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Section 1

I;;TkWLUCTff N

Systems Research Laboratories , I n c .  ( S R L )  is developing  a
Lasex Test  Shel te r  ad jo in ing  3 u i l d i r L g  71~ at the Air Force Aero
Propulsion Laboratory and is i n t e g r a t i n g  It with the air supply

system and laser system c~ rrer~t1y operational at that facility.

For the in tended use of th i s  f ac il i t y , it is necessary to provide
an airflow over the tank exterior surface which approximates

boundary layer f .ow experiencec~ on an dircraft in flight. To

accomplish this ei~d , an airflow Gucr has been incorporated into

the facility, ~s depicted in the isometric view of Figure I—I.

This airflow duct and its instrumentation are described in detail

in the next section .

Subs tan t i a t ion  or the fac t  th~it the duct  a i r f low does
reasonably s imulate  a i r f low over an a i rcr a f t  tank sur face  in
f l ight must be provided by detailed measurement of the velocities
and pressures in the duct. Briefly, the airflo~ over the test

ar t ic le  location in the duct must  p re sen t  a full y turbulent

boundary layer at approx imate ly  atru c sph .~ric s t a t i c  pressure .
Data provided by AF/~PL/SFH indicate that a t yp i ca l  boundary
layer th i ckness  on a wing t ark  is 1/2 to 1-1/2 in ches  on a
f uselage tank is ‘-~ - 6— 1/2 inches. A preliminary test plan for

an exper imental  program to gather  dnd analyze  the necessary data
is documented in Refer ence  1. This report describes in detail
the test procedure cErried out , data acquired , and analysis of

the data which stemmed from that  p r e l i m i nar y  p lan .  A t o t a l  of 183
test runs were made during the period April 27 to Septe~ ber 30 ,
1976.

1
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n F-: SCkIP T 1ON O~ TL ST A~~~A1u\T~:S

The acrf low ~~j c t  is a subson ic ’, bl wdow~ wind tunnel of
r e c t a n c c l a r  cross s e c t i o n  ~u~cplied by two high pressure bottles
w t h  a t o t a l  vo i u m e  of 14.2 cubic fe-~~t and capable of s tor inc ’  up
to 2 0 0 0  p s i .  t is c’cna ruc~. ed of we ic~ed 1/ 8—Inc h t h i c k  s t a in l e s s
steel s h e et .  The b o t t i r n  w a l t  is f ~~a t , p a r a l l e l  to the qround , and
has a 6-inch  d i am et e r  hole  vhich w i l l  serve as the m o u n t i n g
pos i t i on  f o r  the fu e l  t a n k  suc ’fac ’  i n  l a te r  t e s t s .  D i r e c t l y
opposite ( in  the top w~~~i)  the  t e s t  f uel  t ank  l o c a t i o n  is a 3—
coch dc am e t e r  hole t h r ou c u  which the laaer  beam wi l l  be a imed  to
impinge on the test artic ’e surface. The entire duct can be
rot ated 9 0 deg rees t o f a c i l I ta te a im i n g of the  laser , which  is
located in the  ad~ o c n in a  t s t  ce l l .  The cen te r  of the t e s t  t a n k
surface is defined to be The origin of the ~YZ—ccordinate system

used in acuu~ sitior and reduction ~~ the airflow calibration data.

The cross section of the duct is 5.6 inches high by 9 inches wide
at this atrearnwise positior . A side view schemati.c of the duct

geometry is shown in Figure 11—1.

F’low is controlled by two pressure regulators in series on

the outlet from each of the air supply bottles. These two pipes

tie coto a single 4-inch pipe in which a pneumatically controlled

ball valve 84 inches upstream of the test article is installed to

provide t o t a l  f low s h u t - o f f .  A 45 degree ha l f—a n 3 1e , 10— inch

diameter  pe r fo ra ted  cone is insta l led  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 imiuediately downstream of the ball valve . 
—

The duct continues through the wall of the Test Shelter at 10—inch

diamet’ r , then a conical uczzle reduces the diameter to 7 inches.

Rectangular openings in the sides of the conical nozzle serve as

inlets to the bypass ducts , a~~ch of wh ich has an area equa l to
half of the main duct area. A butterfly valve wi th pneumatic

2
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control in the 7—Inch diameter duct provides for blockage of the

main  n o w  so t h a t  ~ii flow is routed through the bypass ducts.

