NAVAL POSTGRADUATE SCHOOL

Monterey, California

THESIS

PRESSURE MEASUREMENTS ON A PROPOSED
OPTICAL WINDOW FAIRING FOR THE ALTUS II
, UNMANNED AIR VEHICLE
by

Scott C. Ferris

September 1999
Thesis Advisor: Richard M. Howard

Approved for public release; distribution is unlimited.

e, 19991222 068




Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instruction,
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send
comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden, to
Washington headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA
22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188) Washington DC 20503.

REPORT DOCUMENTATION PAGE Form Approved

.OMB No. 0704-0188

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
September 1999 Master’s Thesis
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

PRESSURE MEASUREMENTS ON A PROPOSED OPTICAL
WINDOW FAIRING FOR THE ALTUS II UNMANNED AIR
VEHICLE

6. AUTHOR(S)
Ferris, Scott C.

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Naval Postgraduate School REPORT NUMBER
Monterey, CA 93943-5000

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) ;‘;f,g%’;sglf;&%t“o"”om"c AGENCY |

Sandia National Laboritories
Livermore, CA

11. SUPPLEMENTARY NOTES
The views expressed in this thesis are those of the author and do not reflect the official policy or position

of the Department of Defense or the U.S. Government.

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Approved for public release; distribution is unlimited.

13. ABSTRACT

Low-speed wind tunnel tests were conducted to determine surface pressure measurements on a
proposed aerodynamic fairing for the Altus II UAV. These tests were conducted at various angle-of-attack
and sideslip positions to determine the effect on the surface pressures for the optical window portion of the
fairing. Of particular interests were the pressure contour field located over the optical window region and
the total force exerted on this area. Scaled-up loads (1bf) as calculated on the window ran from 1.0 to 1.6
times the freestream dynamic pressure (psf). Pressure measurements were also taken on the upper
fuselage of the Altus I UAV model to determine the location of the peak suction area. These
measurements provided the data to optimize the placement of external vents on the full-scale version of the

airframe.

14. SUBJECT TERMS ‘ 15. NUMBER OF PAGES
Altus II UAV, Ultra-Violet Telescope, Fairing . 85
16. PRICE CODE
17. SECURITY 1. SECURITY 19. SECURITY 20. LIMITATION OF
g;:gi‘:m“'m‘ OF CLASSIFICATION OF CLASSIFICATION OF ABSTRACT
Uncl ified THIS PAGE ABSTRACT .
nclassifie . o ifi

Unclassified Unclassified UL

NSN 7540-01-280-5500 . Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std 239-18




Approved for public release; distribution is unlimited.

PRESSURE MEASUREMENTS ON A PROPOSED OPTICAL
WINDOW FAIRING FOR THE ALTUS 11 UNMANNED AIR
VEHICLE

Scott C. Ferris
Lieutenant Commander, United States Navy
B.S., University of Missouri — Rolla, 1987

Submitted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE IN AERONAUTICAL ENGINEERING
from the

NAVAL POSTGRADUATE SCHOOL
September 1999

Author: | /ﬁ{—_ C %«

Scott C. F rris

Approved by: MDQ M‘ “&L‘W’QQ\

Richard M. Howard, Thesis Advisor

ot] - fpdr—

Gart}i/V. Hobson, Second Reader

. Li gf'rma;
Department of Aeronautics an tics

1ii




iv




ABSTRACT

Low-speed wind tunnel tests were conducted to determine surface
pressure measurements on a proposed aerodynamic fairing for the Altus II
UAV. These tests were conducted at various angle-of-attack and sideslip
positions to determine the effect on the surface pressures for the optical
window portion of the fairing. Of particular interests were the pressure
contour field located over the optical window region and the total force
exerted on this area. Scaled-up loads (Ibf) as calculated on the window
ran from 1.0 to 1.6 times the freestream dynamic pressure (psf). Pressure
measurements were also taken on the upper fuselage of the Altus II UAV
model to determine the location of the peak suction area. These |
measurements provided the data to optimize the placement of external

vents on the full-scale version of the airframe.
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I. INTRODUCTION

