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1.1 B~~.I~D& SK'rCTI41. 0 SZARY ay css2 !t

i _ is reor douents wind tunel testing peformed recently inth

Boeing vetol Um Speed Wind Tunel, t map velocity cts of
the turbulent airwake behind a 1/80 scale DD 963 Spruance Class U.S.
Navy Destoe mol. The report presents a synopsis of major test
results, along with preliminary analysis of the more interesting
flow phenamna observed as the test progressed.

During the period from 28 March through 6 April, 1979, a comprehensive
flow visualization and air turbulence velocity oumponent measurement
program was conducted in the Vertol tunnel, to generate both quanti-
tative and qualitative data for later application in Naval helicopter
and 'STCL aircraft programs. The DD 963 test, sponsored by the Naval
Air Dewlopent Center, Warminster, Pa., was similar in scope and
technical content to one perfonted in 1976 by Boeing for the Naval
Air Systems Camand, with a 1/50 scale FF 1052 Frigate model (see
Reference 1). Results of the earlier FF 1052 test have been used
extensively in formulating math models of airwake turbulence created
by the ship and its superstructure. It is expected that data from~~the DD 963 evaluation will be used in a similar manner, along with-

other wind tunnel results for the Spruance, acquired during Close-In
airwake testing perforned for the Naval Air Engineering Center,
Lakehurst, N.J., described in Reference 12.

Broad interest in airwake models synthesized fram test data produced
by these two programw is anticipated, since the DD 963 is currently
the smallest non-aviatin type U.S. Navy ship planned for future
VSTOL operations. The level of aerodynamic turbulence generated by

£ the rather "bluff" shaped Spruance Class hull and superstructure will
undoubtedly influence both the design of flight control system for
aircraft deployed aboard this vessel, and the overall configuration
and function of specialized shipboard equipment installed for inter-
facing the 963 and its complemnt of helicopters and VSTOLS.

S7he principle objectives of the DO 963 test (BvWT 242/243) were to
measure and record an magnetic tape three cmponent (X,Y,Z) dynamic
velocity tim history data, at a sufficient number of locations above,
beside, and behind the hull to identify areas of significant airflow
disturbance (turbulence) which would influence VSTUJ or helicopter
operations aboard ship. To assist in this task, extensive flow visu-
alization work was done at the start of the test (using smoke and
helium/soap bubble tecniques), to ensure proper positioning of hot
wire anemometer equipmt set up to measure the turbulence. Data
reduction conducted at the end of the program produced digital list-
ings of mean and standard deviation velocity information, along with
digitized tine history tapes.

I Tunnel "ruivte-wind" velocities of 20, 35 and 45 knots were evaluated
as the ship was yawed in 20° to 300 incremnts fran 00 to 1800 (in

1 9-I



both directions). Left and right yaw runs were necessitated because
of an assymetric superstructure configuration, resulting from place-
ment of the forward and aft stacks on either side of the ship center-
line. To omplement data taken with the hull installed at 00 roll
angle, testing was also accomplished with the ship rolled statically
15- right and left of vertical.

1.2 TEST BO3IPMW & MOD

Figure 1 illustrates the ship installation in the tunnel test section,
elevated 14 inches above the tunnel floor (with its thick boundary
layer) on a 20 by 20 foot square fixed "groundplane". As seen in the
figure, the model was interfaced with the tunnel yaw drive system
through a 2 inch thick solid wooden "adapter skirt", which provided
the correct height relationship between the simulated "sea" surface
(as represented by the groundplane with its own boundary layer) and
the ship hull/superstructure ozrbinatin. This adapter block, along
with two others which permitted fixed 150 left or right roll angle
mountings, ensured that elecents of the ship above its waterline
would extend above the groundplane boundary layer essentially thesane scaled vertical distance as would similar elements on the full
scale vessel at sea.

Selection of the vertical centerline of the main flight deck landing
platform "bullseye" as the axis of yaw rotation for the model was
made for several reasons. First, it was desirable to be able to place
the anemmeter probes as close to the landing pad as practical for
efficient mapping of the airwake. Rotating the ship about the land-
ing platform J permitted installation of a concentrated cluster of
probes behind the hangar, and these' in turn were able to measure tur-
bulence surrounding the approach and landing "area of interest" with-
out requiring lateral movement as the ship was yawed.

A seond reason for selecting the platform bullseye as the E for yaw
(instead of the ship center of gravity, for instance) was because this
is the point on the ship from and to which the VSTOL aircraft or heli-
copter is always directed during launch and recovery operations.
Flight simulation math nodels enploying airwake data from tests of
this type can take advantage of this fact, since at least some version
of mathematical transformation is always required to crsipute spatial
(and inertial) relationships between the aircraft and the landing/T.O.
point on the ship. The airwake modeling task is facilitated scm&uat
by considering the landing bullseye as a point-source, about which
the turbulence field generated by the ship is centered.

Accurate measuWIent of aerodynamic wake turbulence created by the
hull and superstructure was acomplished with-h grid of sensitive tri-
axial "split-film" hot wire anemmeter probes mounted on the movable j
rake shomn in Figures 2, 3, and 4. Probe orientation on the rake was
initially chosen to coincide with the predicted tracks of major shed
vorticity behind various elements of ship superstructure. At the
start of the test, "dummy" probes were placed on the rake in the

10

U,"



kH 1 1 =:'oL

~~c I-- i;

LIII ; -~u~ mi-I j
3E~ 5:'3 1

Ni U P5 -D-

OW. s bj MCCL~[~ T
~IiI r r4

ii~t cmi- -

IRE-

IOUI



it

1/80 SCALE DD963 "WATERLINE" MODEL MOUNTED
ON 2" HIGH ADAPTER SKIRT WITH PROBES
INSTALLED ON RAKE BEHIND HULL

SHIP ROLLED 150 RIGHT - SHOWING RAKE WITH UPPER
& LOWER ANEMOMETER ROWS ARRAYED FOR HEADWIND/
CROSSWIND TESTING

Figure 2. DD963 DESTROYER AERODYNAMIC WAKE
TURBULENCE TEST BVWT 242/243

12
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~"STERN-'INTO-WIND" HULL ORIENTATION

WITH PROBES MOUNTED VERTICALLY

~FOR "TAILWIND" TESTING

13
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I
locations of greatest predicted turbulence. Smoke flow visualization
runs were then conducted to identify where the flow actually went as
the ship was yamd from 00 to 1800. Observations from the side and
above the model established final placement of probe arrays on the
rake, and at what locations dnwind of the landing platform the rakeSwould have to positioned to sample the airwake properly.

1.3 7WTPREDRE --

Figures 4 and 5 illustrate normal anemoeter rake positioning behind
the hull at ead of five downstream locations. The plane of the rake
is oriented perpendicular to the tunnel flow and both side posts are
bolted to the groundplane to provide rigidity. Probes ware mounted
parallel to the flow for headwind/crosswind runs (Figures 2 and 4).
Vertical orientation was utilized for tailwind runs as shown inFigure 3, to prevent the probes from interfering aerodynamically with
the flow, and to permit yawing the ship without having the anemometers
become entangled in the superstructure.

Ten probes were active on the rake at any one time, and these wereorganized into two arrays; each consisting of a six probe upper hori-
zontal row, and a four probe lower row. The array located nearest the

height of the landing platform was referred to throughout the test as
the lower array, and the other as the upper array. Probe positioning
in tie lower array located the bottom row of anemometers in a plane
3.2 an (2.54 M full scale) above the deck. This was the lowest height
possible without hitting portions of the ship with the aft end of the
anmometer-rake spreade hardware. Above this lost level was a row
of probes 6.22 M above the deck in the plane of the hangar roof, whid
was expected to shed major vcrticity onto the landing area. Planes
selected for upper array probe routing included the exhaust gas stack
uptake level (12.45 M high), and a plane passing through the largest
radar antennas on both masts (located 18.03 M, full scale, above the
deck).

Headwind/crosswind testing consisted of yawing the ship sequentially
fran 00 to 300, then to 500, 700, 900, 1200 and finally 150-. Maxi-
mum yaw angle at any rake location was dictated by how far the hull
could be rotated before probe sensors hit the superstructure. After
stabilizing tumnel speed at each yaw angle, one second of "quick-look"
on-line data was taken for all probes simultaneously; and this infor-
mation was then processed to fom average Vx, Vy and Vz velocities
for validating proper probe operation. This "low-speed" data was
followed by an 0.8 second burst of 164 sample/second "high-speed"
information, intended for off-line processing into mean and standard

viation velocity components. The 0.8 second data sample is equiva-
lent to 64 secondIs in real time, when scaled up for the full size
ship airwake, using Strouhal scalin laws described in Reference 2.

In adition to the 0.8 second runs normally accomplished for mapping
the airwake, a very limited number of duplicate runs lasting about
10.5 seconds were also made, for application in analysis and ath
modeling dynamic compcents of the airwake at the end of the program.
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Yaw seeps were initially made to the right at 20 knots tunnel ve-
locity, followed by runs at 35 and 45 knots. The 35 knot runs were
eventually eliminated from the latter part of the test plan when it
was confirmed (from plots of on-line data) that turbulence magnitudes
ware directly scalable with the free stream nominal wind speed. A
similar result was found in the FF 1052 test data described in
Reference 1. After finishing each data sweep at 45 knots, the rake
was mwed rearward-to the next test location.

Initial velocity measurement runs ware acoplished with probe sensors
in the plane of the landing platform bullseye, and these were followed
by repositioning the rake so as to locate sensors at the aft end of
the "O" Dock. Upon ocopleting data acquisition at all five downwind
rake locations shon in Figure 4, the two row probe array was raised
to the upper position and the data taking process repeated. Note that
anmanuster locations on the rake were bundd to the right of the ship
oanterline for the right yaw runs, and to the left vhn left yaw
sweeps were made. With all right yaw test onmditions completed, the
20/45 knot loar/upper probe array test variations were repeated in
left yaw. Additional runs were accqplished with the hull rolled
+150 either side of vertical.

Headeind/crosswind testing was followed by a series of 40 "tailwind"
runs (200 data points) with the ship fantail headed into the wind
(see Figures 3 and 4). Maximum yaw angles permissable for this eval-uation (as limited by probe/suprstrctr interference), ended up
truncating the desired data acquisition area by as much as 300 for
sone test comditions. In addition to this reduced yaw angle scope for
tailwind testing, only one row of probes could be installed on the rake
at a time (see Figure 3). Because of a limited amount of tunnel test
tns available, only three horizontal planes above the deck (instead
of four) were evaluated during the tailwind phase of the program.
Radar level testing was eliminated fron the tailwind runs.

Considering all testing accazplished throughout the program, a total
of 163 runs (with about 5 to 7 test points each) were made to acquire
velocity data. In addition, 9 other runs were perfonred to qualita-
tively evaluate air flow patterns around the ship. These flow visual-
ization runs employed smoke and soap bubble techniques to identify
areas of separation and vorticity produced by the hull and suerstruc-
ture. Because of the time required to install and remove flow viz
equipment from the tunnel, the better part of two days ware consumed
in this phase of the test.

Including these flow "viz" yaw sweeps, a total of over 750 test points
ware taken during the program. An additional 270 points were acquired
while performing a "Close-In" airwake evaluation (around the landing
platform) for the Naval Air Engineering Center (NAMEC), Lakehurst, N.J.
Since this test was piggy-backed on the NADC program, certain eleents
of the tw wind tunnel tests were combined to save tine in the tunnel.
These included the flow visualization rums made at the beginning and
end of the program, and the tailwind evaluation. Test results from
the Close-In study are summarized in Reference 12.

1
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1.4 TEST FSULTS

Tte principle results of the wake turbulence wind tunnel test include
a series of three onxmnt velocity tizu histories recorded (in
metric engineering units) on magnetic tape for every run, test point
and probe. Also included is a oiunter printout listing with time
h.istory runs processed to derive steady-state Mean and la Standard
Deviation velocity coucments for all points (Appendix B includes this
listing). Samples of the more interesting test results plotted fra
these tw data sources are shown in Figures 6 through 12, which will
be discussed later in the Summary.

Hot wire aranster signal processing was acccplished throughout the
test with a stand-alone electronic package supplied with each 1benmo
Systems Inc. probe, and signal cc- ditioning network cards fabricated
by the wind tunnel instrumntation staff to interface the processed
signals with the wind tunnel 13M 1800 'II" data acuisition om-
puter system. The anemometers generated six electronic signals (from
three orthogonally oriented split-film sensors) which vary with wind
velocity and direction. Using calibration constants derived by the
probe manufacturer for individual probes, a proprietary cmqpter pro-
gram was used to convert raw sensor data to engineering units.