This provides a means ~f c u t t i n g  off the air (oxygen) supply

~n the main duc i in later tests should a fire develop. The butter-

fly valve was always fully open these  c al i b r a t i o n  t e s t s, except

when the bypass ducts were blocked off iy means of a flat plate

installed in the flanged joint at X = — 3 0 .  This increased the

maximum velocity attainable 10 the te5t section , and when th~ s

was done the butterfly valve was removed . A transition section
from 7—inch diameter to 4—inch 9—inch rectan~ u ia r  is in s t a l l ed
downstream of the bctterfly valve , and a ccnstant cross section
approach duct of these dimensirns and 18 inches long leads to t~ ~
test section . A reference velocIty is provided by the permaner ..

calibration probe installed on the cer.terline of the top wall of

the coastant ac’ea 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 ~ 9-inch cross

section. and a total temperature theimocouple. Figure 11—2 is a

sketch of this probe , and Figure 11—3 is a compreEsible 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 prooe readings with readin9s obtained in the test

section will provide a reference reading for use during the later

f i r e  propagation tests .

Primary test data 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

measur~.ment of bc .undaiy layer velocitie ; on the bottom w a l l .  This
rake (Fi gure  11—4)  employed 0 . 0 3 2 — i n c a  O .D.  tubing at 0 . 1 0 — i n c h
height i n t e rva l s .  it  mounted on a 6—inch diameter plate which

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

3
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Flush wall static taps in the mou~iting plate (Figure 11-5) pro-

vided static pressures at s treaniwise s ta t ions  corresponding to
the ti ps of the boundary layer rake probes. This rake could be
ins ta l l ed  at nomina l  posi t ions of the center of the  test a r t i c l e
CX = 0) , two inches up str~ a:~ (X  = —2) , and two i nches downstream
(X = 1-3/4 , moved forward  1/4—inch f r o m  nominal to avoid .nechani-
cal i n t e r f e r e n c e)  . I t  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 emp loys 1/ S—inch O . D .  tubes spaced 1— 1/2 inches apart
lateral ly .  The ri gid tubes are brought out ch r o u g h  a clearance
hole in the top wal l  of the duc t and the rake mounts on a verti-
cal k n i f e — e d ge s t ru t  so that  the ver t ica l  pos i tion  of the rake
can be set at a;y desi red height (see Fi g ure 11-6)

Data taken on these orobes and rakes were recorded on an
eight- t rack oscil lograph re order.  Temperature was read on a
type—T thermocouple at the permanent calibration probe and

assumed to be valid at the test ar t ic le  location . Pressure
readings were taken on d i f f e r e n t i a l  pressure transducers cali-
brated to 2 psi fu l l  sca1~ on six of the osci.1lo~ raph channels
and 5 psi f u l l  scale on the permanent probe channel .  Scale
doublers incorporated in the preastp li f i e r s  we.~e employed in some
of the hi gher velocity runs - A detailed l ist  of ins t rumenta t ion
used is as follows :

1 Beckman ( O f f n e r  Div .)  , Type 504D , Dyr~ograph Recorder
2 Beckman (Of f ner  Div~ ) , Type 428A , Dyno~~raph A m p l i f i e r

8 Beckman (Of fne:  Di v .)  , Type 48Th , Preampl i f ie r

1 Type-T Thermoccip le , Bare Junct ion , 0.10-inch wire

1 Beckman ( O f f n e r  D i v . )  , Type 9827 Cold Junct ion
C ompensator

7 CEC 4—321MA Transducer~ ±7-1/2 psid

7 Beckman (Offner D.i~~.) , Tyoe 9803, Strain Gauge Coupler

4
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finally , ~ row of vortex generators was provided as shown

in Figure 11-7 to create an additional, momentum loss along the

bottom wall, artificially thickening the boundary layer.
• Fol~owing initial tests the vortex generators were narrowed 50

percent making two staggered rows of b lades as shown shaded in
the figures . T~”is row was mounted transverse in the duct , either

14 inches upstream of the test articlo (X = —14) or 27 inches

upstream (X = —27)

Data taken with these instruments, tes t procedure , and

results of tha date analysis are described in detail in the

• following sections.
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Sec t ion  I I I

TEST PROCEDtJRE AND INITI~~ FLOW 1MPR O~~~MENT EFFORTS

• The first procedural task to be undertaken was to define

an axis system consistent with the amount and type of data

recuired to define the th~ct flow field . Figure 111—i shows the

p axis system and the locations at which data points were measured .