A. BACKGROUND

In 1998, Sandia National Laboratories (Sandia) contracted the
Naval Postgraduate School (NPS) to study the pressure field associated
with a proposed aerodyhamic fairing, designed to fit beneath the forward
fuselage section of the Altus II Unmanned Air Vehicle (UAV). The
purp‘ose for this analysis arose from the requirement to fit an Ultraviolet
(UV) laser remote sensing payload into the forward fuselage section of
the Altus II UAV. The dimensions of the UV laser telescope necessitated
that a portion of the telescope protrude into the freestream air beneath the
originally configured Altus II airframe. To reduce drag and prevent
unacceptable levels of telescope vibration, two proposals were developed
to design an aerodynamic fairing that would facilitate the installation of

this UV telescope. See Figure 1 for an illustration of the Altus II.

'Proposed Fairing
Attaches Here = .

Figure 1. Altus I UAV




The first proposal was to design a fairing with an open cavity
window, through which the UV telescope would view. This idea had the
advantage of minimizing the optical distortion associated with having the
telescope view through an optical window. One disadvantage of the open
cavity fairing design was that vibrations associated with the open cavity
flowfield could generate considerable stress on the telescope. [Ref. 1]

This stress would in turn impose nearly continuous strain on the

telescope’s gimbal system designed to aim and hold it onto the desired
target. '
The second proposal was to design a fairing with a transparent

optical window, through which the UV telescope would view. The

engineers at Sandia concluded that a high quality optical window could be
designed to sufficiently minimize the distortions in the UV telescope
imagery. One advantage of the closed fairing design was that the strains

imposed on the telescope’s aiming/holding system would be greatly

Figure 2. Proposed Aerodynamic Fairing




reduced.‘ When all of these considerations were taken into account, the
decision was made to proceed forward with the closed fairing design.
Figure 2, provided by Valley Engineering Group (VEG), illustrates the
proposed shape of the fairing.

B. PURPOSE

The original purpose of the fairing analysis was to measure the
open cavity flow field forces exerted on the proposed gimbaled system
used to align and hold the telescope in position. The forces and
vibrations imposed on the telescope in the open cavity design would have
severely restricted the design of the telescope’s aiming/holding system.
After the decision was made by Sandia to change to the second proposal
for the fairing design, the purpose of analysis changed.

Using the closed fairing with an optical window as the baseline
design, the purpose of this analysis was to estimate the pressure-induced
forces on the optical window and to estimate the pressure characteristics
along the longitudinal centerline axis of the Altus II’s upper fuselage.
Knowing the approximate force exerted on the window will enable design

engineers to fabricate a window possessing minimum weight with

acceptable distortion and optical characteristics.







II. TEST EQUIPMENT DESCRIPTION

A. THE MODEL

1. Model Construction

The wind tunnel model used for this analysis was a one-half scale
likeness of the forward fuselage section of the Altus II UAV, with the
proposed fairing attached. The foundation of the model was cut from a
high-quality pine plywood board upon which the upper fuselage and lower
fairing surfaces were mounted. To form the shape of these upper fuselage
and proposed fairing surfaces as closely as possible to the graphic
depiction provided by VEG, cross-sectional ribs were affixed to the

baseboard to aid in developing the final surface shapes (Figure 3).

Figure 3. Fairing Shape Before Fiberglass Covering




Blue polystyrene foam, commonly used in fiberglass hand lay-up
construction, was inserted between each of the fairing’s cross-sectional
ribs. The blue foam was then sanded down to the level of the cross-
sectional ribs with the coritours in the inter-rib regions ‘interpolated’ by
visual observation. Once the blue foam shapes were finished, three layers
of fiberglass were applied to the foam core. After the fiberglass set, the
foam inside the fairing was removed to facilitate the installation of the
pressure ports and the associated Tygon tubing. See Figure 4 for the

finished fairing.

Figure 4. Painted Fiberglass Fairing

2. Model Instrumentation

The principal area of interest on the aerodynamic fairing was that
area where the optical window was to be mounted. Consequently, the
entire window surface was instrumented with a pattern of pressure ports.