Further processing resolved the total measured velocity vector into
X, Y, and Z couporents (with respect to the probe), and then corrected
for probe mounting orientation to produce velocity infonuation using
the following wind-gust sign convention:

Vx (+) in the downstream direction, parallel to
the tunnel centerline

Vy (+) to the left locking upwind in the tumnel,
parallel to the groundplane

and
Vz ( upard and perpendicula to the groundplane.

1his velocity notation and sign convention was applied regardless of
ship heading or probe orientation (for both the headwind/crosswind,
and tailwind coMitions). Using this axis system for velocity vector
resolution (as opposed to sae form of ship body axis, for instance),
has the potential for sinplifying flight sinulation math modeling of
the airwake if the wind turbulence is assumed to be aligned with the
inertial earth axis, and is mapped with respect to the landing plat-
form bullseye. Inertial location of the bullseye, of ourse, must
consider ship motion when it is required in the flight simulation
mth modal for launch and recovery operations.

A typical tim history representing the longitudinal Vx velocity com-
ponent (for a single probe located to the side of the flight deck j
oenterline) is depicted in the Figure 6 couputer drawn plot. Data

18U
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used to generate this curve was sampled 131 tires during the 0.8
second run (at a sample rate of 164 samples per second - the rate used
for all data runs in the test). This sample rate was selected princi-
pally on the basis of scaling data results generated during the earl-
ier FF 1052 testing. It represents a comprcmise between the data ac-
quisition rate capability of the Wind Tunnel WINDEE System, and the
amount of data thought to be practical and cost effective to analyze.
Other factors influencing the sample rate chosen were the number of
sensor signals to be processed and the desired frequency range of the
scaled up results.

The test setup permitted accurate measurement of turbulence with a
frequency content ranging between 1.25 Hz and 80 Hz model scale
(assuming 2 samples per cycle are adequate to define the Fourier co-
efficients at the highest frequency desired). S&pling the signal at
twice the expected naxmn frequency present in the turbulence data
was attempted, in order to prevent frequency-folding and data alias-
ing problems of the type described in Reference 3.

Based upon assured Strouhal Number similarity between model and fullscale data, where Sldawr; with S = Strouhal number (usually constant

for a given body shape)
f = frequency of the shed vorticity
h = characteristic body dimension

(usually width)
v = flow velocity,

frequencies can be converted to full scale by simply dividing by the
(80:1) model scale factor. Full scale frequency range capability for
the test results is therefore on the order of 0.016 Hz to 1.0 Hz,
which is more than adequate for application in existing VSTCL and
helicopter simulation math models. Scaling the recorded time history
data requires only a simple expansion of the time between data samples
from 0.006 seconds (the recorded At), to 0.49 seconds as shown at the
bottom of Figure 6.

In addition to the time history trace shown in Figure 6, also illus-
trated are the calculated Mean and Standard Deviation values for the
particular test point. It is interesting to note that the mean veloc-
ity for the run is less than 1/3 of the 20 knot (10.3 MPS) free stream
flow, because of turbulent separation existing at the probe location
(off to the side of the hangar roof corner). Cne sigma standard dev-
iation about this mean is approximately 58 percent of the average
steady-state velocity level, indicating a high level of roughness in
the flow. This roughness was observed to grow significantly as the
ship yaw angle was increased relative to the remote wind.
AIRE V.C=CTY MAPPING

Figures 7 through 12 present samples of the more interesting flow
field characteristics measured in horizontal and vertical planes J
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behind the ship and its superstructure. Soue of the information illus-
trated in these plots was observed qualitatively during flow visualiza-
tion testing conducted before velocity nasuremant. One factor which
stood out in the DD 963 flow "viz" work was that turbulence around the
hull (at 00 yaw) was quite similar to that observed with the FF 1052.

Iocated behind the Spruance hangar is a powerful bound vortex which
reduces local "q"* substantially, (just as it did on the 1052). Re-
sults of this flow separation in the lee of the hangar are clearly
visible, especially for the center three probes depicted in the
Figure 7 horizontal velocity vector map. As seen in this plot, very
little flow recovery occurs over the landing platform; and not until
the aft end of the 01 deck is reached, does the flow along the ship
centerline begin its recovery to normal free stream levels. The ad-
verse inpact of this aerodynamic "q-hole" effect on flight operations
in the vicinity of the landing deck is obvious.

As the ship is yawed left or right 30* or so (Figures 8 and 9), the
hull and superstructure tend to function as if they were, in fact, a

Svery low aspect ratio wing tip sticking vertically out of the ground-
plane and shedding a large powerful vortex into the flow field (which
then corkscrews around like the tip vortices of a jumbo jet with flaps
deployed). When the hull is yawed more than about 150, the landing
deck bound vortex described above disappears completely.

Skewing of the flow field due to twisting of the vortex sheet is ob-ivious in the Figure 8 and 9 velocity vector plots, Which represent,
respectively, 20 knot and 45 knot data runs. Note that magnitude and
direction of the steady field can be scaled by the remote wind veloc-
ity as mentioned earlier. As will be shown later in the report, fre-
quency content also changes with remote windspeed variation, in appar-
ent agreement with expected Strouhal scaling law fundamentals.

Figure 10 shows how the horizontal flow field typically skews around
in a clockwise direction, as altitude is increased above the deck for
a series of duplicate 300 left yaw runs. Mien the ship is yawed right,
skewing of the field with altitude switches to a counterclockwise
orientation. Velocity vector changes with height above the deck are
also quite pronounced in vertical planes above the ship, as is shown
in Figure UI, which depicts a 300 right yaw hull orientation. Some-
where above 300 (and below 500) yaw, the wing-like hull appears to
"stall", and very deep levels of flow separation are seen in both the
flow visualization runs and plotted velocity vector charts. This
interesting aerodynamic characteristic is treated in sme depth later
in the report.

Figure 12 is presented to give an indication of horizontal flow rough-
ness, as depicted by la standard deviation velocity variation about
the man resultant vector (with the ship yawed 300 to the remote wind).

1/2 p V - dymit -pressure
where p - air density; V - velocity
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Note how the la ellipse increas in sie as the prce are moved
closer to the badc of the hangar. Also interesting to cserve is the
very large distance bdiind the ship ovr which flow is diftbed.
Along the deck centerline track, flow has reonved less than 50% of
re speed at one full hull length aft of the landing platform. 11

1.5 POTJ IAL APPLICOTQ TEST PLI

Ozrently, two aproackm toward using the IM 963 wind tumel tubu-
lence data for future flight simulation math model and VSTQ or heli-
ater design work apear viable. 7he first involves aplication of
the steady-state (usan) velocity information in concert with no
type of computed random turbulence function related to measured IM
turbulence level (and is of the type described in aeference 4). It
is expected that personnel in the NADC, Code 6053 Flight Dynamics
Branf), will begin synthesis of an airwake math model along these j
lines, in the near fuzture.

7he second modeling approach would be to store the Strouhal scaled
tire history dynamic velocity data points directly in the caputer,
after first performing a tine correlation of information from the
various probes. This method appears to be somwhat tedious, but would
be technically rigorous if pursued. Selection of the best data appli-
cation methodology will depend upon the type of simulation undertaken, L
and how much storage capacity the simulation oomputers have available
for modeling the turbulent and steady airwake flow fields.
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SWTIN 2.0

3During June 1976, a wind tunnel test sponsored by the Naval Air System
O~mammd was conducted in the Boeing Vertol low Speed VS'IL Wind Tunnel, to
evaluate -airwake- turbulence generated by the hull and - rstructure of
a 1/50 scale FF 1052 U.S. Navy Frigate. 7he principal purpose of this
test was to ap steady and dynamic aerodynamic wake turbulence ompnts
with a grid of hot wirear emters in order to generate inforution for
synthesis of ship airwake math models for flight simulation. As origi-
nally planned the vind tunnel effort was part of a joint NRSC/Boeing
Vertol nulti-phase program set up to investigate the use of flight simu-
lation tecnlogy as an avenue for reducing costly "Dynamic Interface"
testing performed at sea (with new helicopters and ships), in order to
generate launch/recovery and start up/shutdown Wind Limitation Diagram.

At the close of the wind tunnel phase of this iF 1052 effort, technical
cognizance over the program was transferred from NASC to the Naval Air
Development Center (ADC), Johnsville. At about the sae time,the
U.S. Navy (in addition to its LAMPS helicopter activity) was beginning
serious VSTIU development with a view toward operating these aircraft
aboard small, non-aviation type combat ships. As a result, enphasis on
continuing the Dynamic-Interface simrulation project was switched to the
higher priority VST)L program. Airwake math models for the FF 1052 were
synthesized from the MW wind tunnel data hy both the Navy and private
contractors (reference 4 and 5), with the emerging VSTOL aircraft program
in mind as an aplication goal.

IIn April 1977 a V/STOL Flying Qualities Workshop, jointly sponsored by the
Navy (MDC) and NA kes was held in Monterey, California. One of the
major conclusions of this conference was that wind tunnel airwake data for
the DD 963 class destroyer was urgently needed for the Type A VSTL
program, to assist in design development of aircraft control systems and
aerodynamics and ship interfacing hardware. The DD 963 had previously
been designated as the smallest non-aviation type ship for VSTOLI ~deployment. sme rpsdt Wa ~ o

During the mmer of 1977 Boeing Vertol proposed to NADC, a three phase
wind tunnel program airwake turbulence generated by models of
the MD 963 destroyer in the Boeing VS'OL tunnel. The initial phase of work
suggested to the NADC Flight Dynamics Branch considered testing an exist-
ing 1/80 scale DnISC "Stack Gas tnvestigation" type hull and super-I structure model of the DD 963, with a program scope similar to that of the
earlier FF 1052 effort. A proposed second and third phase add-on con-
sidered evaluating a larger 1/40 to 1/50 scale Mo 963 model with motion
capability; to answer questions about R1ynoCds Number, Strouhal Scaling
Law, and motion effects which potentially exist when testing very small
no-oiM scale models of large ships.

IIn April 1978 a sole source contract (N62269-78-C-0097, reference 6) was
issued Boeing Vbrtol by NADC to perform a 1/80 scale MO 963 airwake test;
essentially as proposed the previous year (in the suggested Phase I
Prgrm). This report documents results of testing accomplished to
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fulfill the contract. A %waterline- type moel was to be supplied by
DTtEOC, Carderock, Maryland, with appropriate modification of most super-
structure and missile launcher equipuent to ensure an up to date ship con-
figuration for evaluation. U.S. Navy/IAtton Industris drawings (plans)
for the ship, serial number 145-4539600 (Revision K), were supplied by
MDC to both Boeing irtol and MT9ERC for updating and validating model
changes. In addition, VTWlEKC was charged with building adapter skirt
blocks for interfacing the =del with Boeing Vertol tunnel equipment.

Eighteen split-film hot wire anemomter proes utilized in the M 963 test
were the sam set borrowed from the Federal Aviation Agency - National
Aviation Facilities Ex er tal Center MMAF), Atlantic City, N.J., for
the PT 1052 program. All 18 were sent to Thermo Systems, Inc. (the
nunufacturer) for refurbishment with new sensors, and "ecairwtjxn.
Seventeen units were finally rebuilt for the M 963 program

In mid 1978 when plans were wall along for the NAM sponsored MO 963 test,
the Naval Air Engineering Center (NABC) in lakehurst, N.J. joined the
program, with a piggy-back effort to gather airwake data in the immediate
area surrounding the flight platform of the vessel. 7his test, called the
"Close-In" evaluation, was separately funced by NAEC under Contract
N68335-79-C-1002 (Reference 7) and was planned initially to occur at the
end of the NADC test. Its scope, in terms of runs to be conducted etc.,
was about half that of the Johnsville program.

Upon mutual agreeent of both Navy agencies during the pre-test briefing
(Reference 8) held at Boeing ertol in March 1979, it was decided to
integrate the two programs where possible to maximize the amount of test
data acquired. CObining programs permitted all flow visualization work
to be conducted as a single concurrent package. "Tailwind" tests ware
also integrated for both program. Test results from the Close-In Program
will be published in December 1979.