As mentioned previously , tb-c streaniwise axIs is defined a~ the

X-axis , and X = 0 being the center of the test  a r t ic le  hole and
posit ive values progress ing~ downstr eam The Y-axis is vertical

wi th the orig in corresponding tc the surface of the bottom duct
H wal l  and posi t ive  upward . The Z—axis is lateral with the origin

at the left—to-right centerline and positive to the right when

the observer is looking upstream.

The downstream pro-leotion 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 , Z = 0). Tills was the

ve locity measurement position used in in i t i a l  checkout of the
flow character is t ics  of the duct .

The f i r s t  series of test runs was intended to detern~ine
whether s u f f i c i e n t  test time would be avail&ble for steady f low
establishment and to de termine what pressure regulator 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, wh ich assumed
the total flow to be evenly divided between the main duct End

the bypass ducts . At a supply pressure of 1200 psi , the

available test time at a noiiinal velocity of 350 ft/sec was

approximately 3 seconds. Diockage of the bypass ducts doubled

6
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both of these v~~ ocities while maintaining the same test times ,

respectively. In all cases this is ‘.ery adequate test time for

cal ibra t ion data acquisition . Should It be desirable to have

longer test times for fire propagation tests , filling the supply

4 

bottles to capacicy will nearly dcubl .’ the test time . Since the

flow velocity is low er’ough to be essentially incompressible , it

• can be concluded in general that test times will vary from tbose

stated in direct proportior, to supply bottle initial pressure and
inversely  proport ional  to nominal test section velocity.

Steadiness of the mean flow ve1ocit~’ as a function of time

had proven to be fdirly sensitive to r~ lative values of the two

pressure regulator settings in another rest facility employing

this same air supply system . This does not appear to be the case

for the Las er -rest Shelter Airflow Duct . Some time—dependent

variation of the mean flow is visible on the osciliograph traces

of total and dynamic pressure . It appears simultaneously at all

probe locations d r d  is most likely at~ ributable to minute self-
• adjustments by the pressure regulators to compensate for the

continuous decrease of pressure in the supply bottles . The
• variation is small enough (typically only a few percent of dynam ic

pressure) that a representative mean valu2 of dynamic pressure on

any given probe is easily selected.

Supply bottle pres sure and dome pressure for each regu lator
were recorded for all test runs. Once a s~ t 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-

abi l i ty  ~f the data , given a fixed set of regulator dome
pressures , and the results were ;uite acceptable for a flow
facility of this type. Fifty-nine consecutive runs ccnducte~
over a period of eight days produced velocity readings at 

the7
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permanent calibration probe which exhibited a rcot-mean—square

( s t anda rd)  deviat ion of 2 . 2 4  percent .  That is , 95 percent of
the ve locity re adings wou~ d then be expected to f a ll wi th a
-~2- band , or ~-4.5 percent , for a given set of rec’ulator dome

pressures .

Reg ulator se t t ings  which were used are summarized in the

following table for future reference.

4 V Perforated Upst roam Downstream Bypassnominal Cone Dome Pressure Dome Pressure Ducts
(ft/sec) (psi) (psi)

250 out 100 9’) open
• 250 in 160 130 open

350 in 220 200 open

500 in 160 130 blocked

700 in 220 200 blocked

Once it was established that sufficient test time and mean flow

steadiness were availab!e , examination of the flow distribction

in the duct began in e arne s t .  Installation of the hor izonta l
rake at Y = 2 made it immed~ ately clear that the flow was

dras t i ca l ly  o f f s e t  toward the ri ght wall  (looking  upstream)
Subsequent investigation showed that internal stops in the

pneumatic actuator for the butterfly valve at X = —43 had been

improperly set. The resuJ t. was that the full open position of

the valve was about 30 d egrees o f f s e t  r a the r  than the intended
position of para l le l  to the flow . Minor modifica t ion of the
i n t e r n a l  mechanism and car e fu l  ali gnment of the reinstal led
valve alleviated this problem.

The flow distribut1 on over the duct cross section at X = 0

and Vno~~na1 250 ft/sec was then mapped to ensure that a

reasonably uniform distribution had been attained and that the

boundary layer thickness was within the desired range. 
This8
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proved to be true , and the plotted data are presented and

disci’ssed in tne next section . It ‘ias apparent , however , that

an unrealistically high level of turbulent fluctuations was

present. The fluctuations were large -~nough to make data

reduct ion very tedious and l e f t  uncer te in  confidence in the
accuracy of the mean. velocity read fron the oscilloqraph traces.

