XPSD, Arnold Air Force Station, Tennessee. A microfilm record has
been retained in the VKF at AEDC.

2.0 APPARATUS

2.1 TEST FACILI~~

Tunnel A (Fig. 1) is a continuous, closed—circuit, var iable density
wind tunnel wi th an au tomatically driven flexible—plate—type nozzle and
a 40— by 40—in, teat section. The tunnel can be operated at Mach numbers
from 1.5 to 6 at maximum stagnation pressures from 29 to 200 psia,
respectively, and stagnation temperatures up to 750°R at Mach number 6.
Minimum operating pressures range from about one—tenth to one—twentieth
of the maximum at each Mach number. The tunnel Is equipped with a model
injection system which allows removal of the model from the test section
while the tunnel remains in operation. A description of the tunnel and
airflow calibration information may be found In the Test Facilities
Handbook* .

*Test Facilities Handbook (Tenth Edition). “von Karman Gas Dynamics
Facility Vol. 3.” Arnold Engineering Development center, May 1974.

______________________________________________ - - ~~~~~~~~~~~~~~~~~ ___________
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2.2 TEST ARTICLE

The APTU free—jet  nozzle calibration rake (ARO drawing RR—620150)
is a cruciform arm assembly containing 20 Mach number probes , 9 flow
angularity probes, and 12 total temperature probes. Identification

I .  numbering and radial location for each probe t. described in Figs . 2 and 3.

The Mach number probes are 10—deg (half—angle) cone probes (See
Fig. 2d) containing a pitot pressure tap and four surface—static taps
manifolded together. The flow angularity probes are 20—deg (half—
angle) cone probes (see Fig. 2d) containing a pitot pressure tap and
four surface—static pressure taps with individual pressure tubing .
The pressur. tubing for both the Mach number and flow angularity
probes are 0.064 in. —O.D. stainless steel tubing, approximately 12
ft in length. An additional aix ft of 0.093—in .—0.D. tubing was
silver soldered to the rake tubing, extending the length (~ 18 ft)
to accoemodate the VXF pressure transducers. Measurements from the
12 total temperature probes were not included in this study and hence
no description other than that shown in Figs. 2d and 3 will be provided .

The rake body is constructed of 347 stainless steel; each arm
is 1 .5 in. in width and extends radially 14.72 in.

Hardware for mounting the rake to the VKF model support system
consisted of an adapter and a coupling assembly. The model support
system used in this study was a simple straight sting support. Rake• installation in Tunnel A is shown in Fig. 4.

2.3 TEST INSTRUMENTATION

2.2.1 Test Conditions

• Tunnel A stilling chamber pressure is measured with a 15 , 60, ‘ISO ,
or 300 pale transducer referenced to a near vacuum. Based on periodic
comparisons with secondary standards, the accuracy (a bandwidth which
includes 95 percent of the residuals, i.e. 2a deviation) of these trans-
ducers is estimated to be within ±0.2 percent of pressure or ±0.015
psia , whichever is greater. Stilling chamber temperature is measured
with a copper—constantan thermocouple with an uncertainty of ±3°?.

2.3.2 Teat Data

Pressure measurements from the rake were made using the standard
VU pressure transducer package in Tunnel A which consists of 15—paid
transducers which are referenced to a near vacuum and are calibrated

• at 0.5, 1 , 3, 6, 9, 12. and 15 paid . Based on periodic comparisons
with secondary standards, the accuracy is estimated to be ±0.2 percent
of pressure or ±0.003 psia, whichever is greater.

Model flow—field ahadowgraph photographs were obtained of the rake’s
typical pitch orientation in Tunnel A for each Mach number at zero and
all positive angles of attack (i.e. 0, 2, 4 and 6 deg).

5
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3.0 TEST DESCRIPTION

3.1 TEST CONDITIONS AND PROCEDURES

3.1.1 General

A su ary ~~~ t 
the nominal test conditions at each Mach number is

given below .

p0, pat s T , R q~, psia p~ , psi~t Re /tt x IO 6

1.76 17.0 560 6.82 3.145 “.0
2.00 20.5 7.34 .~.620
2.50 26.1 6.68 1.528
3.01 33.9 5.77 0.909

6.8 1.16 0.182 1.0
4 46.8 7.96 1.2”’~ 7.0

3.51 46.5 580 5.18 0.601 5.0
4.02 52.7 3.82 0.338
4.52 81.0 3.94 0.275
5.05 110.0 640 3.50 0.196

At some test conditions, particularly at subatmospheric stagnation
pressures , the air  humidity level a f f ec t s  the test section Mach number .
The Tunnel A sidewall Mach number probe is used periodically when testing

• at t hes. conditions to monitor deviations from the standard calibrated
Mach numbers. When a deviation is measured, the free—stream conditions
are corrected and the actual Mach number is printed on the data tabula-
tions.