Since the principal contractor objective for both the MW and NMC
"airwake" test programs was to generate and record on magnetic tape time
histories of three component turbulence velocities, and to produce listings
of mean and standard deviation velocity component information, no atteapt
has been made by the contractor to conduct a .,,.prehensive in depth
analysis of the test results for this report. Rather, the data have been
meticulously reviewed for validity, and samples of the nore interesting
prelimianry analysis results plotted for presentation herein.

At the present time, it is anticipated that Flight Dynamics Personnel at
NADC (Code 6053) will develop an airwake math model for the MO 963
Destroyer, based upon information generated under this contract.
Inquiries related to developmnt of this math nodel should be directed to
the Jdhmsville facility. --

It is further expected that Close-In results dcmw*ted in Reference 12
will be utilized by the NAW R&D office (Code 91B1), for additional
detailed nodeling of the turbulence surrounding the M 963 flightplatfcrm Inquiries regarding Close-In results should be referred to thei_appropriate NA!C office;

3i
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As discussed in the Introduction, the ship model provided for the wind
tunnel test was built by the David Taylor Naval Ship Research and
Developrent Center (MASMC), located in Carderock, Maryland. The model
had been used previously by DMMSRC for underwater Stack Gas Plume
("Smoke") Investigations in the Circulating Water Channel Tunel, to
evaluate tw classes of Destroyer - the DO 963 and DDG-47. Hull
serial nuffber 5348-4 represented an early version of the Spruance Class
DO 963, but substantial changes in mast superstructure and missile equip-
ent were required to update the configuration for the test described in
this report.

Details of changes required for the 5348-4 model (which were given to
Tm C for its modification work) were taken from a series of drawings
and photographs provided by the DO 963 Project Class Desk at the Naval

_I Ship &igineering Center (NAVSEC) in Washington, D.C.. Inboard profile
I type Litton Industries drawings (plans) for the ship (see Introduction

for Serial Numbers, etc.)were used to detail modifications required in the
mast and radar antenna cofiguration. U.S. Navy photos delineated Sea
Sparrow missile launcher/director cnfiguration details, and these are
listed in the Figure 1 notes. Boeing Vertol supplied dimensions for the
required adapter skirt mounting blocks, utilized in installing the ship
at 00 and + 150 roll angle on the tunnel yaw turntable flange.

When the model arrived from OrNSRDC for the BVWr test, several minor
errors in configuration were isoovered. The most serious of these is
pointed out in Figure 1, and was related to the fact that the yaw pivot
center for the model was located 0.87 inches behind %here it should have
been (through the landing platform centerline). Because of the adapter
block construction, it was determined that moving the yaw center to the
desired lo6ation uas virtually impossible. Thus the test was cnducted
with the pivot center located as supplied by the Navy. It should be noted
that the earlier FT 1052 model (Reference 1) had a similar mimatch, but
this was caused by a deck bullseye location change on the Knox Class
Frigates.

I Details of the model configuration tested in the BV'T 242/243 wind tunnel
program are illustrated in Figure 13, and in drawings and photos presented
earlier in Figures 1, 2, and 3. Figure 13 clearly shows what the two inch
high adapter skirt blocks look like, both before and after installation.
As shown at the bottom of the figure hull mold lines fair smoothly into
the adapter block without steps or gaps - even for the 150 roll attitudeSconfiguratios

Installed under the bow on all three adapter blocks was a roller which
permitted the skirt to just clear the groundplane as the hull was yawed.
The hull was bolted to the adapter block fore and aft and the adapter
bottom fastened to an extension of the tunnel yaw table flange (flush
with the top of the groundplane) as sham in Figure 1. A "foam" aero-
dynmic seal was installed between the adapter and groundplane. With
this arran ent, virtually no airflow passed beneath the ship, and any
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DD963 MOUNTED ON 00 ROLL ADAPTER SKIRT WITH 150

RIGHT ROLL ADAPTER ABOUT TO BE INSTALLED

RAKE CONFIGURED WITH "LOWER" PROBE ARRAY TO MEASURE
NEAR-DECK & HANGAR ROOF HEIGHT TURBULENCE

HEAD ON VIEW OF HULL ROLLED 150
PROBE ARRAY RAISED TO "UPPER" POSITION FOR MEASURING
FLOW IN PLANE OF STACK UPTAKES & MAST RADAR ANTENNAS

Figure 13. MODEL TEST CONFIGURATION
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S ICN 4.0 TEST EBUIPMW AND INSTRMENN'ATION

The major elements of test equipment and instrumentation used in the BWr
242/243 DO 963 airwake turbulence program include the hull and adapter
skirt blocks described earlier in Section 3.0; the wind tunnel test section
and groundplane installation; and the anemometer probes with their mounting
rake and associated electronic and pneumatic power supply packages.
Aditinal test equipment consisted of several devices which produced smoke
or helium filled soap bubble filaments for flow visualization studies.
These flow visualization runs were photographed with a 70 MM Hasselblad
still camera, and both conventional and strobe synchronized 35 MK motion
picture cameras.

Except for the ship, other equipment used in BVWT 242/243 was essentially
the same as utilized in the earlier FF 1052 Frigate program. The function
of major pieces of equipment or instrumentation is described briefly in
this section of the report.

4.1 WID T E AND GRODPLANE

The Boeing Vertol Low Speed VSTOL wind tunnel 20 by 20-foot test
section was set up in its "slotted wall" configuration for the test,
with a fi~ed (non-moving) groundplane installed 14 inches above the
tunnel floor. Groundplane details are illustrated in Figures 1, 5,
and 14. As shown in the sketches, and in the photo at the top of
Figure 14, the 20-foot square groundplane extends fran wall to wall
laterally, and is centered at WT Station 1000 (which is the center-
line of the tunnel test section). Tunnel and groundplane configura-
tion is identical to that used in the earlier (Reference 1) program.

The smooth surface groundplane is constructed of plywood sections
approximately 1 inch thick, and is mounted on an aluminum I beam
support system which facilitates its installation and removal from
the tunnel and provides access to the area beneath the model when
required. A streamline leading edge is attached along the forward
lip (Figure 1) to prevent flow separation, and tunnel flow passes
freely both above and below the groundplane surface.

The purpose of using a groundplane for the test was to eliminate
undesirable effects of the wind tunnel floor boundary layer velocity
gradient, which is relatively thick in the area where the model would
be located for testing. Boundary layer growth along a "flat-plate"
mounted parallel to the flow (which the groundplane essentially
represents) is readily predictable, and varied from practically no
thickness at all at the groundplane leading edge, to approximately
4 indes at its trailing edge (as measured in the FF 1052 program).
Assessments of groundplane boundary layer thickness were made in the
area where the ship was mounted and confirned predictions quite well,
as will be described later. The location of the DD 963 hull for the
BVWT 242/243 test was very close to that used in the FF 1052 program
and thus the groundplane boundary layer survey results from the
earlier test apply equally well.

35 I



FIXED 20 FT X 20 FT GROUNDPLANE MOUNTED ABOVE
TUNNEL FLOOR - WITH DD963 HULL & ANEMOMETER
RAKE INSTALLED

PROBES & RAKE SPREADER ATTACHMENT HARDWARE WITH
PROTECTIVE SHIELDS RETRACTED IN PREPARATION FOR
TURBULENCE MEASUREMENT

Figure 14.
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I As indicated earlier in Figures 1 and 5, the model could be yawed

+ 180 degrees about its landing pad, through a remotely controlled

xtension of the test section yaw table. The tunnel operator was
able to select desired yaw angle, and then set it through use of a
yaw potentiometer readout n the operator's console. Yaw sweeps were

* made in both directions, to accut for eoected differences in flow
prodmed by assymetrical elements of s structure (stacks), located
on either side of tlu ship cunterline.

4.2 HOT WIRE ANEWEER PROBES AND M0 MTING RA C

Model 1296E (1080-System) split-film hot wire vector anemometer
probes, manufactured by Thermo Systems Inc. in 1970, were used to
measure tree-cxm pment velocity information for the airwake turbu-
lence test. 7 12% probe s velocity magnitud and directionovrthe full 360 degree solid angle in any three dimensional flow
field,with a DC response capability of up to 1 kHz as described in
Reference 9. Figure 15 presents a sketch and photograph of a single
probe unit, along with associated electronic and pneumatic system3 elemnts.

As seen at the bottom of the figure, the probe consists of three
mutually perpendicular sensors oriented 120 degrees apart. Each
cylindrical sensor is me up of tw quartz covered platinum split-
film elements operated at constant te erature, which produce a
heat-flux differential when placed in a flow field. This differen-
tial is sensed as voltage signals generated by both sensor elements.These are coubined with similar voltages frci the other two sensorsto form three o=qnent velocity information as described in the

Reference 10 TSI data reduction docu t.

The data reduction program used to develop the velocity information
fzm the sensor votages is capable of outputting either Vx, Vy, and
Vz crponents, or TOTI with its angular orientation. The three com-
ponent velocity alternative was selected for the D 963 airwake
turbulence test to ensure compatibility of results with existing
flight simulation math models. Velocity computation from the sensor[ voltage Signals was performed in the Wind Turinel IBM 1800 cxxiuting
system, on a non-real-time basis, both during and after the test.

In addition to the electronics package, each probe has a pneumatically
retractable shield (shown clearly at the bottom of Figure 14) which
was autoatically extended over the probe sensors for protection when
not in use. The shield also serves as a flow calibration nozzle for
instantaous in-place recalibration checks of probe performance.

Throu4iout the test program the anematter probes were installed
together on a portable momting rake to form a grid as shown in
Figures 4 and 16. Right yaw runs in the beadwind/crosswind sequence
had most of the probes located on the right hand side of the rake
(as illustrated in Figure 16) to pick up major areas of turbulence
behind the ship. left yaw orientation was exactly the opposite.
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DD963 DESTROYER AERODYNAMIC WAKE TURBULENCE TEST BVWT.242/ 243

0- 31817 HEomwINDN CONFIGURATION3 PROSE LOCATIONS
c- LEFT YAW PROSE HEIGHTS

PROBE NUMERSI I II I I RADAR ANTENAHT.
FLT. OCK(18.O3u

q lir STACK PT.AKES HT.

Xc - O14-03-Q- T HANGAR ROOF NT.

Ab -V -0 1- - 14INIMUJ MT.

PROB LOCTIO~' 8.cm'-GROWID PLANE
SYMMTRIAL AOUTSLOTTED POSTS

FOR HEAMflNOMXINO TESTS, SPREADER BWRARS TO

INSTALLED .AXETO INSUFFICIENT HULEE ORIZONAL PLOEAESY

TYPICAL PAOW TAILWN CONFIJAIN1

[ . 0 40 - - STACK UPTAKES

5~ 5 1*~ ~oO - - HANGAR ROOF

o0 r -0s- -N-fINIMUM EIGHT

I VIEN LOOKING FORWARDI

Figure 16. VERTICAL AND LATERAL ANEMOMETER

PROBE SPACING ON RAKE MOUNT
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Ten probes were operational on the rake at all tines during the head-
wind/xqind evaluations; and these were arranged into two separate
arrays of two horizontal rows each. The group nearest the deck was
called the lower array. Probes were located 3.2 on and 7.8 =m above
the landing deck. The other probe grouping (called the upper array),
positioned the probes behind the stack/rast area in planes 15.6 cm
and 22.5 an above the landing deck.

Thilwind testing, as shown in Figures 3 and 16, utilized a different
p orientation (with vertical mmmting) as decibed earlier. Only
one horizontal plane at a time could be mapped with this ornfiguration
of anmmters. Vertical installation was required to preventprobe/hull collisions, as the ship was yawed; and to ensure that the
probes did not interfere with aerodynamic flow around the aft end of

the ship (which would have occurred with horizontal mounting).

Both upper and lower rake "spreader" bars were adjustable vertically,
to mow the probe arrays up and down. The rake itself could be moved
back and forth longitudinally behind the ship to nap points in the
wake, as shown earlier in Figures 4 and 5. For each headwin/m ind i
rake position, 1 through 5, the device was securely bolted dam to
the groundplane surface to prevent error inducing vibration of the
probe sensor heads. "Tailwind" rake locations 1 through 5 are
designated on the right hand side of Figure 4, with either an "A" or
"C" nomenclature. Test locations annotated with an A were used in
the ADC test, and the C designation applied to the "Close-In"
Lakehurst NAC test configurations.