Electrical filtering of the transduce: output was considered

• but f i n a lly  rejected because of the d i f f i c u l t y  in ensur~~nc~ that
fa lse  readings w~ uld not be Lntroduccd.  “Mecnanica l  f i l t e r i n g”
of the probe pressures was s u c c e s s f u l l y  accomplished by ins ta l l -
ing 0 . 0 2 0 - i n c h  I . D .  tubing about 1/2—inch long ~n the 1/ 8 - i n c h
1.0. f lex  tubing used to plumb the p~ obes to the t ransducers .
This solution was also re j ected a f t e r  discussion wi th  AFAPL/ SFII
personnel on the poss ibi l i ty  of unre3l ist i c al ly  hi gh t ur b u l e n ce
levels in t roducing  unrepresenta t ive  ti ansport properties i nt o
subsequent f i r e  propagatio .n tests .

The course chosen at this  point was to fabr ica te  a 45 degree

• h a l f- a n g l e  cone w i t h  a 10-inch base diameter frora 0 . 0 6 0 — i n c h
thick per for a te i  steel sheet of 35 percent porosity . This cone
.~as ins ta l l ed  wi th  its vertex downstr.:am in an exis t ing f l ange
jo in t  in the 10-inch I.D. pipe at X -r — 6 5 .  The 0 . 0 8 0— i n c h
diameter holes in the perforated cone provided a s t r i k ing  decrease
in turbulence leve l , as demonstrated by the con~~arison oscillo-
graph traces in Figures  111—2 and I I I — ~~. The price paid was the
increased pressure drop , evidenced by pressure regulator set t ings
in the above tabie required to maintain a 250 ft/sec velocity in
the t~’st section . Fxamination of the dynamic pressure traces

subsequent to installation of the par~ ora ted cone led the
authors to the conclu’sion that satisfactory flow quality had
been achieved end the calibration should proceed.

Referring back to Figure Ill—i , data were f irs t taken at
x= 0 with the laser penetration hole open , as this represents the
configuration intended to be employed most frequently in follow-up

tests. The boundary layer rage was used at Z — l 1/2, 0, and

q



+ 1 1/2 . The hor izonta l rake was set at Y = 1/2, 1, 2, 3 , 4, and

5. This provides sufficient data to map the velocity dis t r ibu-
tion through the cross section with reasonable accuracy . Since

~t is possible , yet undesirable , to c)ose the laser penetration

hole with a window , a nui~tber of rake positions were repeate~-1 with

a plate clamped over the flanged top of the laser hole to

investigate the effect on the flow distribution. In 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 wh~~i the laser hole is blocked at the

outside flange . A viewing window 4 inches in diameter and

approximate ly 6 inches (center-to-center) upstream of the laser

hole in the top wall was found to be indented 1/8-inch from tha

surf ace rather than flush , so this indentation was filled flush

temporari ly to see if it had a noticeable effect on the ve locity
distribution .

Essentially the same set of data was then taken 2 inches

upstream of the center of the test plate arid aqain 2 inche s
downstream. This 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 (see Figure II— ’) had been

fabricated in order to attempt 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 generators were modified and reinstalled alternately at

X = -14 and X = —27 with much more satisfactory results .

10
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The velocity was increased to the maximum obtainable with

the regulator settings currently in use in the f ac i l i t y . The
test section veloci ty  was 350 f t/ sec .  Since capabi l i ty  to
produce higher  velocities seemed p o t e n t i a l l y  valuable , the bypass
ducts were blocked temporari ly , and the test sect ion veloci ty
doubled as compared to the bypass d u c t s  open for  a g iven regula tor
sett ing. In th is  manner , ca l ibra t ions  were run at 500 and 700 f t /
sec. Data were taken at these veloci.cies at Y = 0 only. The effect

of the lasex penetrat ion hole being open or closed and the vortex
generator in or out was investigated ~ i th subs tant ia l ly  the same
results  foun d at the nominal ve1ocit~ of 250 f t/ sec . Again ,
these data are discussed in detail in the next section .

In all of the above test runs , the velocity was recorded at
the permanent  ca l ib ra t ion  probe . The ratio of velocity at the
permanent probe to maximum velocity at  the test section center
was calculated and is plotted in Figure  111-4 as Vcal/V max . Vmax
occurs at Y = 2 with the VG out  and at Y = 3 with the VG in .
Since this probe does not interfere with fire propagation equip—

L 
merit to be installed later , it will be left in place and the

velocity correlation in Figure 111-4 will provide an indication

thac velocities being experienced at the test article are the

desired magnitude . Data plotted is fur Vnor,-Linal = 250 ft/sec

only , but is equally represeutative of Vnomjnal = 350 , 500 , and

700 ft/sec.