A test suemary shoving all configurations tested and the variables
f or each is presen ted in Table 1.

In the VKF continuous f low wind tunnels (A, B, C), the test article
is mousted on a sting support mechanism in an in s ta l la t ion  tank di rectly
underneath the tunnel teat section. The tank is separated from the
tunnel by a pair of fairing doors and a safety door. When closed, the
fairing doors, excep t for a slot for the pi tch sector , cover the open-
ing to th. tank and the safety door seals the tunnel from the tank
area. Aft.r th. test article is prepared for a data run , the personnel
access door to the installation tank is closed, the tank is vented to
the tunne l fl ow, the saf.ty and fairing doors are opened, the teat article
is injected into the aira tream , and the fairing doors are c losed . Af t e r
the dat a are obtained, the test article is retracted into the tank and
the sequence is reversed with the tank being vented to atmosphere to allow
access to th. test article in preparation for the next run. The sequence
is repeated for •ach configuration change.

Rake attitud . pos itioning and data recording were accomp l ished
with the point—pause mode of operation, using the VKF Model Attitude
Control System (MACS). Rake pitch and roll requirements were entered
into th. controlling computer prior to the test. Rake positioning
operations were performed automatically during th. test by selecting
the list of desired model attitude s and initiating the system .
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3.1.2 Data Acquisition

Pitot and cone static pressure readings wore recorded directly
fro. the VU pressure transducer package described in Section .!.3.2.

• A pressure moni toring system (PMS) is available in the circuit for
observing th. raw counts and Acounts of the 48 transducers per valve
posi t ion, where Ocounta ~ R (SI)j—R (SI)i_ i . When Acounts are near zero ,
th. pressures have stabili zed in the sensing lines and may be recorded .
For this tea t , stabilization t imes were on the order of 10 seconds.
A data group was ended after the completion of the angle-of-attac k
schedule .

3.2 DATA RF.DUCTION

Data were obtained utilizing the tunnel data acquisition system as
described in Section 3.1.2. Rake pressures were reduced using an exist-
ing VU pressure program . Tunnel conditions were calculated from the
first loop values and the probe pressures were typically normalized
using measu r ed pitot presa u~v f~ r each cone probe. For example, the
differential static pressur e computations in the pi tch and yaw planes of
the 40’ (includ ed—angle) cone probes were normalized by the probe pitc’t
pressure. Non—standard reduction equations used in some calculations
are contained in Section 4.0.

3.3 UNCERTAINTY OF MEASUREMENTS

3.3.1 General

The accuracy of the basic m asurementa (p0 and T0) was discussed in

Section 2.3. Based on repeat ~mlibrations , these errors were found tobe

Ap AT
—

~~~ — O . 0 0 2 — O . 2 2 , --~~ — 0.005 - 0.51

Uncer tainties in the tunnel free—stream parameters and the model
• aerodynamic coefficients were estimated using the Taylor series method

of error propagation, Eq. (1),

(Ar)2 - (
~

... )
~ 

+ (
~ ~~2) 

+ (
~
. AX 3) 

..~~ + (~F 2 
(1)

where A? is the absolute uncertainty in the dependent parameter
F — f (X 1, X~ , X3 ... X )  and X are the independent parameters (or basic
measurements). OX~ are the uncertainties (errors ’

~ in the independent measure-

ments (or variables ).
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3.3.2 Test Conditions

The following table h ate the test conditions.

____ 
Re/ f t  x io 6 p0 (psia) T0 (°R)

1.76 5.0 17.0 560
• 2.0 20.5

2.5 26.1
3.0 33.9
3.0 1.0 6.8
3 .0  7 . 0  46 .8

3.5 5.0 46.5 580
4.0 52.7 ‘4
4.5 81.7 590
5.0 V 110.0 640

The accuracy (based on 2a deviation) of the basic tunnel parameters,
p and T , (see Section 2.3) and the 2a deviation in Mach number determined
f?om test section flow calibrations were used to estimate uncertainties
in the other free—stream properties using Eq. (1). The computed uncer-
tainties in the tunnel free—stream conditions are suninarized in the
following tab le.

Uncertainty, (±) percent of actual value

— M , M~0 q0~, Re/ft

1.76 0.9 2.3 0.6 0.9
L 2.0 0.8 2.5 0.9 1.0

2.5 0.5 1.9 0.9 1.0
I 3.0 0.6 2.6 1.4 1.2

3.5 0.3 1.7 1.0 1.0
4.0 0.4 2.4 1.5 1.2
4.5 0.5 2.7 1.8 1.3
5.0 0.5 3.0 2.0 1.4

3.3.3 Tes t Data

The uncertainty in the primary rake probe pressure parameters
are presented in the following tables . These were established at the
described free—stream operating conditions using the Tay lor series
method of error propagation (Eq. 1) determined from the accuracy of the
Tunnel A standard pressure system transducers (Section 2.3) and the un-
certainties in the tunnel parameters 

