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SUMMARY : b

Dr. V.P, [Goddard demopstrated that it was possible to use‘smoke flow

visualizatioq;techniques, which had previously been considered the tools
of the low sﬁred‘aerodynamicist, in high speed and supersonic flows. This
report docum{tts a study t& evaluate the techniques used by Goddard and to

establish design criteria

or & large high speed flow visualization faciliry.

Included are discussiona of the éxistiﬁg facilities at the University of

Notre Dame, si{udies of the wind tunnel flow field and methods for smoke data

acquisirion.
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INTRODUCTION

There has been a great interest ;hroughoﬁt ihé history of aerodynamics
in the development of techniques which can be’uégd to help visuaiize a given.
flow phenomenon. This viéualizatioﬁ of flow patterns has played a singuiarly
important role in the advancement of our physicalyunderStanding of the mech="
anics of fluids. Flow visualization has led'tb the discovery of flow ,
phenomena ahd has helped in the development of mathematica® models for complex

flow problems. It is also useful in the verification of existing principles

and has been an important tool in the development of complicated engineering
systems. Most visualization methods allow for detailedkstudy of ‘a problem

without the introduction of probés which can ihfluence,the character of the
flow. k

Historical Development

Flow visualization in wind tunnels closely followed the development of
such tunnels and may be traced to Dr. Ludwig Mach of Vienna in 1893.! Mach's
indraft tunnel had a cross-section of 180 by 250 mm (7 Sy 10 in.) and was"
driven‘by‘a centrifbgalkfan whick could produce a Speed of 10 m (33 ftr) per
second. A piece.of wire mesh over the inlet was used to straighten the fldw.
One side of the test section was clear glass and the others were painted black.
‘ The flow was obsérved and photographed: by using:silk threads, cigarette smoke,
and glowing iron particles. The only smoke flow photographs presented in
Reference 1 are: for the flow past a plate pérpendicular to the flow. - The

. smoke is faint and difficult to make oﬁt; nevertheless, it was a oeginning.

| In France, about 1899; E.J. Marey who was famous for his pbotographic
studies of énimai.locomotibn, turned his attention to photograﬁhing air in
k motion.?2 " Marey, cognizant:of the work of Mach, used a vertical wind tunnel
with a 200 by 300 mm (8 by 12 in.) crdss-section. The front and sides df the
test section were glass and the back was covefed with black velvet. Air was
dtawn.into the tunnel by‘a small suction fan afterkpaSSing throﬁgh fine silk
gauze at the‘inlet. Smoke cbtained by burning wood shavings entered the wind
tunnel upstream of the gauze straighteners through a row of fine tubes.

Excellent smoke flow photographs were obtained using a magnesium flash.
: i ‘ e :
Although the interest in smoke visualization continued during the firs:
i ;
13

\

\
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! operational at the University of Notre Dame in 1948.3,5 ' A

thirty yearé of the twentieth century, significent mtwmmts ia the
technique and results were not achieved until the 1930's.3 |The bsst of
the early two-dimensional smoke tumnels was developed by A.ll. Lippiasch ir
Germany in the m1d-1930's." He cbtained s large number of (j00d smoke photo-
graphs for the flou‘around plates, cylinders, and aitfoilaf including t3:

Lippisch rotor-wing. Many of these photographs indicate tﬁat‘the turbulence
level was higﬁe: than desirable. Also, he began the devél@?ment of an
intermittent smoke delivery systen. | i

Within this same time period, F.N.M. Brown, at the University of Natre
Dame, began his research in flow visualization. His firét smoke tunnel became
operational in 1937.3:% It was an indraft, open circuit tunnel with a large
inlet contraction seétion. and produced speeds of up to 3 3 (10 fe) per |

48 by 1/16 1n.)
deep. Phntographs were obtained at about 3 m (10 ft) per second using ﬁitaniu-

second.  The test section was 305 by 1219 by 1.58 mm (12 b

tetrachloride for smoke.  This smoke tunnel was developed ‘,imarily fot%class-
room demonstrations. He also developed a three-dimensional smoke tunnél vhich
was operational in 1940. This indraft tumnel had a single 6.30 meshes ﬁet cm

