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SFH as Project Enginezr. C. N. Eastlake o:f Systems Research
Laborateries, Inc. was technically responsible for the work.
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Section 1

INTRODUCTICN

Systems Research Laboratories, Inc. (SRL) is developing a
Laser Test Shelter adjoining Building 713 at the Air Force Aero
Propulsion Laboratory and is integrating it with the air supply
system and laser system currently operational at that facility.
For the intended use of this facility, it is necessary to provide
an airflow over the tank exterior surface which approximates
boundary layer flow experiencecd on an agircraft in flight. To
accomplish this end, an airflow duct has been incorporated into
the facility, as depicted in the isometric view of Figure I-1.
This airflow duct and its instrumentation are described in detail
in the next section.

Substantiation of the fact that the duct airflow does
reasonably simulate airflow over an aircoraft tank surface in
flight must be provided by detailed measurement of the velocities
and pressures in the duct. Briefly, the airflow over the test
article location in the duct must present a fully turbulent
boundary layer at approximately atmosphz:ric static pressure.

Data provided by AFAPL/SFH indicate that a typical boundary

layer thickness on a wing tank is 1/2 to 1-1/2 inches on a
fuselage tank is 4 - 6-1/2 inches. A preliminary test plan for
an experimental program to gather and analyze the necessary data
is documented in Reference 1. This report describes in detail

the test procedure cerried out, data acquired, and analysis of

the data which stemmed from tha* preliminary plan. A total of 183
test runs were made during the period April 27 to September 30,
1976.




Section II
DESCRIPT1ON OF TEST APPARATUS

The airflow duct is a subsonic, blowdown wind tunnel of
rectangular cross section supplied by two hich pressure bottles
with a total volume of 14.2 cubic feet and capable of storing up
to 2000 psi. It is constructed of welded 1/8-inch thick stainless
steel sheet. The bottum wall is flat, parallel to the ground, and
has a 6-inch diameter hole which will serve as the mounting
position for the fuel tank su:face in later tests. Directly
opposite (in the top wall) the test fuel tank location is a 3-
inch diameter hole through which the laser beam will be aimed to
impinge on the test article surface. The entire duct can be
rotated 90 degrees to facilitate aiming of the laser, which is
located in the adjoining test cell. The center of the test tank
surface is defined to be the crigin of the XYZ-ccordinate system
used in acquisitior and re=duction of the airflow calibration data.
The cross section of the duct is 5.6 inches high by 9 inches wide
at this streamwise positior. A side view schematic of the duct

geometry is shown in Figure II-1.

Flow is controlled by two pressure regulators in series on
the outlet from each of the air supply bottles. Thase two pipes
tie into a single 4-inch pipe in which a pneumatically controlled
ball valve 84 inches upstream of the test article is installed to
provide total flow shut-off. A 45 degree half-angjle, 10-inch
diameter perforated cone is installed 19 inches downstream of
the ball valve (X = -65) to damp turbulence and to restore uniform-
ity to flow which was not attached to the walls of the 4-inch to
10-inch expansion cone imnediately downstream of the ball valve.
The duct continues through the wall of the Test Shelter at 10-~inch
diameter, then a conical r.czzle reduces the diameter to 7 inches.
Rectangular openings in the sides of the conical nozzle serve as

inlets to the bypass ducts, each of which has an area equal to

half of the main duct area. A butterfly valve with pneumatic




control in the 7-inch diameter duct provides for blockage of the

main flow so that all flow is routed through the bypass ducts.

This provides a means of cutting off the air (oxygen) supply
in the main ducc in later tests shou'd a fire develop. The butter-
fly valve was always fully open in these calibration tests, except
when the bypass ducts were blocked off Ly means of a flat plate

installed in the flanged joint at X = -30. This increased the

maximum velocity attainable in the test section, and when this
was done the butterfly valve was removed. A transition section
from 7-inch diameter to 4-inch x 9-inch rectangular is installed
downstream of the butterfly valve, and a ccnstant cross section
approach duct of these dimensicns and 18 inches long leads to tie
test section. A reference velocity is provided by the permanent
calibration probe installed on the centerline of the top wall of
the constant area section 16 inches upstream of the test article
(X = -16). This probe incorporates a wall static pressure tap,

a pitot probe at the geometric center of the 4-inch x 9-inch cross
section, and a total temperature theumocouple. Figure II-2 is a
sketch of this probe, and Figure II-3 is a compressible flow
calculation curve used to correlate calibration probe readings
with flow velocity. Readings from this probe are not primary
data for these airflow calibration tests, but correlation of
calibration probe readings with readings obtained in the test
section will provide a refereice reading for use during the later

fire propagation tests.