4.3 FLQW VISUALIZATIN STUDY EUIPNT

Smoke - heimically generated smoke (produced by combining sulphur
Code and anhydrous ammonia gasses) was injected into the airflow
around the ship model through a movable 13 foot long two-tube "wand"
and nozzle arrangement. This was done in order to identify areas of
turbulence and separation behind the ship for later positioning of
anen wter arrays. The nozzle was sufficiently small to prevent flow
expansion until the smoke readied the lee side of superstructure
elements. The wand was manually positioned in the tunnel by extending
it through one of the wall slots out to the model in the center of
the test section.

Still photography of the separated wake was accomplished with 70
cameras mounted beside and above the nodel. A 35MM movie camera,
with its shutter synduonized to a strobe light mounted in the tunnelceiling was utilized to document (in color) flow visual izationstudies conducted on the first day of the test. A separate convention-

al 35MM camera photographed the flow from the-side of the tunnel.

To enhance dhougrahy dring the smoke tests, a black and white grid
pattern was attached to the groumnlane (and tunrel wall) as shown
at the top of Figure 17. Ship yaw angles established for the flow
viz work were prominently displayed on the horizontal grid, so that
novies taken from above require no subtitling to be understood.

40..........



I
I

I

I
1I

HULL ON 2 FT SQUARE BLACK SMOKE FLOW VISUALIZATION
GRID - NOTE MARKINGS FOR YAW HEADING ON FLOOR &
TUNNEL WALL GRID FOR OBSERVING VERTICAL FLOW PATTERNS

a-

HELIUM-SOAP BUBBLE GENERATING NOZZLE & WAND
HELD ABOVE BOW WHILE DISPENSING FLOW

EQUIPMENT SETUP FOR PHOTOGRAPHING SOAP-BUBBLE TRACKS WITH
XENON "SUPER TROOPER" THEATRICAL-TYPE HIGH INTENSITY
COLLIMATED SPOTLIGHT IN FOREGROUND - AND MOVIE/STILL
CAMERAS ON LEFT

Figure 17. FLOW VISUALIZATION EQUIPMENT
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-Helinm Filled Soap Bubbles - Multiple helium filIled soap bubble
strum fiLWM'ats ware generated with a special hand-held "wand"j
ro uling a keil tube, in order to visualize flow patterns around
the ship. 'The soap bubbles are formed with heliium, providing neutral
buoancy diaracteristics so that each buble stre followed the
local flow pattern. Bubble strom were IlIlI minated with a bright
Y~rn theatrical type spotlight mounted behind, and to the side of
the ship, with all other tunnel lighting turned off. 7he soap buble
"f2m viLz" testing was conducted after ompletion of the e
ematiozi on the first day of the test. Movies of this very inter-
esting flow study were unsuccessful in hihihigthe bubble tracks.
Ci the last day of the program, soap bubble phtgrpy wasagi
a"~itd with the sae results.

Despite the problem with the soap bubble movies, nuerous polaroid
and Haslblad still photos were taken successsfully of the flow
around the hull and superstructure.
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SSECTI 5.0 TEST PFCCHXUE AND CCUDITIONS

SXNDPSIS - As in the earlier FT 1052 evaluation, testing related to
mupping D 963 airwake turbulence began long before the ship model was
mounted in the tunnel. Extensive refurbishment and calibration of the
armtmer probes was acocaplised by Thermo Systems Inc. (the probe
manufacturer. When returned to Boeing Vertol each was redecked in
a "TSI Calibrator" unit to confinm factory cal constants.

3 After installation of the groundplane in the tunnel, the model was bolted
to the yaw table extension flange and smoke flow visualization studies
conducted. This testing was accomplished at the outset of the program to
verify that locations selected for the anenater arrays on the rake
would, in fact, identify major areas of turbulence affecting V/SIOL or
helicopter operations aboard the full scale vessel. With probe array
coifigurat requirnints confired from the su*e tests, a number of
heliuaVsoap bubble flow viz runs were made to qualitatively assess and
photograph details of the bound and shed vortex patterns in the lee of
prominent superstructure elements. This testing was repeated at the end
of the program in an unuccessful attempt to take movies of the bubble
tracks, as they passed through the turbulence.

Quantitative measurment of the airwake turbulence followed the flow
visualization effort. Over 740 test points were taken with the hull
installed upright, and rolled right or left 15 degrees. About three
quarters of these velocity sueatt runs represented headiind/crosswind
a -oditions, and the .remaining "tailwind" data points were taken with the
ship's fantail pointing into the tunnel flow.

Infonuation presented in the remainder of this section brieZly reviews the
various elements of the test program just outlined, with dcuentation of
exactly what was done - and why.

5.1 AXNDOM1ER S'U ISMENT, ROLIBRATICN, & ERATIM

At the start of the M0 963 program, eighteen anmimmter probes (used
in the earlier FT 1052 test) were made available to Boeing by the
gvrutent. Because of the questionable or completely inoerative
status of most of these devices at the end of the earlier test, all
were returned to TSI for sensor replacement, refurbishment as
necessary, and calibration. All three snor units on each dhemm-
eter ware replaced by the manufacturer, and the probe electronics
cards rezeroed to match wind tunnel cabling, buffering interface
el e s equipment etc. One of the probes shiped to TSI was
considered to be so badly damaged that it could rot be repaired for
the M0 963 effort.

Of the seventeen refurbished probes sent back to Boeing, all but one
repeat the factory calibration when installed in the calibrator
unit. The probe not repeating the factory calibration was
worked on by the wind tunnel instrumentation staff, but never
adieved servicable status during the program.

I
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At the start of testing, ten probes were installed on the rake. A
nuzber of these suffered "balance" problem when connected to the
very long cables in the tunnel, running from the test section to the
electronics processing units. Capacitance of cabling in the tunnel
was apparently scmewhat different from assumed values used by the
factory in setting up the electronics cards for each probe.

Wind tunnel personnel were able to eliminate the problem (through a
minor resistor change on the card) for all but three probes. An
attempt to therml "shock" these unusable probes with large applica-
tions of current to change internal resistance (so that they could
be balanced), was not successful. As a result, only thirteen opera-
tive probes were available for velocity -uasurenut at the start of
testing (out of the original group of 18).

Shortly after testing started, one probe was struck by some small
piece of debris in the flow during a run, and all three cantilever
mumted sensors were destroyed. 7he probe was replaced with a spare.
A similar sensor problem occurred during the first rake probe array
change, and two nore probes were rendered unservicable.

Ftr virtually all headwind/crosswind testing, ten probe positions on
the rake were being utilized as planned. From time to time, individ-
ual sensors failed through shorted or open circuits, and the probes
were replaced with spare units when the failure was identified.
Occasionally, failures were not found with on-line manitoring systems
until several runs had been made folloving the onset of the problem.
Because of the vast amount of data being acquired in the limited
test time available, these runs were not repeated when only one probe
in an array had failed. Cn several occasions, "low-speed" averaged
velocity data taken on-line indicated satisfactory probe performance
(when, in fact, failures in multiplexing data channel circuitry had
occurred, thereby rendering the off-line "high-speed" information
intended for post-test processing unusable).

A detailed annotation of all malfunctioning probes, and associated
run and test point numbers is presented in the report Appendix B,
preceding the data listings of mean and standard deviation velocity

5.2 BOUNDAY IAYER SURVEY

Althmh no survey of the groundplane boundary layer velocity gradi-
ent was made for the M 963 (BVWT 242/243) test, information gathered
during the earlier F? 1052 test is considered to be valid for the
destroyer evaluation, and is therefore presented in this report to
aid the reader in understanding the flow environnent around the
M 963 hull.

In the Reference 1 (FT 1052) survey, velocity gradient above the
groundpla was msured at the model yaw center, and at the ship
bow with the vessel at 00 and 900 yaw. Since the FF 1052 model was
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sIwdiat larger than the D 963 (8 Ft. -10 In. vs 7 Ft. overall) the
"bow" location for both ships was not in the sane place on the ground-
plane. Luckily, the initial test was with the larger ship, and its
bow was located three feet aft of the forward edge of the grourdlane;
whereas the bow of the smaller DC 963 was located 4.75 feet aft at
aero yaw (see Figure 5). Sinple interpolation of the measured

boudar laer ataf rom the three foot and S positions (using infor-
matian on boudary- layer growth discussed in Reference 2), will pro-
duce dsired velocity ratios for any station along the D 963 hull

Boundazy layer measurements were taken with tunnel speed set at
20, 35, and 50 knots during the FF 1052 test, which exceeds the range
of speeds evaluated during the DM 963 program. Again, interpolative
techniques can be applied to derive the desired O 963 information
as required.

5.3 FUN VIS ZATICN STUDIES TO CONFIR PWBE ARRAY OaNFIQJRTION,
AND OVERALL HLARTM OF AflhWAE TIRMLE

Predictions - Before the test, an estimate was made to detemine
wxhere major vorticms shed by elements of the DO 963 superstructure

would lie, as the ship was yawed from 00 to 900 in both directions.
The principal vortex streets creating inportant areas of wake turbu-
en were expected to eminate from corners of bridge and hangar

superstructure, and from both masts and exhaust gas stacks. Results
of the pre-test predictions are illustrated in Figure 18.

In the earlier test of the FF 1052, yaw angles between 300 and 500
produced the greatest flow disturbance, in the range of wind-over-
deck headings most likely to be used for VSCIL and helicopter launch
and recovery operations. Cn the basis of this observation, 500 was
selected as a ball-park start for probe positioning in the DO 963
test (as shan on the right hand side of Figure 18). Information
presented later in the report (in Section 6), will confirm thesepositioning estimates to be reasonable for the Destroyer Airwake
Program, despite swerving of the flow dowiind of the vessel observed
during suoke testing.

Smoke Studies - To verify assumptions just described, flow visualiza-
tion siewith the smoke "wand" discussed in Section 4.3 were
onducted with tunnel speed stabilized at 20 knots. The wand was
positioed to eject smae into the flow field in front of various
elements of superstrucue including the bridge, forward mast and
stack, aft mast and stack, and the hangar. Flow around the landingplatfom was also extensively d keded. Ship yaw angles from 00 to
1800 in both directions were evaluated.

Behind the ship, the aemuiter rake was set up with 10 "d=W"
wooden probes mmmted on it in the locations suggested in Figure 18.
An observer was stationed above the tunnel test section to look dan
on the smoke flow field and ensure that the selected probe spacing
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I would, in fact, cover the areas of heaviest turbulence. A second
observer viewing the ship through the tunnel side wall window, esti-Smated vortex vertical height at different distances downstream by

r the flow with the tunnel wall mounted grid, to confirm
the horizontal probe plane levels selected for testing.

3 St obosopicay syndronized color movie film (at about 25 frames
per second) was taken frm above the tunnel roof and slightly aft
of the ship for each test condition; and both conventional 35M color
noaies and 70M still phogras were mode from the side of the test
section. Attmpts to "freeze" major elements of the turbulent flow
with the strobe light, to identify frequency content, were not
successful.
Hei m - Soap Bubble Tests - Use of heium filled soap bubble tracks
to deliniate flow around serstructure was also attempted during

the flow visualization program (just as had been done experimentally
in the earlier FF 1052 effort). For this type of test, the hull was
illuminated from the rear by an extremely bright Xenon spotlight
(with other tunnel lights turned off). This back lighting caused the
soap bubble tracks following the local flow pattern to be visible.
A polaroid camera was used to experimentally derive the best combina-
tion of (f) stop and shutter speed to photograph the bubble tracks.
With these settings determined, a 70M Hasselblad still camera wasadjusted accodingly an then used to photograph testing oducted
as the ship was yawed, as in the smoke tests (see Fgure 17).

[ In addition to still hotograhy, color movie film was also made of
bubble tracks. Negative results caused the bubble tests to be

repeated on the last day of the program - but again the bubble tracks
were not visible on film. Since the FF 1052 soap bubble color
movies taken in 1976 were able to deliniate the tracks fairly well,
it is recommended that prior to any ship flow visualization work
attempted in the future, pre-test photographic experiments be runto determine what film & shutter speeds, and (f) settings are neces-sary to produce satisfactory results.

5.4 SHIP AIRKM VELOCITY MAPPING

Headwind/Crosswind Testing - With probe locations on the anhmareter
rake confirm e by the flow visualization studies, a comprehensive
program to quantitatively nap the airwake turbulence flow field was
ndertaken. The ship was set u initially at zero roll angle, and

yaw sweeps to the right were accoplished as outlined in the Table 1
summary. The first probe array utilized was the "lower" right yaw
setup indicated at the top of Table 2. Initial yaw sweeps started
with the rake positioned so as to place probe sensors in a vertical3 plane passing through the landing platform bullseye (as shown in
Figure 4).