To reduce the total number of pressure ports on the fairing, only the right
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side of the forward and aft sections was instrumented for pressure
measurements. The pressure ports were divided into three sections: the
forward section (A Section - 40 ports), the middle section (B Section - 45
ports) and the aft section (C Section - 40 ports). See Figure 5 for details
regarding the model port numbers. Dividing the pressure port pattern into
these three éections was necessary because the Scanivalve’s pressure

manifold could only accommodate 48 pressure measurements at one time.

Pressure Port Locations

ASA2A1
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A19AI8 A17 A16 -
A24 AZ3 A22 A21 A20

A31 A30 A29 A28 A27 A26 AZS

A40 A39 A38 A37 A36 A35 A34 A33 A32
Al 4 B9B8B7B6B5B4B3B28B1
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Figure 5. Pressure Port Diagram

Once the holes were drilled for each pressure port, brass fittings
were individually glued into every port. Each brass fitting was tailored so
that surface flow disruptions on the model were virtually eliminated.
Inside the fairing, Tygon tubing was attached to each pressure port fitting.
Initially, the entire Tygon tubing bundle was divided into two smaller

bundles to enable the tubing to exit the model and wind tunnel. Once the




two bundles were outside the tunnel, they were divided again to reform
three tubing bundles. These three bundles corresponded to the three
aforementioned pressure port sections on the model: the forward (A),

middle (B) and aft (C) sections.

B. THE WIND TUNNEL

The NPS 3.5’ x 5.0° Academic Wind Tunnel (AWT) was used to test
the proposed aerodynamic fairing. The vertically oriented closed circuit
AWT shown in Figure 6 measures approximately 62.7 feet in length, 33.0
feet in height and 15.0 feet in width with a 14.4 ft? (2079 in?) test section.

[Ref. 2] The AWT was originally powered by two 150-hp electric motors
that drove two counter-rotating three-bladed variable-pitch fans. As a
result of a previous incident involving the fan ingestion of a hand tool,
the AWT currently uses only one 150-hp electric motor to drive a single
fan. Single motor operation gives the AWT an approximate maximum test
speed of 145 KTAS. [Ref. 2]

Ceiling 150 Hp 1200 RPM

11.0° 6.2° 10.0* 8.0* 20.0* 7.5

—

3 Test s
N ‘\\ Damping : \ Section Diffuser
§~\ Screen

~ | N—
h'\\ . Settlfng
\\ Chamber

DAY

| B 28* 17°

Section

o 11’
I'd .

L Basement Floor
N/

Figure 6. 3.5’ x 5.0’ Academic Wind Tunnel



‘The Altus II UAV operates at low subsonic speeds, typically well
below 120 knots. For this reason, the AWT is well suited for testing a
model of this type of flight vehicle. The frontal cross-sectional area of
the Altus UAV model measures approximately 227 square inches, as
shown in Figure 7. Based on this cross-sectional area, the blockage
equals 10.9%. The model is relatively large for the given test section; the
associated blockage effects are discussed in Chapter III Section B. The

model scale was chosen to minimize Reynolds number effects.

Figure 7. Frontal View of Model in Test Section

C. THE DATA COLLECTION EQUIPMENT

Data collection was accomplished by integrating a Scanivalve
pressure measurement device with a PC-based National Instruments
Labview data acquisition program. See Figure 8 for a schematic diagram

of the test equipment set-up.




GPIB

RS232

14 Pin

Figure 8. Schematic of Test Equipment Set-up

1. The Scanivalve

The Scanivalve is a differential pressure measurement device that
used a calibrated transducer to measure the difference between a test
pressure and a reference pressure (ambient pressure at the Scanivalve’s
rotary switch). The Scanivalve used in this experiment had a +/- 2.5 psid
transducer. It mechanically cycled between and measures pressures from
48 individual ports located on its pressure manifold. Combined with a
compatible data acquisition system, the Scanivalve was an effective low-

cost means of obtaining low speed wind tunnel pressure measurements.