Primary test deta were taken with pitot-static instrumentation
installed temporarily in the test sectior.. It will be removed
when calibration tests are completed. Two styles of pitot pressure
rakes were employed. A five-probe vertical rake was used for
measurement of bcundary layer velocities on the bottom wall. This
rake (Figure II-4) employed 0.032-inch 0.D. tubing at 0.10-inch
height intervals. 1t mounted on a 6-inch diameter plate which

filled the hole intended fcr later installation of a test article.




Flush wall static taps in the mounting plate (Figure II-5) pro-
vided static pressures at streamwise stations corresponding to
the tips of the boundary layer rake probes. This rake could be
installed at nominal positions of the center of the test article
(X = 0), two inches upstrzam (X = -2), and two inches downstream
(X = 1-3/4, moved forward 1l/4-inch from nominal to avoid nechani-
cal interference). It could also be mounted 1~1/2 inches to the

left and right of the centerline at X = 0.

The second style of rake is a five-probe horizontal rake
which employs 1/8-inch O.D. tubes spaced 1-1/2 inches apart
laterally. The rigid tubes are brought out chrough a clearance
hole in the top wall of the duct and the rake mounts on a verti-
cal knife-edge strut so that the vertical position of the rake

can be set at any desired height (see Figure II-6).

Data taken on these orobes and rakes were recorded on an
eight-track oscillograph recorder. Temperature was read on a
type-T thermocouple at the permanent calibration probe and
assumed to be valid at the test article location. Pressure
readings were taken on differential pressure transducers cali-
brated to 2 psi full scele on six of the oscillograph channels
and 5 psi full scale on the permanent probe channel. Scale
doublers incorporated in the preamplifiers were employed in scme
of the higher velocity runs. A detailed lis*t of instrumentation
used is as follows:

i Beckman (Offner Div.), Type 504D, Dyncgraph Recorder
Beckman (Offnexr Div.), Type 428A, Dynograph Amplifier
Beckman (Offner Div.), Type 481B, Preamplifier
Type-T Thermoccuple, Bare Junction, 0.10-inch wire

Beckman (Offner Div.), Type 9827 Cold Junction
Compensator

CEC 4-321MA Transducer, +7-1/2 psid
7 Beckman (Offner Div.), Type 9803, Strain Gauge Coupler

= = o N
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rinally, 3 row of vortex generutors was provided as shown
in Ficure T1I-7 to create an additicnal momentum loss along the
bottom wall, artificially thickening the boundary layer.

Following initial tests the vortex generators were narrowed 50
percent making two staggered rows of blades as shown shaded in

A NG

the figures. This row was mounted transverse in the duct, either

2
5
¥

14 inches upstream of *the test articl: (X = -14) or 27 inches i
upstream (X = =27).

Data taken with these instruments, test procedure, and
results of thz data analysis are described in detail in the

follewing sections.
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Section III
TEST PROCEDURE AND INITIAL FLOW IMPROVEMENT EFFORTS

The first procedural task to be undertaken was to define

an axis system consistent with the amount and type of data
reguired to define the duvct flow field. Figure III-1 shows the
axis system and the locations at which data points were measured.
As mentioned previously, th>2 streamwise ax_.s is defined as the
X-axis, and X = 0 being the center of the test article hole and
positive values progressing downstream. The Y-axis is vertical
with the origin corresponding tc the surface of the bottom duct
wall and positive upward. The Z-~axlis is lateral with the origin
at the left-to-right centerline and positive to the right when

the observer is looking upstream.

The downstream projection of the geometric center of the
constant area approach duct is arbitrarily defined as the nominal
center of the test section (X =0, Y =2, 2 = 0). This was the
velocity measurement position used in initial checkout of the

flow characteristics of the duct.

The first series of test runs was intended to deternine
whether sufficient test time would be available for steady flow
establishment and to de-ermine what pressure reguiator settings

would produce the desired velocity in the test section.

At the nominal test section velocity of 250 ft/sec, which
was used for approximately 50 percent of the test runs, a
usable test time of 3-4 seconds was experienced when the supply
bottles were filled to half capacity or 1000 psi. This agrees
well with the initial estimates of Reference 1, which assumed
the total flow to be evenly divided between the main duct &nd
the bypass ducts. At a supply pressure of 1200 psi, the
available test time at a nominal velocity of 350 ft/sec was

approximately 3 seconds. Blockage of the bypass ducts doubled




both of these v:locities while maintaining the same test times,

respectively. 1In all cases this is very 2adequate test time for

calibration data acquisition. Should it be desirable to have

longer test times for fire propagatior tests, filling the supply
bottles to capacity will nearly dcubl> the test time. Since the
flow velocity is low erough to be essenfiaily incompressible, it
can be concluded in general that test times will vary from those
stated in direct proportion to supply bottle initial pressure and

inversely proportional to nominal test section velocity.