Yaw runs were repeate at 20, 35 and 45 knots, before moving the
rake aft to the next position located above the aft end of the "01"
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Table 1. TEST MATRIX SUMMARY'
DD963 SHIP WAKE TURBULENCE TEST - BVWT 242/243
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[ VIEW LOOKING FORWARDj

PROBE CONFIGURATION PROBE HEIGHT (ABOVE | USED FOR
ARRAY LANDING DECK)-METERS F.S.J RUN CONDITIONS

O UNTED HORIZONTALLY HEADWIND/XWN

FOR HEADWIND/XWIND TEST TEST.

CONFTGURATION 1
10203 40 S 69 6.22 HANGAR ROOF RIGHT YAW
72 9 1D 2.S4 MINIMUM HEIGHT LOWER ARRAY

LANDING DECK

1! C1OFIGURATYONL:2t5* 4 o 6" 18.03 RADAR ANTENNA RIGHT YAW

70 t8 9. 10. 12.45 STACK UPTAKES UPPER ARRAY

LANDI NGECK
' CONFIGURATION 3

go 9 4: 1023* 6.22 HANGAR ROOF LEFT YAW
100 9e 70 ',Be 2.S4 MINIMUM HEIGHT LOWER ARRAY

t LANDINI DECK
CONFIGURATION 4

a 5 * 4' 102'30 18.03 RADAR ANTENNA LEFT YAW
10. 9. 7. .Be 12.45 STACK UJPTAKES UPPER ARRAY

LANDINI DECK

PROBES NOUNTED VERTICALLY_
FOR TAILWIND TEST ITAILWIND TEST

CONFIGURATION

60 7. 1*F30 40 50 2.54 MINIMUM HEIGHT LOWER ARRAY.

LANDINI DECK• CONFIGURATION

6. 7. 1. 3. 40 50 6.34 HANGAR ROOF MIDDLE ARRAY

LANDING DECK
[! CONFGURATON Z

60 70 102 30 40 50 12.45 STACK UPTAKES UPPER ARRAY
LANDING DECK

Table 2. PROBE CONFIGURATION ARRAY COMBINATIONS
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De'k; wi-i e the process was repeated. As the rake was moved further
aft, . ottr and greater yaw angles could be reached before interfer-
once occurred between the ship and probe sen oirs (Table 1 reflects
this wpanded yaw coverage).

,*k- the yaw sweep series was ooqpleted for the final rwe location
(one ship length downstream of the bullseye), the hull was rolled
150 to the right and the series repeated at 20 and 45 knots (see
Table 1), as the rake was moved progressively in steps closer and
closer to tm ship landing deck. After completing the final run
with probes over the landing deck £, the hull was rolled 150 left and
the sequence was duplicated again. With all right yaw "lower" array
(configuration 1) tests completed, rake spreader bars ware raised to
achieve the "upper" array, shown as configuration 2 in Table 2.

As illustrated in Table 1, runs with the "upper" right yaw array were
then made, essentially duplicating those with the "lowr" oonfigura-
tion, thereby completing the mapping task to the right. By switching
probes from the right hand side of the rake to the left, configura-
tions 3 and 4 (Table 2) ware achieved, and the entire data gathering
process was repeated for left yaw sweeps. On the basis of nn
velocity comparisons made for 20 and 45 knot runs (which indicated
that data could be scaled directly with remote wind speed), the 35
knot sweeps were not repeated in left yaw.

T ailwind Test' - Following conpletion of the headwind/croseswind
evaluation, tailwind testing was accaiplished (starting at run 168),
utilizing the rake configured with vertically mounted probes as pre-
viously discussed and annotated in Table 2 and at the bottom of
Figure 16. Only one horizontal row of probes at a time was active
(see Tables 1 and 2), and the rake was moved fore and aft to com-
pletoly map a single plane before being reconfigured for measuring
data at the next higher horizontal level. Tailvind measuraunts were
taken at 20 and 45 knots as indicated in the table.

Tailwind yaw sweeps were attempted for +600 on either side of the
1800 yaw angle, but probe/hull interferince often precluded reaching
the desired maximum angle. A detail listing of all yaw angles set up
for this testing is given in Table I and in Table 3 (which precpdes
the data listings). Table 3 also annotates which probes were
inoperative, or malfunctioning during each run.

5.5 DATA FOCODING AND PWRXSSING

Velocity information from the anemsmter probes was recorded and pro-
cessed on the BVWr IIN=DEE" - IBM 1800 computing system mentioned
earlier. Raw probe sensor data stored initially on tape was process-
ed in the Reference 10 data reduction progran, which converted the
results to engineering units and resolved the resultant velocity
information into Vx, Vy and Va coxments. Further processing
corrected for probe mounting orientation, so that Vx was always (+)
in the downstream direction parallel with the tunnel centerlineJ
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Ii
Vy (+) to the left looking upwind; and Vz (+) uWard and perpen-

dicular to the lane. This velocity convention was maintained
regardless of ship heading, in order to simplify later application
of the data in flight simulation work.

i Dynamc velocity data were recorded after first establishing the
desired hull yaw angle and stabilized tunnel speed. Each data
recording burst consisted of three separate segments, to of which
were utilized in the data reucti process. The first consisted of
aCproximately one second of "low speed" data sampled at 124 samples
per second per channel. These data ware averaged to form man Vx,
vy, and Vz velocity compon.ts for "on-line" checks of probe perfozm-
ance. The data were plotted in velocity map format while the test
was in progress, to get an idea of what the total flow field behind
the ship looked like. Because of a tunnel data system limitation,
only nine of the ten probes installed on the rake could be mnitored[(on-line) at any one time - Data from the tenth probe was stored on
tape for post-test processing.

The second portion of the data segment onnsisted of an 0.8 second
burst of "high speed" information sampled at 164 samples per second.
Ihis is the data which was post-test processed to fonm the mean and
standard deviation velocity mponst listings presented in Appendix
B of this report. It is also the data used in developing the tins
history tapes of the airwake nmasuremuts for each probe. The 0.8
second model data burst is equivalent to 64 seconds of full scale
real-time turbulences, according to Strouhal scaling law similarities
for the 1/80 scale ship.

In addition to the standard 0.8 second data samples, long data runs-
(of about 10.4 seconds each) were made periodically during the test
for selected conditions, duplicating those already run. These runs
were intended for use in developing the airwake math model, and ware
processed in a manner similar to that used with the shorter samples.
Along with the mean and la standard deviation calculations, sane of
these long runs ware also processed through the wind tunnel FastFourier Transfo= requecy Analysis,'for comparison with results

of the shorter rms.

During the standard 0.8 second run, 131 data samples were recorded,
or one every 0.006 seconds. This sample rate was primarily dictated
by constraints of the '"WMEE" data system as influenced by the
number of probe sensor signals being multiplexmd, the desired range
of frequency content in the final results, and the amtut of data
which could be reduced within the cost limitations of the contract.
Assuming a minimum of 2 samples per cycle to define wave form, the
data saple rate and run time used in the wake turbulence test per-
mitted accurate neasurement of frequencies between 1.25 Hz and 80 Hz
(model scale).

To refer these frequencies to full scale values, Strouhal Number is
assumsd to be the same for the model and full size ship (since the
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mininu Reynolds Number e*erienced in the model test eeded 103, I
which is the criteria for onstancy established by Hoerner, in

* ~ ~ Rference 2). Stroi*hal frequency scaling lws state that: I
S u tere: S is Strodhal Number (usually cmstant for a

Vgiven body shape) If is the frequency of the shed vorticity
h is a characteristic diuensicn of the body

(normlly width)V is the flow velocity

Based an these relationships, the full scale range of frequencies
possible from the test results can be derived from model frequency
data by sinply dividing by the (80:1) scale factor. 7his division
results in full scale turbulence frequencies ranging from 0.0156 Hz
to 1.0 Hz, which is nore than adequate for application in existing
flight siialation math models for most aircraft. Scaln the re-
corded model time history data for siulation work requires only that
the 0.006 seond time-between-data samples be increased to 0.488

MI
se~ds.
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I iS|C 6.0 DISCUSSICN O TEST REUTS

As indicated in the Introduction to this report, the principal objectiveI of the wind tunnel effort described herein was to record on magnetic tape
a three omnent velocity time history data map of the turbulent airwake
behind a Mo 963 destroyer model, suitable for later application in VSTOL£ aircraft or helicopter design and flight simulation work. A second major
progra objective of the contractor was to process the time history data
into omputer listings of three oponent mean and standard deviation
velocity information. These objectives were achieved sucoessfully, along
with meeting lower priority goals to develop a qualitative feel for the
airwake through application of smoke and helium/soap bubble flow visual-
ization techniques.

on the basis of having either met or exceeded the contractural objectives
stated above, no attempt has been made by the contractor to exhaustively
analyze the test data for math modeling purposes in this report. Rather,
the data have been carefully scrutinized for validity from an aerodynamic
and data analysis standpoint, and sanles of the more interesting test
results either plotted or presented photgraphically in this section. It
is expected that a comprehensive evaluation leading to synthesis of an
airwake math model for the MO 963 will be conducted by personnel of the
NWDC Flight Dynamics Branch sanetime later this year.

In the review of test results presented in this section, previous ground-
plane boundary layer survey information fran the FF 1052 program (which

UT. applies equally well for the D 963 test), and flow visualization studies
onducted with the Spruance, are discussed first. Typical dynamic time

history data presentations are covered next, followed by a description of
rthe more interesting horizontal and vertical plane velocity vector maps

plotted fran the test results. Velocity maps capare the following:

0 Effect of ship superstructure on variation in local flow withfincreasing height above the deck, in the horizontal plane

* Magnitude and directional variations in local horizontal flowIcaused by:
* ship yaw angle for headwind/crosswind tests
9 ship roll angleI emote wind speed

* Effect of hull/superstructure shape on flow in vertical planesft above and behind the flight platform

e Effect of tailwinds over the fantail

I e Turbulence "roughess" as indicated by pictorial displays of
longitudinal/lateral la variations about the mean velocity vector.

Data sanples from selected test runs (including several of the long 10.4
second data points) ware also processed through the Wind Tunnel Frequency

1 53

I7



Li ,

Analysis Program, to determine the periodic frequency cotent of the air-
wake turbulence. These results, presented in model scale plots, are quite 71

interestig because of their inplications regarding eventual math modeling
of dynic onents of the airwake.

6.1 GONLANE BIDARY LAYER SURVEY
(Data from Reference 1 test of FF 1052 Frigate)

Data presented in Figure 19 campare predicted and measured boundary
layer velocity gradient characteristics, at the fb of yaw rotation
under the landing platform bullseye, and on the tunnel f slightly
forward of the M 963 model bo. Mwelent agreent between pre-
dicted and measured boundary layer thickness is shown in the figure.

Fbr the bow (of the FF 1052) which was three feet f ran the ground-
plane leading edge, boundary layer thickness was predicted to be
about 0.75 inches in depth. Actual neasure-.nts at the point where
local velocity was reaching 95% of free stream, indicated a thickness
varying between 0.7 and 1.1 inches above the surface. For the loca-
tion of the DD 963 bow (see Figure 5 in the report Sumuary), pre-
dicted thickness is approximately 1.2 inches.

Along the groundplane at the q of yaw rotation (which was the sane
for both models), boundary layer thickness was predicted to have
grown to slightly over two inches. At 95% U , the actual groundplane

measurement put the boundary layer height for 50 and 20 knots free
stream tunnel velocity, at 1.7 and 2.5 inches respectively. Estimated
boundary layer thickness at the location of the M 963 fantail is
just under three inches, and at the aft end of the groundplane behind
the ship slightly less than 4.5 inches.

The thrust of these earlier test results indicates that the 2 inch
adapter skirt used for mounting the DD 963 hull, placed the top of the
boundary layer at about the level of the ship waterline amidships, and
roughly 3/4 inch above the waterline at the fantail. 'For the full
scale vessel, the free strew boundary layer at sea will probably be
a bit higher along the hull than the thicknesses just described
(Reference i1); but the at sea boundary thickness data is rather
sparse and scmWhat subjective in nature; and, of course, is heavily
dependent on sea state (which is a function of wind and wave height).