In makino the above correlation and in reducing all velocity

data , iricompressib3•e flow was showr to provide acceptable

calculation accuracy and pitot-static readings were converted to

velocity accord ingly , i.e., using V -= 
~~~~~~~~~~~~~ 

Density (~
)

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 exh ibited a near ly linear decrease with time
over the entire test time due to expansion cooling in the supply

11
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bo t t les .  A 2—second i n ter v a l  between i n i t ia l  s t a r t — u p  and
taking of data was judged to be representative of the manner in

which fire propagation tests will be conducted . Since the

thermocouple is 0 . 0 1 0 — i n c h  d iame te r , bare w i r e , Lefe rence 2
indicates  a time constant of 0 . 3 — 0 . 4  seconds and the i n i t i a l
trar~s:ent should thu; have no effect on this ~eid:ncj.

Pl ots of a l l  the above data and a discas - ion of their
significance are presented in the next section .

12
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Se ction IV

PRESENTATION AND DTSCUSSION 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 enced in flight. For a

representative Air Force .~ircraft , the F-4, typical boundary

layer thickness , A , on a wing tank is one inch and for a fuselage

tank is five inches. Using the traditi onal seventh power law

(Reference 3) for velocity distrihutio~ in a boundary layer ,

Vlocal/Vfreestream = (Y/o) 1~
7, the bcurdary layer velocity pro- 

-

files for boundary layer thicknesses of one through eight inches

are plotted in Fi gure IV-1. These are the velocity distributions

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

A second simu’ation goal is to j rovide a surface pressure

on th e test article which is near out slightly below atmospheric.
This is representative of the prevailing surface pressure on most

of th~ exterior tank skins in flight.

It also results in a small inflo .~ through the laser penetra-

t ion hole which may help contain a f i r e  w i t h i n  the a i r f l o w  duc t .
S tat ic  pressures measured on the wal l  of the duct throughout  the
series of tests are plotted versus stre~.mwise position , X , in

~‘igure IV—2. In all cases , the stati c pressure in the test

secticn is within roughly 1/4 to 1-1/2 psi below atmospheric

Since the upper wail of the test section is diverging at a 7 3 5

degree angle, the static pressure becomes slightly more negative

as the probe moves upstream. The divergence begins at X = -12

and upstream of tnab point , as ind cated 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 ~< —16. Since the duct

flow is low subsonic and exhausts  to atmosphere , the s ta t ic
pressure in the test section is corresponding ly f a r ther below

13
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atmosphere at h i g h er no na~ v’~locH:i~~s. t is a]so apparent
f ro~r this fre  that ~ne open laser p - t r a - i c n  hole provides
some relaxat i on ot static pressJre , for the nre~~~u r e  in almos t
all cases is slightly farther below atnospher e with the hole

blocked than with it open

3AsEL:NE DATA

Figures IV-3 through IV-7 su~nmanize the velocity profiles

measured at 250 ft/sec nominal velocity and at X 0 with the

laser penetration hole open This is the hdsic set of data for

these tests. The key points to be noted are :

1. There is an arca of approximately 2 inches in height

in the vertical center of the duct over which the

veloci ty  is reasonably constant . This is the
“freestream .”

2. The boundary layer thickness is rough2y one inch and

the velocity dis~ ribution agrees aulte well with the

t heo rec t i ca l  profile in Figure IV—l .
3. The left—to-right distribution of flow 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 ~ and Y 5 in Figure IV-5 , and in
Figure IV-7. The slightly higher velocity to the

lef t of the cencerline within the boundary layer ,

Figure IV-6 , appears consis tently though ch ere is no
apparent reason for such a pattern . - •

~~~. Referring to Figure IV.-7 , cross plotting cf V vs Y
profiles and V vs Z profilas produces the velocity

contour map shown. The contours circumscribe that

part of the duet cross section in which the velocitp

is at or higher than the velocity identifying the

contour. This figure shows that slightly more than

a third of the cr oss section is within the contour ,

• - - • • - • - • • •• • • •~~~ ••
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240 ft/see, which represents 96 percent of the nominal
velocity. Tnis 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

actoss the test- plate . The asymmetry in the higher

veloc ity contours , which does not occur in the lower
velocity contours , is probably due to the manner in
which curves were faired through V-vs-Y and V-vs-Z