Steadiness of the mean flow velocity as a function of time
nhad proven to be fairly sensitive to rclative values of the two
pressure regulator settings in another test facility employing
this same air supply system. This does not appear to be the case
for the Laser Test Shelter Airflow Duct. Some time-dependent
variation of the mean flow is visible on the oscillograph traces
of total and dynamic pressure. It appears simultaneously at all
probe locations and is most likely at*ributable to minute self-
adjustments by the pressure regulators to compensate for the
continuous decrease 2f pressure in the supply bottles. The
variation is small enough (typically only a few percent of dynamic
pressure) that a representative mean valuz of dynamic pressure on

any given probe is easily selected.

Supply bottle pressure and dcme pressure for each regulator
were recorded for all test runs. Once & s2t of dome pressures
which produced the desired test section velocity was experimental-
ly determined, these settings were very stable and could be left
untouched for a full day of testing. A statistical analysis of
the measured duct velocities was made to determine the repeat-
ability of the dsta, given a fixed set of regulator dome
pressures, and the results were quite acceptable for a flow

facility of this type. Fifty-nine consecutive runs conducted

over a period of eight days produced velocity readings at the




permanent calibration prokte which exhibited a rcot-mean-square

(standard) deviation or 2.24 percent,

That is,

95 percent of

the velocity readings wou!d then be expected to fall with a

+20 band, or *4.5 percent,

pressures.

for a given set of reculator dome

Regulator settings which were used are summarized in the

following table for future reference.

v : Perforated Upstr=amn Downstream Bypass
nominal
Cone Dome Pressure Dome Pressure Ducts
(ft/sec) (psi) (psi)
250 out 100 99 open
250 in 150 130 open
350 in 220 200 open
500 in 160 130 blocked
700 in 22C 200 blocked

Once it was established that sufficient test time and mean flow

steadiness were available,

in the duct began in earnest.

examination of the flow distribvtion

Installation of the horizontal

rake at Y = 2 made it immediately clear that the flow was

drastically offset toward the right wall

Subsequent investigation showed that internal stops in the

(Looking upstream) .

pneumatic actuator for the butterfly wvalve at X = -43 had been

improperly set.

The result was that the full open position of

the valve was about 30 degrees offset rather than the intended

position of parallel to the flow.

internal mechanism and careful alignment of the reinstalled

valve alleviated this problem.

The flow distribution over the duct cross section at X

and Vphominal = 250 ft/sec was then mapped to ensure that a

Minor modification of the

=0

reasonably uniform distribution had been attained and that the

boundary layer thickness was within the desired range.

This




proved to be true, and the plotted data are presented and
discuvssed in tne next section. It 'was apparent, however, that
an unrealistically high level of turbulent fluctuations was
present. The fluctuations were large ~2nough to make data
reduction very tedious and left uncertein confidence 1in the
accuracy of the mean velocity read from the oscillograph traces.
Electrical filtering of the transducer output was considered
but finally rejected because of the difficulty in ensuring that
false readings would not be introduced. "Mechanical filtering"
of the probe pressures was successfully accomplished by install-
ing 0.020-inch I.D. tubing about 1/2-inch long in the 1/8-inch
I.D. flex tubing used to plumb the piobes to the transducers.
This solution was also rejected after aiscussion with AFAPL/SFH
personnel on the possibility of unrealistically high turbulence
levels introducing unrepresentative transport properties into

subseguent fire propagation tests.

The course chosen at this point was to fabricate a 45 degree
half-angle cone with a 1l0-inch base diameter from (6.060-inch
thick perforated steel sheet of 35 percent porosity. This cone
was 1installed with its vertex downstriam in an existing flange
joint in the 10-inch I.D. pipe at X = -65. The 0.080-inch

diameter holes in the perforated cone provided a striking decrease

in turbulence level, as cemonstrated by the comparison oscillo-
graph traces in Figures III-2 and III-3. The price paid was the
increased pressure drop, evidenced by pressure regulator settings
in the above table required to maintain a 250 ft/sec velocity in
the test section. Fxamination of the dynamic pressure traces
subsequent to instalilation of the parZorated cone led the

authors to the conclusion that satisfactory flow quality had

been achieved and the calibration should proceed.

Referring back to Figure III-1, data were first taken at

X= 0 with the laser penetration hole open, as this represents the

configuration intended to be employed most frzaquently in follow=~up

tests. The boundary layer rake was used at Zz = -1 1/2, 0, and

O
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+1 1/2. The horizontal rake was set at ¥ = 1/2, 1, 2, 3, 4, and
5. This provides sufficient data to map the velocity distribu-

tion through the cross section with reasonable accuracy. Since
it is possible, yet undesirable, to close the laser penetration
hole with a window, a number of rake positions were repeated with
a plate clamped over the flanged top of the laser hole to
investigate the effect on the flow distribution. 1In addition,

a few rake positions were repeated with the laser hole taped over
on the inside of the top wall of the duct, thus eliminating the
cavity left in the wall whea the laser hole is blocked at the
outside flange. A viewing windcw 4 inches in diameter and
approximately 6 inches (center-to-center) upstream of the laser
hole in the top wall was found tc be indented 1/€-inch from the
surface rather than flush, so this indentation was filled flush
temporarily to see if it had a noticeable effect on the velocity

distribution.