Despite the likely difference in model and full scale boundary layer
thicknesses over the length of the ship, turbulence levels measured
behind and above the superstructure are probably unaffected by not
exactly matching the boundary layer heights along the sides of the
vessel. More Iiportantly, aft of the ship where the groundplane
boundary growth is substantial (unlike %hat happens at sea, where it
tends to remain at a constant height for giver. wind and wave condi-
tions), the match in model and full scale velocity gradient depth is
somewhat closer. Boundary layer thickness aft of the ship becoms
more significant than the portion adjacent to the hull, because the
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DATA FROR-FF1052 SHIP WAKE TURBULENCE TEST BVWT 183

NOTES:
(1) MOUNTED 14 IN. ABOVE TUNNEL FLOOR
J2) 20 FT. X 20 FT. GROUNPLANE
3) NOERNER-SECT 2-3

TEST DATA LEGEND
-- SYN 6'JUA L~ION

ip HI fLALNDING PAD
A 35 0t FT. FROM GROUND PLANE I fl

4.0 so5 LEADING EDGE(W/T STA 1000 ON
a0 20 11.75 FT FWD OF 00963 BOW

llif

0

[ OF DD963 BOW

0 0 .75 0.6FW 0.7..0 .

I FIE BIW I"OU IDLANEI i
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character of the aerodynamic wake may be altered by its reflection
from the simulated water surface.

Since the relationship between the waterline and boundary layer depth
behind the ship was probably as close as it could have been during the
test, it is oncluded that the ship was mounted properly to simniate
its aerodynmnic wake.

6.2 FLOW VISUALIZATIOM TESTS

Highlights of the moke and soap bubble flow visualization work des-
cribed in Section 5.3 are summarized in the photographs presented in
Figures 20 through 23. Graphically illustrated on these still photo- !;
graphs are major areas of turbulence and vorticity identified in the
airwake surrounding the Mo 963 hull and superstructure. As indicated
earlier, the smoke tests verified probe positioning on the rake (both
in the horizontal and vertical planes) from observations made in the
tunnel.

Fr=n above, smoke trajectory indicated that as the ship yawed, flow
tended to entrain itself behind the hull parallel to its centerline,
and then straighten again as it approached the stern of the vessel.
This observation confirmed earlier Boeing testing with the FF 1052,
and results from smoke tests of a 1/200 scale Mo 963 in the Princeton
University Forrestal Research Center 3 x 4 foot tunnel, sponsored by
NAW last year.

7he significant conclusion of all of this work is that the hull be-
haves almost exactly like a heavily loaded low aspect ratio wing
(sticking up out of the water), which sheds a powerful vortex as
shown clearly in the 30* and 500 right yaw photos in Figures 20 and
21. In the Princeton tunnel, the "tip" vortex was viewed from direct-
ly aft of the ship where the mechanization of the flow patterns be-
ums scmewhat easier to understand, as opposed to being viewed from

above, or to the side, as in the BVWT 182 and 242/243 tests.

As shown in Figure 20, the hull seem to "stall" somewhere between 300
and 500 of yaw (or a, if one considers the wing analogy), and down-
stream flow becomes disorganized and jumbled. At 90- yaw, reverse
flow amidships is observed, while flow over bow and stern areas is
still in a dnstream direction. Color movies clearly show the dy-
namics of the various vortex and turbulent airflow patterns, for
ship yaw angles fran 00 to 1800.

Unlike the mwke studies which identified large scale 'Wacroscopic"
flow patterns around the hull, the helium-soap bubble tracks did the
"micro" job in and around various elements of superstructure as shown
in Figures 22 and 23. As expected, a strong bound vortex was discov-
ered in the Ise of the hangar over the landing platform. 2his recedes
rather quicly into a jumbled, disorganized pattern when ship yaw
angles exceed 100 to 150 in either direction. The expected "spoiler
like" action of the asymmetrically placed aft stack on top of the
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YAW= -500LT; ROLL= 00YW OOT RL=0
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YA= 3OL;ROL--5OT STIL & PRESENT ROLL- 15ORT
@ 50
WITH HULL
ROLLED I
TO RIGHT

YAW= 500 RT;j

YAW= -120OLT (24O0HEADING)
ROLL- -150LT

YAW- 500RT; -5L

Figure 21. EFFECT OF HULL ROLL ANGLE ON FLOW AROUND VESSEL.
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3 IBOUND VORTEX BEHIND HANGAR OVER LANDING DECK,

HELD FORWARD AND TO THE CENTER OF HANGAR

NOZZLE HELD FWD OF BRIDGE - SHOWING FLOW AFT OF MAST

STRUCTURES & BOUND VORTEX BEHIND HANGAR AGAIN NOTE:

BOUND
VORTEX

CI SLIGHTLY
SKEWED

-" ACROSS
DECK @ 00
YAW
BECAUSE
OF STACK
OFFSET
ON HANGAR
TOP

SUCK DOWN OF HIGH LEVEL FLOW AFT OF
SUPERSTRUCTURE @ 00 YAW

Figure 22. HELIUM-SOAP BUBBLE FILAMENT TRACKS INDICAJING

FLOW FIELD AROUND SHIP SUPERSTRUCTURE @ 0 YAW
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YAWING SHIP IN EITHER DIRECTION BREAKS UP BOUND VORTEX
OVER LANDING DECK INTO ROUGH SOMEWHAT INCOHERENT FLOW
PATTERNS (30 RT SHOWN)

50
RT

A 300
RT

ROUGH FLOW BEHIND HANGAR WITH SHIP YAWED TO REMOTE WINDt

EXCELLENT PHOTO OF EXTREME TURBULENCE IN LEE OF AFT STACK
WITH SHIP @ 50 RT YAW - NOTE LARGE NUMBER OF MINI-VORTICES
MAKING UP FLOW PATTERN

Figure 23. HELIUM - SOAP BUBBLE FILAMENT TRACKS
INDICATING TURBULENT FLOW FIELD WITH SHIP YAWED
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hangar, apparently cotributed to breaking up the bound vortex as
flow passed obliquely over the hangar roof.

Another observation from the bubble studies was that the mast struc-
tures (consisting of numrous cross braces, wires etc.) tend to actI as large flow screens (siml ar to thaw found in wind tmnel), which
break the flow into minute "mini-va.ices", and thus contribute to the
apaet incheen flow behind the ship when yawed. Despite appear-

iance to the contrary in the flow viz work, the overall flow field

behind the ship has a very repeatable steady component at most yaw
angles and locations throughout the wake, as will be shon later in
the velocity vector maps.

6.3 REULTS OF T URBULENr VEAflIT MAPPING

6.3.1 Time History Data - As described in the Test Procedure and Condi-
tions Section, computer processed tie histories of three comonent
velocity data were stored on magnetic tape for all test points takenduring the wake turbulence program. Two data tapes were generated:

* The first tape includes all test points; with the run, test point
and probe designations added for identification only. Full inter-
pretation of this tape requires use of the Test Run Log (Appendix
A), and Table 3 presented in Appendix B.

e A second edited tape has duplicate or repeat runs and yaw sweeps
removed; but includes a complete description of the run, test
point, probe, tunnel velocity, hull roll angle, and full scalelocation for each probe relative to the ship annotated. This isthe tape utilized for data listings presented in Appendix B.

Vx, Vy and Vz tine history data are expressed in meters per second on
the tapes, and likewise all other processed data listings etc. utilize
metric units throughout as required by the contract. The interval
between data sanples on the time history tapes recorded during the
test is 0.006 seconds. Correction of the data to full scale requires
only an expansion of the time between data samples to 0.488 seconds
as discussed in Section 5.5. It should be noted that the test was con-
ducted in the range of full scale wind velocities desired, and requires
no Reynolds Number scaling carrections. ITh min ipu test velocity
produced Reynolds Nurbers on the order ol 1.2 x 10 for the hull in
the area of the landing pad and 2.0 x 10 for major elements of super-
structure; both of which are well above requirts for maintaining
constant Strouhal Number, and adequate for ensuring supercritical,
flow over most of the ship.

Figure 6 in the report summary illustrates the type of time history
data stored on tape for a typical 20 knot 0.8 second run. Also shownare results of processing the data to derive mean and 10 Standard
Deviation velocity omponent information for the listings in
Appendix B. Information presented in the figure was
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computer generated for a single Vx velocity cxmpcnent from infona-
ticn such as that listed in Figure 24, which is a digital printout of
all 131 data points for each of the three velocity omponents for
Run 9, test point 2, at 300 right yaw. Information presented in
Figure 25 summarizes mean and la processing results for the sane run,
with additional test points at 00 and 500 yaw. The data format of
Figure 25 is followed in Appendix B.

Figures 26 and 27 coupare time histories of 0.8 and 10.4 second runs;
representing the same 45 knot test condition, and cmiputer plotted
on a compressed time scale when conpared to Figure 6. Note that mean
and standard deviation values computed for these two runs are virtu-
ally identical, indicating that the shorter data run does, in fact,
represent average conditions existing in the wake at any one time.
Also of interest is the size of the lo variation about the mean,
whid is about 50% of the steady value for the probe located just aft
of the hangar corner in the vicinity of the landing area bound vortex.

It is interesting to observe that the 6.6 M/Sec steady mean velocity
at this location is reduced substantially, when conpared to the free
stream 23 M/Sec (45 knot) value. This reduction in local "q" behind
the hangar, and large value for standard deviation are both indica-
tive of the levels of flow separation and turbulence present in the
airwake field aft of the ship. Areas of disturbed and separated flow
are gradhically demarcated in the velocity maps presented next.

6.3.2 Steady State Velocity MaMs - mean (or average) velocity data of the
type presented in the Figure 25 printout (end listed for the entire
test program in Appendix B), were used to generate steady-state veloc-
ity vector maps for horizontal and vertical planes above the deck of
the shin. Horizontal plane information has been developed for:

* Minimum height above the landing deck

* Hangar roof top height

* Stack uptake height

* Radar antenna height in the mast superstructure

Additional maps have been plotted which depict flow in the six verti-
cal planes (corresponding to the lateral probe locations) running be-
hind and parallel to the ship; starting at the landing platform center-
line, and working rearward to one ship length aft of the bullseye.

Vx and vy data were summed vectorially (for map presentation) to pro-
duce the resultant horizontal velocity at each probe location in the
desired plane. The sane was true of Vx and Vr data, which were summed
for the vertical flow presentations. All information plotted in these
vectorial depictions of the airwake was developed from the 0.8 second
"standard length" runs made during the test. Results of analyzing
data from the longer runs are discussed later.
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BASIC HIZOTAL FL(0 DEPICTICN
(with ship at 00 yaw)

Figures 28 through 30, and Figure 7 in the Summnary depict steady flow field
characteristics at various heights above the landing platform behind the
ship s trsucb . Test results at 20 knots (10.3 meters per second)
remote wind (tunnel) speed, show somawhat more flow separation behind the
hangar than was observed earlier with the FF 1052 frigate. Wind-over deck
-0asurunts just above the landing platform (at the 2.54 M level) indicate
less than 1/3 remote velocity, and this "q" hole persists almost to the
fantail. Similar characteristics are seen at hangar roof height, and not
until the stack level is reached (Figure 29) does the flow begin to recover
dynamic pressure.

It is interesting to note som aerodynamic effects resulting from the large
aft stack structure on the right hand side of the hangar roof (as shown in
the first three rows of probes in Figure 29). Reduced "q" is apparent
along and behind the right hand corner of the hangar roof, until well aft
of the fantail. Soap-bubble photos indicated that the rounded corner
stack shape produced a very choppy Von-Kanman vortex street directly be-
hind this structure, and the slight observed reduction in dynamic pressure
is apparently related to the downwind passage of the vortex cores.

Another significant observation of the 00 yaw flow field is more subtle
than those just discussed; but inportant as will be seen later in the
"tailwind" data. 7his is the very slight counterclockwise skewing of the
outboard flow vectors throughout most of the flow field, as height is in-
creased above the deck. Comparisons of Figures 28, 7, 29, and 30 show
that the flow on either side of the ship is organized essentially parallel
to a line drawn through the stack centerlines, which are on opposite sides
of the hull.

%en this slight amount of lateral skewing was first observed, a niisalign-
ment of flow in the tunnel test section was suspected. Run 46, made with
the model removed fram the tunnel, disproved this hypothesis. It would
seem reasonable to attribute this cocked flow alignment with the hull at
00 yaw, therefore, to the stack asymmetry. In fact, the stacks probably
act as flow directors warping the field at some distance from the hull.

iFKCT CP YAW CN FICW
(at low yaw angles)

Figures 31, 32, 34 and 35 copare 20 knot right and left yaw runs for
various heights, with the ship oriented 300 to the remote flow. By plac-
ing the transparent overlay of the ship stored in the back of the report
on the map (so that is is aligned with the hull sketch on the plot), sane
idea can be gained as to which piece of superstructure produces the observ-
ed changes in measured flow magnitude and direction. Dynaaic pressure re-
duction behind the D 963 hull and hangar is again somewhat greater than
observed for the FF 1052. A comparison of Figure 32 with Figure 33 (which
was taken from the FF 1052 report), shows this effect to be particularly
noticeable at hangar roof height, which both figures represent.
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Also seen in Figures 31 and 32 is a skewing of the low "q" separated flow
across the landing platform, just as was observed in the Figure 22 sketch,
and in the soap-bubble tests.