2. The Scanivalve Digital Interface Unit (SDIU)

The SDIU was an analog-tb-digital converter that converted analog
voltage measurements from the Scanivalve (corresponding to discrete
differential pressure measurements) into digital voltage readings. It also
enabled an operator to select individual numbered pressure ports for

measurement. Additionally, the SDIU is equipped with a GPIB link which

10




enabled it to be operated remotely by an appropriately configured PC. A
486 PC using NI Labview software controlled operated the SDIU.

3. The Scanivalve Solenoid Controller

The Controller provided 28 volt DC electrical poWer to the
Scanivalve unit. It also enabled an operator to manually step through or
reset-to-home the Scanivalve’s pressure ports. This was one of three units

interfaced together with the Junction Box discussed below.

4. The Signal Conditioner

The Signal Conditioner enabled an operator to zero and span the
SDIU voltage readings. Additionally, it provided the excitation voltage
for the Scanivalve. To calibrate the SDIU, a water manometer was used to

calibrate the transducer at 30 cm of H,O differential pressure.

5. The PC and National Instruments Labview

The software program used to drive the experimental equipment and
collect the pressure data was taken from LT Greco’s thesis work. [Ref. 5]
The NI Labview VI used for his experiment also employed a Scanivalve to
take pressure measurements. The only modification made to the VI was a
small addition to the code that enabled the pressure measurement data to

be stored on a PC 3.5 inch floppy disk.

6. The Junction Box

A junction box that interfaced the Scanivalve, the SDIU and the
Scanivalve Solenoid Controller was fabricated for this experiment. Using
design drawings provided by Dr. Hobson, this junction box was
constructed to the specifications of another junction box used in the
experimental set-up of LT Greco. [Ref. 5] Properly connected to the other

experimental apparatus, this junction box facilitated the

11




PC/SDIU/Scanivalve interface that enabled the pressure measurement

system to function as required.
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III. RESULTS AND DISCUSSION

A. TEST PROCEDURE AND RESULTS

After the construction of the wind tunnel model was complete, it
was mounted inverted in the test section of the AWT. As shown in Figure
9, the model was supported by two bayonet mounts and one aft-center
mount, and was free to pivot about its vertical and lateral axes. The two
bayonet mounts were attached to an internal pivoting mechanism that
allowed up to five degrees of positive/negative sideslip. The aft-center
mount was constructed with a screw-post that allowed up to four degrees

of positive/negative AOA.

Figure 9. Side View of Model in Test Section
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1. Tunnel Operation Procedure

Several preliminary wind tunnel test runs were conducted to ensure
that the model and support structures were robust enough to handle the
test velocities. At wind tunnel velocities in excess of AP = 10 cm of H,0
pressure (as measured by the H,O manometer at the AWT Control Panel,
shown in Figure 10), model vibr‘ation was observed. AP measured the
difference in pressure between a Kiel probe and a static ring, located just
prior to the test section. The conversion from indicated differential
pressure (AP) at the AWT Control Panel to test section dynamic pressure
is discussed in Section B of this chapter.

Two wind tunnel tests were conducted at test section velocities
corresponding to AP = 5 cm and AP = 10 cm H,O to determine whether

Reynolds number significantly affected the pressure measurements.

R AWT H,0
‘Manometer .

AWT Control
Panel

Figure 10. AWT Control Panel and Water Manometer
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See Table 1 for conversion between water pressure, pound/foot2 and

airflow velocities.

10.2 0.07 93.0 55.1
20.5 0.142 ~131.5 77.9
30.7 0.213 161.0 95.4
40.9 0.284 186.0 110.2
51.2 0.355 207.9 123.2

Note : density assumed sea-level standard
Table 1. Some Common Conversions for Low-Speed Wind Tunnel Tests

See Appendix A for the tunnel operation checklist used to conduct
each test run. In brief, the test equipment was powered up, the
SDIU/Scanivalve was calibrated with a stand-alone water manometer, the
model was set to the desired AOA/Sideslip (/) and the tunnel/test
section was inspected for foreign or loose objects. Next, the.wind tunnel
was powered-up and the flow velocity was steadily increased to AP = 10
cm of H,O pressure. Once the tunnel velocity stabilized, the NI Labview
program, which measured and recorded the data taken from the first 48
pressure ports, was enabled. After the initia1.48 port measurements were
complete, the first 48-port manifold was removed and replaced with the
second 48-port manifold while the tunnel maintained its test velocity.
This procedure was repeated for each of the three 48-port manifolds until
the data for all 125 (40 + 45 + 40) model ports was measured and
recorded. Figure 11 illustrates the three 48-port pressure manifolds

adjacent to the Scanivalve.