Essentially the same set of data was then taken 2 inches
upstream of the center oi the test plate and again 2 inches
downstream. Thic provided a rather detailed three-dimensional
map of the flow distribution in the region around the center of
the test plate.

A set of vortex generators (sec¢ Figure II-7) had been
fabricated in order to at+tempt simulation of the thicker boundary
layer typical of that experienced in flight on the surface of a
fuselage tank. This was installed initially at X = -14 on the
bottom wall of the duct. The data sequence described above for
X = 0 was then repeated. The effect was dramatic and, as
discussed in detail in the next section, showed too large a
momentum removal, so data at X = +2 and -2 were not taken. The

vortex generacvors were modified and reinstalled alternately at

X = -14 and X = -27 with much more satisfactory results.
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The velocity was increased to thne maximum obtainable with 1

the regulator settings currently in use in the facility. The

test section velocity was 350 ft/sec. Since capability to

produce higher velocities seemed potentially valuable, the bypass
ducts were blocked temporarily, and the test section velocity
doubled as compared to the bypass ducts open for a given regulator
setting. In this manner, calibrations were run at 500 and 700 ft/
sec. Data were taken at these velocicies at ¥ = 0 only. The effect
of the laser penetration hole keing open or closed and the vortex

generator in or out was investigated with substantially the same

results found at the nominal velocity of 250 ft/sec. Again,

these data are discussed in detail in the next section.

In all oif the above test runs, the velocity was recorded at
the permanent calibration probe. The ratio of velocity at the
permanent probe to maximum velocity at the test section center
was cealculated and is plotted in Figure III-4 as Vcal/Vmax- Vmax
occurs at Y = 2 with the VG cut and at Y = 3 with the VG in.
Since this probe does not interfere with fire propagation equip-
ment to be installed later, it will be left in place and the
velocity correlation in Figure III-4 will provide an indication
that velocities being experienced at the test article are the
desired magnitude. Data plotted is for Vnponinal = 250 ft/sec
only, but is equally represeatative of Vnominal = 350, 500, and
700 ft/sec.

In makino the above correlation and in reducing all velocity
data, incompressible flow was showr to nrovide acceptable
calculation accuracy and pitot-static readings were converted to
velocity accordingly, i.e., using V = /2(Pp-Pg) /p. Density (p)
was calculated for a:mospheric pressure and the temperature read-
ing taken 2 seconds after the initial flow start-up transient
had settled out. This 2-second delay was used because the

temperature reading exhibited a nearly iinear decrease with time

over the entire test time due to expansion cooling in the supply




bottles. A 2-second interval between initial start-up and
taking of data was judoed to be representative of the manner in
which fire propagation tests will be conducted. Since the
thermocouple is 0.010-inch diameter, bare wire, Feference 2
indicates a time constant of 0.3-0.4 seconds and the initial

transient should thus have no effect on this reading.

Plots of all the abcve data and a discussion of their

significance are presented in the next section.




Section 1V
PRESENTATION AND DISCUSSION OF DATA

The principal goal of these tests is to determine whether
the airflow duct produces a boundary layer on the test article
surface which simulates that experi=nced in flight. For a

representative Air Force aircraft, the F-4, typical boundary

layer thickness, %, on a wing tank is one inch and for a fuselage
tank is five inches. Using the traditional seventh power law
(Reference 3) for velocity distribution in a boundary layer,
Viocal/Vfreaestream = (Y/6)1/7, the bcurdary layer velocity pro-
files for boundarv layer thicknesses of one through eight inches
are plotted in Figure IV-1l. These are che velocity distributions

on the bottom wall of the airflow duct which are desired.

A second simulation goal 1s to provide a surface pressure
on the test erticle which is near but slightly below atmospheric.
This 1s representative cf the prevailing surface pressure on most
of the exterior tank skins in flight.

It also results in a small inflow through the laser penetra-
tion hole which may help contain a fire within the airflow duct.
Static pressures measured on the wall of the duct throughout the
series of tests are plotted versus streamwise position, X, in
figure IV-2. 1In all cases, the stati: pressure in the test
secticn is within roughly 1/4 to 1-1/2 psi below atmospheric
Since the upper wall of the test section is diverging at a 7.35
degree angle, the static pressure becones slightly more negative
as the probe moves upstream. The divergence begins at X = =12
and upstream of tnat point, as indicated by the dashed lines on
the figure, the cross section is constant and the static pressure
should also be nearly constant. The permanent calibration probe
is in the constant area section at X := -16. Since the duct

flow is low subsonic and exhausts to atmosphere, the static

pressure in the test section is correspondingly farther below




atmosphere at higher nominal velocities. It is also apparent
from this figure that the open laser penetraticn hole provides
some relaxation of static pressure, for the pressure in almost
all cases is slightly farther below atmosphere with the hole

blocked than with it open
BASELINE DATA

Figures IV-3 througl: IV-7 summarize the velocity profiles
measured at 250 ft/sec nominAl velocity and at X = 0 with the
laser penetration hole open. This is the basic cet of data for
these tests. The key points to be noted are:

1. There is an areca of approximately 2 inches in height
in the vertical canter of the duct over which the
velocity is reasonably constant. This is the
"freestream."