Both right and left yaw data are plotted on the same map to illustrate
differences in flow created by the stack asymmetry. Except for the area
directly behind the aft right band stack, right and left yaw flow fields
look about the save. To assist in picturing how the flow field changes
with height, Figure 10 in the Summary compares all four levels for a 300
left yaw run. Most of the flow skewing cbserved on the plot is due to a
corkscrewing of the shed vortex sheet above and behind the hull, which is
clearly seen in the smoke flow visualization work illustrated in
Figures 20 and 21.

Summary Figure 12 gives an indication of flow roughness with model yawed
300 right; as indicated by the la variation ellipse plotted around the
mean velocity vectors.

EFFECT OF HIGH YAW ANGLES

Figures 36 and 37 depict hangar roof level flow at +500 and +900, respec-
tively. Very deep flow separation at these yaw angles was observed during
the flow vis study with smoke, and the measured velocity data shows the
sane thing. Hangar level 20 knot maps indicate many areas where flow has
virtually stopped, or has reversed direction and is heading forward.
Additional 500 velocity map data presented in Appendix C show that at radar
antenna height, flow dynamic pressure has just about recovered to free
stream value. Implications of this change in velocity with height above
the landing platform are quite important, when one considers that any air-
craft descending through this gradient will, in effect, experience a
"suck-forward"; which can have a major impact on control requirements and
aircraft aerodynamic response characteristics necessary to overcome the
flow field changes.

EFFECT CF HULL ROLL ANGLE

Figures 38 and 39 compare data taken for 150 right and left roll angle runs,
made at +300 yaw in the lowest plane (2.54M) for which velocities were
measured_ Mien compared with data taken at the same height and 00 roll,
plotted in Figure 31, only small differences in the overall flow fields
are evident. These small changes might be ignored for airwake math model
purposes, but RMS/Standard Deviation variation about the mean velocity
values should also be checked.

If it becomes necessary to model roll effects on flow (in any math model),
it should be noted that the landing platform bullseye moves laterally
about 1.3 inches (from its nominal 00 roll locatic), as the hull is rolled
150 in either direction. The principal effects of this bullseye novement U
can easily be compensated for by sliding the entire flow field left or
right by the same 1.3 inch distance.
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EFFECT OF VARYING REMTE WIND SPEED
Figures 40 and 41 compare 500 yaw (00 roll) runs made at 20 and 45 knots,3 respectively. Despite large amounts of separation which might be expected
to cause a change in the steady flow component at times, the airwake does
remain essentially constant from rim to run, and it is apparent from theI plots that the steady flow field can be scaled directly with the remote
wind velocity ratio. Data taken at other yaw angles show similar results,
when caqmring magnitude and direction for various locations in the airwake.
By multiplying data taken at any velocity by the ratio of its speed to any
desired one, a new map can be generated. This is a significant fact in
math modeling the wake for simulation.

It should be noted that the dynamic frequency content in the results does,
however, change with variation in remote wind speed. Mat happens is a
shifting of peak flow amplitude with frequency (as will be shown later),
that moves the frequency spectra higher with increasing wind speed. This
tendency to increase frequency is in accordance with Strouhal scaling laws
discussed earlier.

FUlW IN VERICAL PLANES
Figures 42 through 44, and Figure U in the Summary show how the 20 knot
X-Z flow fields vary with yaw for each longitudinal row of probes, extend-
ing rearward from the landing platform to a point one ship length behind

SUthis deck. 00, 300, and 500 yaw sweeps are shown in Figures 42, U1, and
43 respectively, and Figure 44 illustrates conditions existing at 300 right
yaw with the hull rolled 150 to the right.

A camparison of Figures 42 and 43 graphically illustrates how the flow over
the landing deck changes with yaw; and how the large separated areas dis-
cussed blfore manifest themselves as small circulating vortices shown be-
hind the outboard right hand set of probes in the 500 yaw plot.
Again, as illustrated in the horizontal flow maps, the effects of ship
roll angle appear to be minimal when coimparing Figures 44 and 11. Small
changes are noted in the area directly over the deck, but elsewhere the
airwake appears to be unaffected by rolling the ship.

In these plots, a few data points are shown with dashed lines. This in-
formation was taken from the NAEc "Close-In" test results, for probe loca-
tions where anemometers had malfunctioned during the NADC test. At other
places in the plotted map data, one or two "high-speed" results were miss- I

I ing (as indicated in Table 3 in Appendix B), and selected low speed (on-

i line) information was used to fill out the plotted flow field maps shown

Since test reports fram the NAC and NAEC BVWT 242/243 efforts are expect-
ed to be companion documients (and will be issued at virtually the sane
time), cross referencing of data between the two reports can be used to
check repeatabiity for duplicate test conditions, and to fill in the fewIplaces where data is missing fran one test and available in the other.

TAIIMN EVAULAIM
Maps of the flow field with the ship fantail into the wind are presented
in Figures 45 through 48. These figures describe the effects of

I e 81
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I

horizontal flow in various planes above the deck, and what happens to the
airwake when the ship is yawed + 300 (heading 1500) to the remote flow.
As mentioned earlier, the counterclockwise flow skewing observed for the
outboard probes is most likely due to effects of the stack offset asymmetry,
which was seen in the headwind plots at 0 yaw (Figures 28 through 30).

In the case of the tailwind runs at 00 yaw (1800 heading), exact setting
of ship yaw angle may hive been slightly off because of a very small
amount of hysteresis in the yaw table around this 1800 heading.

Possible misalignment of the hull at 1.800 might have affected the flow
alignment slightly, but the amount that the hull was misaligned (2o-30
maxmnu) would not have accounted for the 15- fantail flow skewing seen
in Figure 46. In its headwind orientation at 00, hull heading was always
set up at exactly this angle, and was repeatedly checked between runs
(during model changes) to ensure proper alignment for the first test points
of each new run series.

6.3.3 Frequency Analysis of Selected Runs

Selected data points ware processed through the BVWT Fast Fourier
Transform frequency analysis, to develop frequency spectra plots
catparing alternating three component velocity amplitudes for fre-
quencies varying from 0 to 82 Hz (model scale). Figures 49 through
65 present the results of these studies for several standard length
0.8 second runs, and for a single extended 10.4 second test point as
well. Frequency analysis results (for the DD 963) differ somewhat
from those seen in the earlier FF 1052 Frigate evaluation. These
differences are attributed to the difference in shape of the vessels[being evaluated, and co the variation in scale of the two models.
Cn the basis of observations made during the DD 963 soap-bubble flow
visualization studies, the more or less wide bandwidth/constant
amplitude frequency response spectra, calculated for the DD 963 flow
(which is discussed next) seems to be quite reasonable. The mast
"lattice-work" superstructure apparently broke up the flow adjacent
to the ship into ntmerous "mini-vortices", which produced the results
seen both visually, and in the frequency plots.

FREE STREAM FI

Figures 49, 50, and 51 sumnarize the frequency content of the longitudinal,
lateral and vertical velocity comonents of flow, recorded by probe No. 5
located wall away from the hull in free stream conditions. The test run
was conducted at 20 knots tunnel speed, with the probe in question located
a scale distance of 133 feet to the side of the ship. The results for all
three axes show little or no activity, as expected, in the remote tunnel
flow.

The very low amplitude respoise levels shown probably reflect noise in
the data acquisition and recording systems, or in the tunnel flow itself.IF
It should be noted, hover, that the BVWT has one of the lowest

5 9
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turbulence factors measured for any VSTCL tunnel in the world, and is
therefore an excellent tool for evaluating turbulence such as that reord-
ed in the ship airwake test.

FUW BEHn THE HAGR

Figures 52, 53, and 54 indicate a low frequency amplitude increase when
the probe location is rved to a point directly behind the corer of the
hangar, with remote wind speed set at 20 knots. Low frequency Vx :pli-
tides on the order of 1/4 of the steady flow at this point are shon to
exist in Figure 52. Vy and Vz, on the other hand, show sc e diminution inamplttudl with increasing frequency, but les of this tendency than was
dbserved with the FF 1052. It is also interesting to note that lateral
flow (Vy) characteristically shows less low frequency content, than is
shown for either Vx or Vz. In the FF 1052 test, all three caiponents
tended to be about the same in the low frequency range.

Strouhal Scaling - When the remote wind velocity is raised to 45 knots
(23 Sec), a turbulenoe amplitude levels can be expected to in-
crease, and the frequencies at which peak responses occur should shift to
higher values in accordance with Strouhal Scaling Law similarities. Forty-
five knot frequency response data for the same probe location as that just
discussed is presented in Figures 55, 56, and 57. The trends excected
(although somewhat difficult to discern because of the unfiltered/

knature of the frequency spectral analysis) be seen by c
paring Vx 20 knot data in Figure 52, with similar results for 45 knots inI Figure 55.

7he 5 Hz and 8 Hz low frequency 20 kiot response spikes shift to the right
as speed approaches 45 knots, to form the peaks seen around 13 and 18 Hz
in the 45 knot data. This doubling of frequency is approximately what
would be expected (if Strouhal scaling holds for the complex ship super-
structure tested) when going frCu the lower to the higher speed. It should
be noted that no two repeat data points of the sae odition exactly dup-
licate each other's frequency signature; but as will be seen later, they
come fairly close for the points omtpared in this test. Accordingly, it

m is reasonable to expect only approumate correlation of the Strouhal laws
when omparing high and low speed data.

- C YAW

In Figures 58 and 59, alternating Vx data at 300 and 500 yaw are presented
for comparison with 00 yaw results shown in Figure 55. Cantrazy to what
was observed with the FF 1052, yawing the M 963 seems to reduce alterna-
ting velocity amplitude in the aiwake (even though the standard deviation/
FM variation increases to beome a large percentage of the steady vector).
This dung is attributed to the sczeen-like effect of the mast super-
structure which breaks down the flow as discussed earlier.

EiXTEN LENGM DAM RN

I Figures 60 through 65 cmpare various frequency analyses of a 10.4 second
45 knot data point, for the sane test conditions as shown in Figures 55-57.
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Mmen the longitudinal velocity Vx data presented in Figure 60 was first
ocapared with its 0.8 second counterpart (Figure 55), it was suspected
that there might have been a problem with the FF'r frequency analysis, or
that the 0.8 second run was too short and thus unrepresentative of the
flow state around the model. An in-depth analysis conducted with the
Run 114, Test Point 1 results showed neither of these two suspicions to
have been correct. In fact, both sets of data are most likely valid, and
the differences are attributed to increased spectral resolution possible
with the longer run. Note that the mean and lo values for both runs are
similar in magnitude.

After careful study of information presented in the Reference 3 document,
and lengthy discussions with data processing experts familiar in the field
of discrete FPT analysis of digitally sampled data, the cause of the
roughly 50% reduction in amplitude of the 10+ second run became apparent.
Wten higher resolution is possible due to a longer sample length, more
spectral lines occur in the original bandwidth under consideration. In
this case, the 0.8 second fundamental frequency-bandwidth is about 1.28 Hz,
whereas the frequency resolution of the longer data point is 0.16 Hz. As
greater and greater resolution is used in an analysis, frequency spectral
lines (which are only approximated as straight lines, but really are of
the form sin x/x) tend to be resolved into more lines of a different am-
plitude. Characteristically, wide bandwidth responses of the type seen
in the DD 963 data tend to show reduced amplitudes when greater resolution
is used.

Fi 61 through 65 represent separate reanalysis of the RTh 114 data,
taking progressively shorter samples of the run (starting at its beginning
each tine), for analysis in the FFT program. Figure 60 uses about 6 1/4
seconds of the run (1024 samples analyzed); Figure 61, 512 samples;
Figures 62-64, 128 samples or 0.8 seconds as in Figures 55-57; and finally
Figure 65 represents analysis of only 0.4 seconds of the run containing
64 data samples. Aplitude growth with decreasing resolution is cbvious.