data and is not significant in analyzing the flow
quality. The high velocity sections of the velocity

prof iles are relatively flat and small var iations in
curve fairi ng produce noticeable differences in the

physical location of a given velocity magnitude , which
is used to cross-plo~ the velocity 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 ~or comparison . The

velocity profiles are qualitatively the same as after the cone

was installed . The boundary layers appear to be somewhat thinner ,

especially on the upper wall. This ic consistent with the higher

effective Reynolds number caused by the very high turbulence
level, since turbulent boundary tnickness 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 0x10 6 to 2Ox lOb by increasing turbulence
fac tor would result in a 13 percent decrease in boundary layer
thickness. In all fai rness , however , it must be pointed out
that this earlie: data required a bit more subjectivity in data
reduction as can be seen from the comp~rison in Figure 111-2 and

that may be the source of any small di fferences.

15
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STREAMWISE VELOCITY VP~RIAT ION

The next set of comparison data examines the streamwise variation
in velocity distribution . Two sour~’es for differences are
present. First is tha t the ~~~~ wall diverges at a 7.35 degree
angle. The diffusion sho’.~ld reduce the maximum velocity and
thicken the boundary layer ~ue to adverse pressure cradient as

measurement location movEs further do~nstream . The seccnd is
interference with flow in throuuh the open laser hole.

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

Data for X = +2 are resented ~n Figures IV-l4 t~ roug h I TI _ 1 6 .

Referring to Figure IV-ll , at X = -2 , the boundary layer is the
same as X = 0 on the bottom wall but is signiricantly thinner on

the top wall. This is probably due to less interference with flow

th rough the laser hole as t h i s  s ta t ion  is 1/2 inch upstream of
the forward edge of the hcle . The maximum velocity is slightly
higher than at x = 0, as one would expect since the cross—
sectional area is smalle’~. More significant]y, 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 e f fec t
of the laser hole is less pronounced , but certainly not gone

al together .

In Figure IV-l4 , it can be seen clearly that the velocity distr i-

bution near the wall is identical 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 e ’en more clearly in

Figure IV-].5. The explanation becomes apparent w~ien 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 turn required for boundary layer attachn~ent.
This reg ion not only caus.-~s the duct velocity to fall to zero

at some point away froTr the wall , but also presonts an effective

16
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area blockage . The area blockage is essentially equal to the

geometric area increase due to upper wall divergence . The result

is tha t  the e f f e c t i ve  area at X +2 nearly equals that at X 0,

and no center l ine  veloci ty  decrease is noted. The major difference

between the constant velocity contours at X +2 and X 0 is

that the high veloci ty  contours are squeazed in the vertical
direction by the b ockage and they expand horizontally . This

compensating effect is simply that dictated by conservation of

momentum . It has ~een observed in other three-dimensional flow

fields which are artifically forced to deviate from their normal

shape and is descr ibed and analyzea in detail in References 5
and 6.

The impo rt~ nt findl 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 PI-NETRATION HOLE

The effect of closinC the laser penetration hole on velocity

dis t r ibu t ion  can he seen by referr ing back to Figure IV-3.  The
di s t r ibu t ion  at an - I  below ti-ic center of the duct is substaintially

unchanged. This is further demonstrated by Figure IV-17. The

d i s t r i bu t ion  above the centerl ine is  less a f f ec t ed  by the presence

of the laser hole , but as Figure IV-18 confirms , there is still

some degradation of velocity at Y 4 and Y & near Z = 0.

To further investigate the velocity decrease at Z 0, 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. In

addition , the recessed viewing window was filled flush and taped

over. Figures IV-19 and IV-20 show the resulting aata. A

noticeable i.ncrease in velocity at Z 0 is observed , but a

decrement s t i l l  exis ts  even wi th  everything on the inside surface
made f l u s h .  The cause of the decrement is unknown . Fortunately ,

it does not adversely affect the velocity distribution on the

surface of the test plate .

17
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A velocity contour map with the laser hola closed , Fi~ urr-

IV—2l , reaffirms the conc lusion that clos~ ng the hole has ‘,

significant effect except that of lessening the i n t e r f e ren c e  near
the top center of the duct.