2. The boundary layer thickness is roughly one inch and
the velocity discribution agrees quite well with the
theorectical profile in Figure IV-1,

3. The left-to-right distribution of flcw velocity is
reasonably good in the lower half of the duct.
Interference with the inflow through the open laser
hole retards the velocity distribution in the upper
half of the duct near Z = 0. This is especially
evident at Y = 4 and Y = 5 in Figure IV-5, and in
Figure IV-7. The slightly higher velccity to the
left of the cencerline within the boundery layer,
Figure IV-6, appears ccnsistently though cthere is no
apparent reason for such a pattern.

4. Referring to Figure IV-7, cross plotting cf V vs Y
profiles and V vs Z profiles produces the velocity
contour map shown. The contours circumscribe that
part of the duct cross section in which the velocity
is at or higher than the velocity identifying the
contour. This figure shows that slightly more than
a third of the cross section is within the contour,

14




240 ft/sec, which represents 96 percent of the nominal

velocity. This indicates a quite acceptable flow
distribution. The fact that the contours are nearly
parallel to the bottom wall is a further indication
that the boundary layer is essentially constant laterally
across tne test plate. The ogsymmetry in the higher
velocity contours, which dces not occur in the lower
velocity contours, 1s probably due to the manner in
which curves were faired through V-vs-Y and V-vs-2
data and is not significant in analyzing the flow
quality. The high velocity sections of the velocity
profiles are relatively flat and small variations in
curve fairing produce noticeable differences in the
physical location of a given velocity magnitude, which

is used *o cross-plot the velo>city contour map.
EFFECT OF TURBULENCE DAMPING CONE

The data taken before the perforated cone was installed are
presented in Figures IV-8 through IV-10 Zor comparison. The
velocity profiles are qualitatively the same as after the cone
was installed. The koundary layers appear to be somewhat thinner,
especially on the upper wall. This ic consistent with the higher
effective Reyrniolds number caused by the very high turbulence
level, since turbulent boundary thickness is inversely propor-
tional to Reynolds number to the one-fifth power. For example,
following the discussion of Reference 4, doubling the effective
Reynolds number from 10x10® to 20x10° hy increasing turbulence
factor would result in a 13 percent decrease in boundary layer
thickness. 1In all fairness, however, 1t must he pointed out

that this earlier data required a bit more subjectivity in data
reduction as can be seen from the compcrison in Figure III-2 and
that may be the source of any small differences.

19
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STREAMWISE VELOCITY VARIATION

The next set of compariscn data examines the streamwise variation
in velocity distribution. Two sources for differences are
present. First is that the upper wall diverges at a 7.35 degree
angle. The diffusion should reduce the maximum velocity and
thicken the boundary layer due to adverse pressure gradient as
measurement location moves further downstream. The seccnd is

interference with flow in throuah the open laser hole.

Data for X = -2 are prerented in Figures IV-l11 through IV-13.
Data for X

+2 are presented in Figures IV-14 through IV-16.

Referying to Figure IV-11, at X = -2, the boundary layer is the
same as X = 0 on the bottom wall but is sigrniticantly thinner on
the top wall. This is probably due to less interference with flow
through the laser hole as this station is 1/2 inch upstream of

the forward edge of the hcle. The maximum velocity is slightly
higher than at X = 0, as cne would expect since the cross-
sectional area is smallex. More significantly, the higher velocity
is felt over a much larger portion of the cross section as is
shown clearly by Figure IV-12 and IV-13., And the retarding effect
of the laser hole is less pronounced, but certainly not gone
altogether.

In Figure IV-14, it can be seen clearly that the velocity distri-
bution near the wall is 1identical for X = +2 and X = 0. It is
severely retarded near the upper wall to the point of complete
separation and flow reversal. This shows even more clearly in
Figure IV-15. The explanation becomes apparent wiien Figure IV-16
is considered. A separated or reversed flow region is formed on
the top wall where inflow through the laser hole cannot negotiate
the 97.35 degree rurn required for boundary iayer attachment.
This regicn not only causes the duct velocity to fall to zero

at some point away from the wall, but also presents an effective

16




area blockage. The area blockage is essentially equal to the
geometric area increase due to upper wall divergence. The result
is that the effective area at X = +2 nearly equals that at X = 0,
and no centerline velocity decrease is noted. The major difference
between the constant velocity contours at X = +2 and X = 0 is
that the high velocity contours are squezzed in the vertical
direction by the blockage and they expand horizontally. This
compensating effect is simply that dictated by conservation of
momentum. It has Leen observed in other three-dimensional flow
fields which are artifically forced to deviate from their normal
shape and is described and analyzed in detail in References 5§

and 6.