Also apparent in the Figure 65 plot (in the 65-80 Hz range), is an FFT data
anmaly called "picket fencing" (see Reference 3) which is due to having
too low a resolution in the analysis. Increasing resolution, or adding
zeroes to the end of a run under analysis helps remove this problem. The
longer 128 sample run (Figure 62) appears to have removed picketing, but
could undoubtedly be improved by using various types of "window" filter
functions for smoothing.

A third FET data problem associated with frequency folding or aliasing,
is prevented by sampling the data at twice the highest frequency present
in the results. An attefpt to do this was made in the i) 963 test, by
providing 2 samples/cycle @ 80 Hz model scale (1 Hz full scale) which was
expected to be much in excess of requirments. Scrutiny of 1/50 scale
FF 1052 results showed little or no amplitude content above 50 Hz, so it I
was expected that the same condition would exist for the 1/80 scale M 963
above 80 Hz.
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Fcw mt cases, this wlas true - but for a few, significant amplitude
cmtmt mmobserved at frequencies an high as 80 Hz; and the suspicion

exists that somle response was present beyond this point. If so, such
data ould be fold5ed back (in a Wuxror image) on top of data on the lower
sids of go Hz; thereby adding to amplitt~ around and below this frequency.
if aliasing is, in fact, occasionally present in the data, its effects are
prd~ably not too serious since the alternating amplitud~es in question (in
the f rseqiy range most likely for the phenomenon to occur) are riot viery

lage
The potential for a.Uasing in future testing can be eliminated by low pass
filtering the analog awiuteter signals above the foldingl (or mwam~
desired) frequency (80 Hz in this cane) or by increasing the sampling rate.I The 164 susiple/second/dianel, rate used for the MO 963 test, was for all
practical purposes, the maximu wh~ich could have been selected based on
watper data storage and total quantity of data desirable for analysis.

Before ending this frequency analysis discussion. of M0 963 results,
it is aproriate to point out that evaluating data shown in Figures 60-65I through use of a omputed pirspectral density parameter (which is
hav ed by dividing by the fundamental frequwncy-w ), would probably

haeproduced similar PSI) plots for all the differentosample lengths that
showed approacimately the samen characteristics. This point is worth
noting, since power density has been used in analyzing (and synthesizing)3 several of the aizWke mo~dels developed in the past (Reference 4).



SELiCN 7.0 CNCWSICNS

1. re cauponent dynamic velocity data time histories were suocessfully
recorded on magnetic tape, to map the airwake turbulence flow field behind
a 1/80 scale D 963 Spruance Class Destroyer model at wind speeds of 20,
35, and 45 knots. Headwind, crosswind and tailwind conditions were eval-
uated for ship roll angles of 0 and + 15 degrees. Recorded time histories
may be scaled to simulate full size ihip airwake characteristics by apply-
ing Strouhal scaling laws which require only a simple (80:1) expansion of
the time between recorded data sanples.

2. Computed Mean velocity and la Standard Deviation information was de-
veloped for all test points. These data indicate that the steady-state
flow field behind the vessel is relatively stable and repeatable up to
very high angles of yaw. Sample velocity vector maps were developed to
grahicaUy display the wake steady flow characteristics, in horizontal
and vertical planes above, behind, and to either side of the ship.

3. A ommparison of steady airwake omponents measured in both the D 963
and FF 1052 wind tunnel program indicates substantially larger areas of
separated flow and turbulence behind the Destroyer. Frequency analysis
of the IM 963 test data indicates a more constant level of periodic flow.IrLL I&Ut the frequency band (without large increases at low frequency
as expected) when compared to FF 1052 results. Both of these quantita-
tive results were suggested by observations of the flow field made during
the D 963 flow visualization studies.

4. Steady-state velocity data recorded at 20, 35 and 45 knots shod sim-
ilar trends in flow direction, and the magnitudes ware found to be direct-
ly scalable with the remote wind speed. Accordingly, it should be possible
to interpolate freely between results at any of these velocities to develop
required data at speeds not measured.

5. Application of either (a) Strouhal scaled dynamic velocity time history
data directly, or (b) steady-state results with sce type of computed ran-
dmu turbulence function appears to be a feasible approach for developing
an airwake math model suitable for helicopter/VSTOL aircraft development,
or for piloted flight simulation work. Further in-depth analysis of the
test results is*required to produce math models of the turbulence, suit-
able for the intended tasks.
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Tim history data recorded during the MD 963 Aerodynamic Airwake Tst was
processed to derive steady-state Mean X, Y, and Z velocity components for
each test point, and the Standard Deviation about the Mean. Standard
Deviation was cuted after first calculating Mean and Root Mean Square
values for each 0.8 or 10.4 secnd segment of data, and then applying the
formila

or

Standard Deviation(

In the tabular data listings presented in this appendix, run number is
given first (correspcnding to the left hand column in the Appendix A Run
Log), fOUad by nominal free stream tunnel velocity (epressed in meters
per second), and ship roll angle. Following these paraxeters are the test
point designation, ship yaw angle, and probe number.

Probe locations correspnding to the probe number are defined in the next
three coluums, using full scale dimensions (neters) relative to the
centerline of the helicopter flight platform bullseye. Plus "X- values
are aft of the pad S with plus "Y" to the left, and plus "Z" above the
landin pad deck. Probe array locations are also described in the
Appedix A Run Log, and in Section 5.0.

Mean Vx, Vy and Vz data columns represent the average longitudinal,
lateral, and vertical velocity caonents (expressed in meters per
second) at ead probe location for all test points. Sign conventicn is
as follos:

Positive (+) Vx rearward
Positive (+) Vy to the left looking forward
Positive (+) Vz upward

Data listed in the last three columns represent the Standard Deviation
about each of the mean velocity coonents.

7etabulated test results presented in this appendix have been edited to
rfemoe duplicate runs and repeat test points (such as the last test point
in each data sweep where the ship was returned to zero degrees yaw angle
to diec data repeatability).

In addition to this editing process, Table 3 is presented before the
listings to indicate cases where probes were incperative (but may still
appear in the listings - note that probes 4 and 6 occasionally fall intothis caegr). The table also points out cases *.ere test conditions
did not agree with ths outlined in Table I in Section 5.
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TKZ 3

TeT comces mZU1 m muz 1

9 - 58 No data for Probe 8 due to sansor nlfwctiLm
10 Yaw angles awe 90 and 35' instead of 00 and 30'
12 Not a 10 swrun
34 Probe 4 malfunctim at yaw angle SO'
35£ 58 Probe 4 not available in 'hiL-speed* off-line data listing

in appwdix (*on-1am'w average data used in eat. report plots)
59 Yaw angle 44' used instead of 30' i
61 No data at yaw angle 1506
65 Yaw angle 1400 also used
72 N~o data at yaw angle 900
94 This was a35 kts run
99 Yaw angle - 150' also used

101 am aborted - no "hi-speed' off-lire data available
103 &104 ND -hi-speed- off-line data-available
101 Yaw angle -150' also used
1.10 Yaw angle -40' used instead of -500

112 Vaswas a35 kts run
133 No data at yaw angle -500
135 'i-speed" data shows two sets of data for probe 1 and 2 -

ignore first set.
142 Yaw angle +35' used instead of +30'
143 &144 Yaw angles ± 200 also used
148 -167 Probe 10 naunmton; no data availabl
150 Ili-speed" data taced on to Amz 149 data (see Apndix date listing)
153 Nob negative yaw angles used
160 No negative yaw angles used
161 - 163 'Ni-speed' date states + 150 roil - roll was actually 0'
168 - 208 Probe 6 zmlfutmcton no data available
168 A 169 Yaw angle 155' used instead of 150'

Yaw angle 217' also used ("hi-speed' off-line data states 220')
170 & 171 Yaw angle 235' used instead of 2400
177 'Hi-speed" data taced or. to mtm 176 data (see Appwdix data Listing)
186 &187 Yaw angle 1.25' used instead of 120'

Yaw angle 2300 used instead of 240' Ubmz 186 - 'hi-speed' data
states 240')

198 -189 Yaw angle 1550used inatead of 1500
190 Yaw angle 220' noed instead of 240'0J
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The remEaing pages in Appendix B present data frma theI extended 10.4 seond runs performed during the aixwake
test. Th mean velocity and standlard deviation resultswere calculated using all 1704 sanples taken during the
10.4 secrxid run.

pasults presented for the oorrespctiding runs in the
main body of Appendi B data were calculated from

cunidratonof 600 sauiples, rather than for the entire
extended 1704 sanple run.

381

I'
!

II



77I

000000 I 00 OO

00 00 0 000 000 j~*JwLww..w W JUJW
1. 131,011 9 0Uf~

;f".PNu- 
N43P

.eo'-wwww I.............> **~~99**

IA~~~ 
co... ~e..

4 71
%W .400000 ag00040&4P

00#0se0 00000000

O's N 0t~ 0. 0O.-.b

0.0 0::*

0- C 0' o -N

-I0

0 N~IaN382



-N 0 -:

N ~~J ~MW J I.W&P

~ ~ONNON LAr-m-m

)uwwwwwwww www.Jwww:w

* NMV4NV NM--U-

coococcoac

000;0000W 000006 1ccI.w~j.lIujjww~
O.4Oo4f-.O 1

000-0000

I JJW"WujujW UJIMWWWW

wxil"1 6 T ilP-Oi

*~c Z mM.Ofr

j ~c C,
0 aC", 0

383 ' ~



II
~0-0 00 500 5900=0

~==WwwI
-! . Fm i

--0 -- cPA -O--

00000000000000eoc

* --. ~ 0'i .ff I0lf

0000000000 000000

I- WLawuumww&WW wwwUwWWW

*x 000Jr,4'Idr NT0iaIi
o I ~ O4 I d 1 ilI 1l

N. WUJwUJWW ! WWUN4IJ

If f-ili*'il

3- L J W W W W W W W J W W

0.%- Oaf ,PP.N

S *.*... *384 ..



INVESTIGATION TO STUDY THE AERODYNAMIC SHIP WAKE TURBULENCE OEN--ETC(U)
OCT 79 T S GARNETT N62269-78-C-0097

UNCLASSIFIEDi D210-1545-1 NAOC-77214-30 ML

515 Emmhmhhhhhu



111112. 1.2.5I Iiiiii ,_. o
1131..2 1.42

-Z- 111.6

i~'10 11112.0

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A



040 p09mmN fm N
*4 0 90 44,30 0 4 ijc 9 0 0 0

U, ........ .1114, 0. @.*. UA

0o@;;a-.- 4r"~joof%I 2- WWWWWWW Wz
I-~~-.tV o~~e~f-fh~S~ a

000*6 00000tJ 24*UUW-
i I I 1 6: V

.aoeaoo co ooo.

00 0 0 0 2 6 0 lr# 3 OIPWWWM *wO'e~4

*f~tO~~ OfMM 4,

@o@@@@@@m aOCOea"oa

Cl W -111WW W WW-Lon W00.

onme4P~

385N6N4~~~fi.



-- 0 0

* ~ t 0'N O.4"~

0 oooooo

IA *a *9 S **S eS*Se"e oo ow..*eeW%

X. P. l e.0f0O..
eo u N09%.""o'J- mp .4

ODS00000000000=fl
x JWWWUUMW j~WWUsAAW

04.04t%4NV" 0iI.SqiiW~ire-~suu no .P.ec

00000000 Coc SU,0000

000000000e 000000000

.4 , 4m we

or~ :~00ed*N
- .1 .* * . ** *.

-~ ~ 386



0Q'J0000 0000 ~

.. we@A0 teamS3.AUW

3C *.e e ......

00000000200000006

9%. *IA.'U=S*fd~A

0000000 0 00000000
K~i 1WWW W1,WWW

%A ww~w~tu ww.www ww

IV4
j @00000 00000000Q

-NmtaNIN400 NNNNN"4 **

4p4

387



3k- WWWW#.~WURAW

~~s
coo agI ? e f

ag i
ILd~

30, e 0 *, j

* .e..qv

ILI L
388



R- E

k4 @u .4 00
ca" W 0d~

I.I
9

z 3LI 00

abv

0000

I389



APEDII
ThIoldgpgspeetadtoa
HoiotlPae-MaIeoiyCpnn

IebrMsdrvdfo h 6 iwk
I~dTne et

......

I9



I
I
I
I
I
I
I
I

Figures C-i thni* C-5 depict the fl(3~ field at various
hsi*ts abova the landing dedc with the ship ya~d + 503 or + 90 and at 0 roli angle.
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