Referring back to Figure IV-ll , at two inches upstream of

the test plate center (X —2) there is no s i g ni fi ca n t e f fe c t

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 wal l caused by

inflow through the hole. It also shows that the expected

centerline velocity dec--ease relative to X = 0 is now present

(see Fi gure Iv-24  also) though the boundary layer th ickness  is
unchanged . Figure IV-25 shows that the left-to-right distribution

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 
4

Initial installation of the vortex generators had a dromatic

effect on the velocity distribution. The heart of the comparison

is shown in Figure IV-27. It is immediate ly clear that the drag

of the vortex generators causes too large a momentum loss in the

boundary layer. The resulting flow blockdge on the bottom wall

of the duct shifts the e:itire velocity distribution upward ,

leaving a velocity profile in tho boundary layer which i~ too

slow. The result is consistent with calculations made using a

modification of the format nf Reference 7, which relates desired

momentum loss in a boundary layer to drag characteristics of

circular cyclinders used co artificially th±cken boundary layers .

18
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The dray (frontal area) of the vortex generator set was

subsequentl y reduced by approximately one-half , and the mounting

location was moved 13 inches upstream CX —27) to allow more

mixing length ahead of the test plate . As the plotted p r o f il e
shows , this VG produces a velocity distributuion characteristic
of a turbulent boundary layer of about 2-inch tnickness , or

double that which naturally exists .

Figures IV—23 through IV—30 show that the left-to-right

distribution with the oriç~inal vortex generator is qualitatively

the same as without the vortex generator. In fact, Figure IV-30

shows such close Torrespondence that it is somewhat misleading.

It is mere ly coincidence that at V = 2 the magnitudes of the two

V vs Y profiles are nearly identical , in spite of the fact that

the profi les are drastically different. The dramatic upward

shift of the entire flow distribution is clearly pointed out by

comparing Figure IV-31 with Figure I~1-7. The distribution

throughout the cross section with the modified VG is completely

analogous to that produced by the original VG , except that the

upward shift of the high velocity cnntour is less pronounced.

The effect of closing the laser hole on the artificially

thickened boundary layer using the original VG is shown in

Figura~ IV-32 through IV-34. The difference is somewhat more

pronounced than observed with the iatural boundary layer. This

is due to the profilcs 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.

19 
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INCREASED NOMINAL VELOCITY

A. Vnominal = 350 ft/sec

At the highest settinc~s available on the r~low control

regulators with the bypass ducts open , the test section center-

line velocity (see Figure I V — 3 5 )  is jus t below 350 f t/ s e c .  The

distribution is nearly identical to that measured at the lower

nominal velocity as can ba seen by comparing Figure IV-3. The

consequence is that the boundary layer thickness is not changed .

Comparison of Fi gur e IV—~ 6 with i’igure IV-5 and Figure IV—37 with

Figure IV— 6 shows that the left to ri ght di:;t ibutiort of

essentially unchanged . This fact is also demonstrated in

Figure V-i in the summary . Figure IV-38 indicates that the

distribution ove: the duct ~ross section at X = 0 has not

changed significantly at hi gher nominal velocity.

Closing the laser hole has basically the same effect as

it had at the lower velociLy . 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 Z profile at

Y = 2 is unchanged and that at Y = 5 exhibits significantl y

reduced velocity retardation at ~ = 0.

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 th e lower wall is

larger th-in 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 .

20
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The effect of closing the laser hole , Figure IV-L4 3 and

IV-’44, is also directly comparable to that observed at the

lower velocity. The entire flow pattern is lifted slightly

toward the upper wal l , the lower boui.dary layer is slowed even
further , and there is less interference at Y ~ and Y 5.

B. V - = -500 ft/secnom inal

In order to produce higher test section velocities the
• bypass ducts were blocked , diverting the total flow through the

center section of the duct. This was accomplishad by clamping

a flat plate into the flanged joint at X = --30 . Using the same

flow control regulator settings that o7’ignally produced 250

and 35C ft/see , the test section velocities which result are 500
and 700 ft/see , respectively . Figures IV—~ 5 and IV-’~6 show the

profiles measured alor.g the Y-axis at ‘1nominal 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-i).

The boundary layer thickness is approximately one inch . Figure

IV— t~7 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 of the duet at the higher

velocity , although the character of the flow in the bottom half
of the duct is riot significantly altered. Constant velocity

contours across the cross-section at x 0 are plotted in

Figure IV-48. The flow distribution is of very adequate

uniforriity .