The important final result from these comparisons is that for
experimental purposes the boundary layer can be considered
constant over the entire test plate surface.

EFFECT OF LASER PLNETRATION HOLE

The effect of closing the laser penetraticn hole on velocity
distribution can be seen by referring back to Figure IV-3. The
distribution at and below the cen%er of the duct is substaintially
unchanged. This is further demonstrated by Figure IV-17. The
distribution above the centerline is less affected by the presence
of the laser hole, but as Figure IV-18 confirms, there is still
some degradation of velocity at ¥ = 4 and Y = 5 near Z = O.

To further investigate the velocity decrease at Z = O, the laser
hole was taped over on the inside of the duct wall eliminating
the open cavity left by blocking the hole ‘at the top flange. 1In
addition, the recessed viewing window was filled flush and taped
over. Figures IV-19 and IV-20 show the resulting aata. A
noticeable increase in velocity at Z = 0 is observed, but a
decrement still exists even with everything on the inside surface
made flush. The cause of the decrement is unknown. Fortunately,
it does not adversely affect the velocity distribution on the

surface of the test plate.
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A velocity contour map with the laser hole closed, Figure
IV-21, reaffirms the conclusion that closing the hole has nro
significant effect except that of lessening the interference near

the top center of the duct.

Referring back to Figure IV-1l, at two inches upstream of
the test plate center (X = -2) there is no significant effect
of closing the laser hole, as would be expected since this is
1/2 inch upstream of the edge of the hole. Figures IV-22 and
IV=23 confirm this.

A X = +2, Figure IV-14 shows that closing the laser hole
eliminates the separated region on the upper wall caused by
inflow through the hole. It also shows that the expected
centerline velocity decrease relative tc X = 0 is now present
(see Figure IV-24 also) though the boundary layer thickness is
unchanged. Figure IV-25 shows that the left-tc-right distribution

I

now shows no center decrement up to Y 4. Figure IV-26 indicates
that making the interior surface of the upper wall flush has a
noticeable but not really significant effect at Y = 5, as was the

case at X = 0.

ARTIFICIAL BOUNDARY LAYER THICKENING

Initial installation of the vortex generators had a dramatic
effect on the velocity distribution. The heart of the comparison
is shown in Figure IV-27. It is immediately clear that the drag
of the vortex generators causes too large a momentum loss 1in the
boundary layer. The resulting flow blockage on the bottom wall
of the duct shifts the entire velocity distribution upward,
leaving a velocity profile in the boundary layer which i.s too
slow. The result is consistent with calculations made usinag a
modification of the format of Reference 7, which relates desired
momentum loss in a boundary layer to drag characteristics of

circular cyclinders used to artificially thicken boundary layers.

1€




The drag (frontal ar@a) of the vortex generator set was
stbsequently reduced by approximately one-half, and the mounting
location was moved 13 inches upstream (X = -27) to allow more
mixing length ahead of the test plate. As the plotted profile
shows, this VG produces a velocity distributuion characteristic
of a turbulent boundary layer of about 2-inch thickness, or

double that which naturally exists.

Figures IV-28 throuygh IV-30 show that the left-to-right
distribution with the original vortex generator is qualitatively
the same as without the vortex generator. 1In fact, Figure IV-30
shows such close ~orrespondence that it is somewhat misleading.
It is merely coincidence that at Y = 2 the magnitudes of the two
V vs Y profiles are nearly identical, in spite of the fact that
the profiles are drastically differert. The dramatic upward
shift of the entire flow distribution is clearly pointed out by
comparing Figure 1V-31 with Figure IV-7. The distribution
throughout the cross section with the mndifiea VG is completely
analogous to that produced by the original VG, except that the
upward shift of the high velocity cocntour is less pronounced.
The effect of closing the laser hole on the artificially
thickened boundary layer using the original VG is shown in
Figuras IV-32 through IV-34. The difference is somewhat more
pronounced than observed with the natural boundary layer. This
is due to the profilas being skewed toward the upper wall so
that the interference with inflow through the laser hole (or
lack thereof) is felt more strongly by the boundary layer on
the bottom wall.