~~~~~ 
q,,,) listed in Section 3.3.2.

8

•
~~~~~~~ —~~~ • L —

~ 
•. -

~~~~~ ~~ . ~~~~~~~~,- . ~~~~~~~ -- - —-  .~~~~~~ -• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~



-~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

.
—-

~~ 

—--
~~~~~~~

—

~~~ 
-

In general , the basic Tunnel A pressure system is regularly call—
brated against a secondary standard to within an uncertainty of nominally
±0.2 percent of the reading as discussed in Section 3.3.1. This results
in the following uncertainty in the probe measurements.

Uncertainties Based on Probe Pressures, ± Percent

p/p *Ap/p~~ *Flow Angle

1.76 2.3 8.0 8.0
2.0 2.5 6.0 6.0
2.5 1.9 5.0 5.0
3.0 2.6 4 .0 4 .0
3.5 1.7 4 .0  4 .0
4.0 2.4 3.0 3.0
4.5 2.7 3.0 3.0
5.0 2.0 3.0 3.0

aBased on one degree pitch angle of the probe.

Additional uncertainty calculations provide the following list
of values :

Sector Pitch Angle (from calibrations) ±0.05 deg
Pitot Probe Ratio (p07p0) ±0.32
Rake Static Pressure Ratio (p/p0) ±0.3%
Mach Number (Based on Pitot Probe Ratio) ±0.01

Note that the local flow angles in the test section (from tunnel
calibration) are estimated to be within ±0.2 deg in the horizontal (yaw)
plane and to r ange from ±0. 2 to ±0.4 deg in the vertical (pitch ) plane
with flow angle increasing with distance off axis. The tunnel flow
angle will have a direct effect on the probe angle at which the Ap/p
of the probe equals zer o, but a negligible effect on the slope of
this parameter Ap/p ‘ with probe pitch or yaw angle. The slope will
be primarily inf1ue~ced by the uncertainty in the basic pressure measure-
ments and the sector pitch angle uncertainty.

4.0 DATA PACKAGE PRESENTATION

Tabulated pressure data are presented in the form of direct prea—
sure measurements, pressure ratios normalized with the corresponding
probe pitot pressure and/or pressure differentials across the 20 deg
(half—angle) probes . Sample tabulations of the data obtained during
the test are provided in Appendix III.

H-
~ t .
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The following list describes the nonstandard data reduction
equations used for  this tes t :

A. P i to t  Pressures

1.~ P C R T — 1 2 — ((PCRT—14) + (PCRT—1 )J/2
2.* PCRT— 28 — L (PCRT—27) + (P’~RT— 30))/2

B. Static Pressures (40’ included—angle cone probe)

1.*~ PCRS2—4 1 E 0.00. Plugged probe , not co~nected .

C. Differential Static Pressures

1.** Those containing PCRS2-4I:
a. PCRS2—4 1 — PCRS4—41

2.* I f P HI — + 45.00 deg :
a. DPP-N E (PCRS 1—N)—(PCRS3—N)
b. DPY-N (PCRS4-N)-(PCRS2—N)

*
Used in Groups 1—33 only.

**Applicable to all Groups .

Random noise in the pressure data acquisition system generated
questionable readings recorded during the first entry from the follow-
ing pressure taps: pitots—015, 125 , 285 , 415 and cone statics—Oil ,
101 , 111 , 211 , 251 , 311 , 411. This problem was eliminated prior to
the second entry and the data quality was within the predicted uncer-
tainty. Of course , those probes identified as leaking or plugged
should be approached cautiously for their use in calibrating the APTU
Rake or in assessing the uncertainty in the probe calibration . Those
probes are identified in the Fina l Data Package.

10
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