Figures IV-49 through IV-51 show the effect of closing the

laser penetration hole . The result i’ 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 tne ;iiaximum velocity , as
d ictated by cons er~iation of momentum . This is also evident in

the Z-profiles and the constant velocity contours.
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The boundary layer thickening effect of the row of vortex

genera tors  is de f ined  in. F~~gure IV-52 .  At th is  hi gher veloci ty ,
provision was made to mnu:it the original vortex generatc-r 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 protuber inces to mix into a boundary layer type

profile. The outcorr.e was that the original configuration still

produces a profile with a slight S—curve , which is not represen-

tative of a natural boundary layer. The modified 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 mixing distance is alsc of paramount

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 en- irety of a thick

profile , since the duct is only 5.6 inches high and a boundary

layer exists on the upper wall also. However , tne layer closest

to the wall dominates the shear stress and mixing properties of

the boundary layer. Thus , it is the author ’- ~ conclusion that

this last profile is reprasentati ve of a boundary layer with a

thickness of approximately ~0 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.

C. Vnominal = 700 ft/sec

Setting the flow cont:ol regulators wide .~pen with the

bypass ducts blocked produced a maximum velocity of slightly

over 700 ft/sec. Calibration data at this mcximum velocity was

taken only with the laser hole open and the vortex generator

removed . Figures IV-55 and V-i show that in this open tunnel

configuration the boundary layer velocity distribution is again

22
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typical of a one inch thick boundary layer. As expected from

trends shown in lower velocity dati , tl.e inflow through the laser
hole has its yreatest retaraing effect at maximum nominal

velocity. The flow over the test surface , however , is not
adversely affected.

GENERAL FLOW CHARACTERISTICS

1. It is e3tima ted that mean va~ ues of dynamic pressure were

read from the oscillograph traces within an accuracy band

of ± .02 psi or less. At the magnitudes 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. ~\n attempt was made to experimentally

verify this assumptio~i. Ten runs were analyzed. Total

flow rate was estimated by calculating total mass stored

in the 14.2 cubic foot bottles a~ 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 resulti~ g 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 assui~ption 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

Liow velocity through the main duct.
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3. The t ime—dependent  f l uc tua t i ons  in the pressure traces
display a sufficie.-itiy consistent pattern to warrant some

speculation that their source is not random turbulence .

Referring to Figures 11—2 and 11-3 , the prominent fluctua-

tions before the dampi~ q cone was installed are typically

60 — 70 cycles per second . This frequency is obser~;ed ~n-

nearly all runs and is considered to be freestream

turbulence . After the perforated cone was installed , the

fluctuations at this frequency are still nct-iceable but

at an insignificant magnitude . Reduction of the magnitude

of the rapid fluctuations gives visibility to a slower

f l uc tua t ion, gene~-al l y 6 - 8 cycles per ~;econd . The

striking pattern in the slower fluctuations are of opposite

sign on opposite sides of the duct. That is , at any instan t

when a positive fLjctuation occurs left of center a negative

fluctuation occurs right of center. And the magnitud~ is

slightly greater closer to the side thai’ in the center.

Initially the 7-inch diameter butterfly va2ve was suspected

as the source , especially when careful rneasurement showed

that the valve shaft could oscillate just over one degree due

to mechanical to]erance 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

at all. Finally , the butterfly valve was removed entirely ,
and the fluctuations persisted.

Investigation of unsteady flow in ejector nozzles (~ eference

8) led to the discovery that noz�~le flow could be made to

oscillate at a characteristic frequency by providing

externally interconnected cavities on opposite sides of the

nozzle inside surface . The bypass duct inlets bear i certain

similarity to this cavity arrangement. And they are inter-

connected in the sense that they dump into a conu~on chamber

downstre am of the :est section. It seemed plausible that

this “fluidic switch” could be source of the slower

24
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frequency oscillations. However , blockage 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 fcilowing conclusLlons.

1. Sufficient rjn tin e exists for steady f low
establishment. Run times of 6—8 second s can

be attained .

2. The flow distribu~-’iion , reasonably uniform , is of
acceptable uniformity to conduct the planned fire

propagat ion tests.

3. The turbulence ‘evel is modestly high , but is well

within the limits which allow accurate reading of

data.

4. Repeataoility c-f data is within the reading/reducticn

accuracy of the data.

5. The boundary layer thickness on the surface of the

test plate over the entire velocity range calibrated

is representative of a wing tank (ó ~ 1 inch) and is

uniform over the 6—inch diameter of the test plate.

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

6. The thicker bour~dary 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 cal ibrated range.

The effect of the vortex generator is velocity

dependent . Thus , several different sets would be
required to simulate the same artificially thickened

boundary layer at different velocities.
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7. The open laser penetration hole does not adversely

affect the flow on the test plate surface. There

is no apparent reason to raquire closing it with a
laser “window.”

27
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