L




INCREASED NOMINAL VELCCITY

A. Vhominal = 350 ft/sec

At the highest settings available on the flow control
regulators with the bypass ducts open, the test section zenter-
line velocity (see Figure IV-35) is just below 350 ft/sec. The
distribution is nearly identical to that measured at the lower
nominal velocity as can be seen by comparing Figure IV-3. The
consequence 1is that the boundary layer thickness is not changed.
Comparison of Figure IV-2€ with ifigure IV-5 and Figure IV-37 with
Figure IV-6 shows that tke left to right distribution of
essentially unchanged. This fact is also demonstrated in
Figure V-1 in the summary. Figure IV-38 indicates that the
distribution ovexr the duct cross section at X = 0 has not

changed significantly at higher nominal velocity.

Closing the laser hole has basically the same cffect as
it had at the lower velocicy. Figures IV-35 and IV-39 indicate
that lessening of interference with inflow at the top wall thins
the boundary layer on the top wall while not changing the
distribution markedly on the bottom wall. The V vs 2 profile at
Y = 2 is unchanged and that at Y = 5 exhibits significantly

reduced velocity retardation at 72 = (.

Figures IV-40 through IV-42 show the effect of reinstalling
the original vortex generator. Once again, the change is
striking and the velocity decrement near the lower wall is
larger than desired. The left-to-right uniformity is comparable
to that observed at the lower velocity, with a significant
velocity profile interference at Y = 4 and Y = 5 from flow

through the laser hole.
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The effect of closing the laser hole, Figure IV-43 and
IV-44, is also directly comparable to chat observed at the
lower velocity. The entire flow pattern is lifted slightly
toward the upper wall, the lower boundary layer is slowed even
further, and there is less interference at Y = 4 and Y = §.

B. Vnominal = 500 ft/sec

In order to produce higher test section velocities the
bypass ducts were blocked, diverting the +otal flow through the
center section of the duct. This was accomplished by clamping
a flat plate into the flanged joint at X = ~-30. Using the same
flow control regulator settings that orignally produced 250
and 35C ft/sec, the test section velocities which result are 500
and 700 ft/sec, respectively. Figures IV-u45 and IV-46 show the
profilec measured along the Y-axis at Vnominal = 500 ft/sec with
the laser hole open. This distribution is once again comparable
to that measuied at the other velocities (see also Figure V-1).
The boundary layer thickness is approximately one inch. Figure
IV-47 shows the profiles across the Z-axis. It is apparent
that the retarding influence of the laser penetration hole is
even more pronounced in the upper half »f the duct at the higher
velocity, although the character of the flow in the bottom half
of the duct is not significantly altered. Constant velocity
contours across the cross-secticn at X = 0 are plotted in
Figure IV-u48. The flow distribution is of very adequate

uniformity.

Figures IV-49 through IV-51 show the effect of closing the
laser penetration hole. The result is analogous to that found
at lower velocities, but is a bit more pronounced. Closing the
hole produces a sufficiently fuller profile in the Y direction
to cause a noticeable reduction in the maximum velocity, as
dictated by conservation of momentum. This is also evident in

the Z-profiles and the constant velocity contours.

2L
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The boundary layer thickening effect of the row of vortex
generators is defined in Figure IV-52. At this higher velocity,
provision was made to mount the original vortex generatcr con-
figuration as far upstream of the test plate (X = -27) as was
mechanically practical. This provided more streamwise length for
the wake of the protuberances to mix into a boundary layer type
profile. The outcome was that the original configuration still
produces a profile witch a slight S-curve, which is not represen-
tative of a natural boundary layer. The mcdified vortex
generator produces a profile of the desired shape when mounted
at X = -27, but the S-curve reappears when it is moved to X = -14.
This demonstrates that mixirng distance is alsc of paramcunt
importance. The profile resulting from the modified vortex
generator installed at X = -27 appears to provide an adequate
representation of a very thick boundary layer, at least in the
region extending up to approximately one inch above the test
plate. It is impossible to simulate the entirety of a thick
profile, since the duct is only 5.6 inches high and a boundary
layer exists on the upper wall also. However, the layer closest
to the wall dominates the shear stress and mixing properties of
the boundary layer. Thus, it 1s the author's conclusion that
this last profile is representative of a boundary layer with a
thickness of approximately 10 inches. Figures 1V-52 and IV-53
show the left-to-right distribution of velocity and the

constant velocity contours at X = 0 for this configuration.

G2 Vnominal = 700 ft/sec

Setting the flow cont:ol regulators wide open with :he
bypass ducts blocked produced a maximum velocity of slightly
over 700 ft/sec. Calibration data at this maximum velocity was
taken only with the laser hole open and the vortex generator
removed. Figures IV-55 and V-1 show that in this open tunnel

configuration the boundary layer velocity distribution is again
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typical of a one inch thick boundary layer. As expected from

trends shown in lower velocity data, thre inflow through the laser
hole has its greatest retarding effect at maximum nominal
velocity. The flow over the test surfece, however, is not
adversely affected.