2. Reynolds Number Effect on C,

Since it was observed that excessive model vibrations might occur
at full Reynolds number testing, the effects of reduced Reynolds number
testing was observed. Two test-runs, one at AP = 5 cm and another at AP

= 10 cm H,O water pressure, were conducted to observe the effects on the
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pressure measurements taken along the longitudinal axis of the model.

See Figure 12 for the longitudinal measurement axis used for these

Reynolds number effects tests.
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Figure 13. Reynolds Number Effects Test — Cp vs Longitudinal Station Position

Figure 13 illustrates that a reduced Reynolds number has little

overall effect on the Cp measurements. The pressure coefficient Cp is

given by:

9.

where p.. and q.. are freestream ambient pressure and dynamic pressure,

respectively. Although some variation in the measurements exists

between stations four through eight, the difference in these measured Cp’s

is negligible for this type of analysis. The overall intent of these Cp

measurements is to estimate the average force exerted on the optical
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window area (longitudinal stations 7-15 in Figure 13). It was decided to
run at sub-scale Reynolds number to ayoid model aerostructural concerns.
The Reynolds number for the 18 test cases is determined from
_prt
Cu

Re , where the absolute viscosity of the air is given by Sutherland’s

1.5
equation 4, = 2,27x10-8[T_];9§) (1bf s/ft2). [Ref. 4] The characteristic
+198.

length for the Reynolds number is taken as the model’s fairing length,
£=4 ft. Standard sea-level density p is assumed and the test velocity is
determined from Q-bar, as discussed in section B sub-section 1 of this

chapter. Based on these assumptions, test case Reynolds numbers equaled
3.1 million. Based on a standard 5000-ft altitude flight at 70 KTAS, the

actual full-scale Reynolds number equals 6.4 million.

B. WINDOW PRESSURE MEASURMENTS

The first step in obtaining the total force exerted on the optical
window was to determine the local pressure coefficient C, at each port
location on the model. One calibration and two corrections were applied
to the raw experimental data to obtain the C;’s. The wind tunnel
calibration related test section average dynamic pressure Q-bar to
measured AP, as displayed on the AWT Control Panel H,O0 manometer.
The two corrections took into account test section blockage effects due
the model size and zero voltage readings from the Scanivalve reference

pressure.

1. Data Calibration, Reduction and Corrections

a. Tunnel Q-bar Calibration

In Reference 2, the author calibrated the wind tunnel test
section Q-bar. After conducting a pressure survey of the AWT test

section, a relation between indicated pressure (AP) and calibrated dynamic
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pressure (Q-bar) was determined. Figure 14 illustrates the results from
this calibration. The ratio of the calibrated (Q-bar) to the measured AP
(as read from the AWT water manometer) is a linear function. After the
raw pressure data was collected in the Microsoft Excel spreadsheets, this

calibration was applied to all of the other pressure measurements.

Academic Wind Tunnel Calibration
16 October 1992
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Figure 14. Academic Wind Tunnel Calibration

All of the test cases were conducted at approximately AP = 10

cm H,0 (20.5 psf), which after unit conversion and calibration, resulted

in Q-bar = 20.7 psf.

b. Test Section Blockage Correction

The second modification to the raw pressure data involved the
correction for test section blockage effects. Authors Rae and Pope
propose a simple correction factor that applies to models of ‘unusual

shapes’: [Ref. 6]
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_ 1 Model Frontal Area AV

4 Test Section Area Vy

¢ 1s the ratio of the velocity change due to blockage over uncorrected
velocity. Rae and Pope state that “a maximum ratio of model frontal area
to tes