GENERAL FLOW CHARACTERISTICS

i It is estimated that mean values of dynamic pressure were
read from the oscillogreph traces within an accuracy band f
of .02 psi or less. At the magrnitudes of dynamic pressure
and temperature typically observed, the resulting estimated
accuracy is approximately *4 ft/sec.

2. The flow split was assumed in the original duct design to
be 50 percent through the main duct and 50 percent through
these bypass ducts. An attempt was made to experimentally
verify this assumption. Ten runs were analyzed. Total 4
flow rate was estimated by calculating total mass stored
in the 14.2 cubic foot bottles ac the known initial
pressure, and dividing by the observed run time. Mass
flow through the main duct was calculated from the product
of cross-sectional area, local density, and an estimated
average velocity. This method is admittedly crude, and
the resulting calculations varied from about 35 percent to
65 percent of the total flow going through the main duct.
In the absence of more detailed instrumentation, it seems
reasonable to maintain the assuwption of a 50 percent flow
split. This hypothesis is further borne out by the fact
that blocking the bypass duct did in fact nearly double the

ilow velocity through the main duct.




The time-dependert fluctuations in the pressure traces
display a sufficieantly consistent pattern to warrant some
speculation that their source is not random turbulence.
Referring to Figures II-2 and II-3, the prominent fluctua-~
tions before the damping cone was installed are typically
60 - 70 cycles per second. This freguency is obserwved in
nearly all runs and is considered to be freestream
turbulence. After the perfcrated cone was installed, the
fluctuations at this frequency are still ncticeable but

at an insignificant magnitude. Reduction of the magnitude

of the rapid fluctuations gives visibility to a slower i

fluctuation, generally 6 - 8 cycles per second. The
striking pattern in the slcwer fluctuations are of opposite
sign on opposite sicdes of *the duct. That is, at any instant
when a positive fluctuation occurs left of center a negative
fluctuation occurs right of center. And the magnitude is

slightly greater closer to the side thair in the center.

Initially the 7-inch diameter kutterfly valve was suspected

el

as the source, especially when careful measurement showed
that the valve shaft could oscillate just over one degree due :
to mechanical tolerance in the shaft-to-actuator coupling.

However, a level arm clamped to the shaft and wired down to

eliminate the shaft motion did not affect the fluctuations 1
at all. Finally, the butterfly valve was removed entirely, '

and the fluctuations persisted.

Investigation of unsteady flow in ejector nozzles (Reference ]
8) led to the discovery that nozzle flow could be made to
oscillate at a characteristic frequency by providing

externally interconnected cavities on opposite sides of the

il it ol

nozzle inside surface. The bypass duct inlets bear a certain
similarity to this cavity arrangement. And they are inter-
connected in the rense that they dump into a common chamber
downstream of the test section. It seemed plausible that

this "fluidic switch" could be source of the slower
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frequency oscillations. However, blcckage of the bypass ducts
to achieve higher test section velocity did not eliminate the
fluctuation. At this point, efforts to determine the source were
terminated since the magnitude of the fluctuations is manageable

in reading data from the traces.
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Section V

SUMMARY AND CONCLUSIONS

Extensive study of the reduced data presented here and also
of the raw data has led to the fcllowing conclusions.
18 Sufficient run time exists for steady flow
establishment. Run times of 6-8 seconds can

be attained.

2. The flow distribu*uion, reasonably uniform, is of
acceptable uniformity to conduct the planned fire
propagation tests.

i The turbulence ievel is modestly high, but is well
within the limits which allow accurate reading of
data.

4. Repeatapility cf data is within the reading/reducticn

accuracy of the data.

S The boundary layer thickness on the surface of tlLe
test plate over the entire velocity range calibrated
is representative of a wing tank (8 ¥ 1 inch) and is
uniform over the 6-inch diameter of the test plate.

This is clearly shown in Figures V-1, V-2, and V-5.

6. The thicker boundary layer representative of a fuselage
tank surface is attainable with the modified vortex
generator as shown in Figures V-3 through V-5 for
intermediate velocities in the calibrated rance.

The effect of the vortex generator is vclocity
dependent. Thus, several different sets wculd be

required to simulate the same artificially thickened

boundary layer at different velocities.




]

Y X The open laser peretration hole does not adversely
affect the flow on the test piate surface. There
is no apparent reason to require closing it with a

laser "window."
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Figure 11-5. Instrumentation Mounting Plate.
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Figure 11-6. Horizontal Rake (3 each).
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SCALE: 2CM = 1 INCH
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Figure IV-1. Boundary Layer Profiles.
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Figure 1V-27. Velocity Profile Calibration.
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Figure IV-32. Velocity Profile Caliaration.
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Figure IV-34. Velocity Profile Calibration.
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Figure V-1. Normalized Velocity Distribution
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Figure V-2, Normalized Velocity Dis:ribution
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Figure V-3. Normalized Velocity Profiles.
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