(1€ per in.) screen followed by a 9:1 contraction in area. | The tést section .

which had a 610 by 610 mm (24 by 24 in.) cross-section was jabout 914 mm (36 in.)
in length, and speeds of up to 12.2 m (40 ft) per second ‘cquld be atta#ned
using a 1 hp DC motor. Smoke was produced b, coking vheat straw: and w s

introduced upstream of the anti-turbulence screen through g row of tubesL i.e.,

:a rake. A new three-dimensional smoke tunnel was designed but little fr gress

was made during World War II.

Work began in 1947 oun a research three—dimensionalagﬁike tunnel whikh was

result o the
lessons learned earlier, this smoke tunnel had five 5. 51 by 7.09 neshe per

cm (14 by 18 per in. ) bronze screens at the inlet of the 15 :1 contrac on

~section. ' The test section was maintained at 610 by 610 an(Zh by 24 i:)) 1n

cross-section and 914 mm (36 in.}) long. Useful speeds of 0.7 u (35 ¢ ) per

second could be attained using a squirrel cage fan driven by a 5. hp no,or.
Coked wheat straw was used with a total of 12,000 watts of steady 11# fing

: ‘ ]
to obtain photographs of the flow. ' This three~d imensional snoke tunp & evolved

slowly into the one used today. ' In conjunction with hie

wsnoke tunnel

eyelop-
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ment, 3rovn developed a2 movable gmoke zsake und the fivot éasy—cs-uae kerogcne
smoke gener&tor vhich could preduce large guantities of'gaoke; He waé aleo
the first to take three-dimensional and stereo photographs of s&oke flows.

in fact. nost of the progress and refineaent of smoke visualization techni-
ques are credited to ‘Brown.®

Expanding the techniquea of Brown, V.P. Goddard (also at the University

of Rotre Dame) was ab;e to preduce the world's first and only supersonic
#take tmnnel in 1959.7 8 an indraft supersonic wind tunnel with seven screcns

ond a lmrge inlet ccntraction to the nozzle throat was designed and built. A f
aodifie& Schlieren system permitted the simultaneous photographing of both i
~sanke snd shock-uave patterns. Using the same smoke generation and injection
techniques as 1n the subsonic tunnels, szmoke photographs were taken at speeds
£ up to 404 m (1320 ft) per second (i e., a Mach number of 1.38). HMost
resear#hers in this field still do not believe this is possible until they
»3ctua14y gsee 1t. Figute 1 shows two photographs taken by Goddard, indicatingk
the qu&lity of the ‘first supersonic smoke flow visuali:ation data.

l:7f It |was cleafwby 1959 that the smoke tunnel was an important research

Esoi. From publigations since 1959, it is evident that the state-of-the-art
eatablihhed by:‘fbwn, Goddard and Lippisch has not changed to the present day.

As a 7e%ult of-unique data Brown obtained. especially in the area of boundary

:layet!transitif , there has been a renewed 1nterest in using these established

Atechniques.

iPtoje t chpe

'; %fe purposn of this project was to study the high speed flow visualization
' é evelopedfby Goddard and to establish: the requireaents for a wind tunnel, .

in ot ‘r high speed flow facilities. The prolect was divided into two

Eiversity of Notre Dame. The second phase was the detailed
i the establishment of design criteria for az high speed smoke
on facility at the Plight‘Dynanics Liboratory.

; X ed, the only known transonic and supersonic smoke flow visuali-
:1 z;ii» reseatth'has been éonducted at the University of Notre Dame. The goal

JJU————
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»Y the fitst phase was to develop a better understandiag of :ha high apaad
visuglization method as developed by Goddard.  The preliainary work of
Goddard hzs shown that it is possible to introduce and maintain well defined
smoke streaklines in a superaonic flow field. Some spplications of his wotk

have shown that theae streakline data can yield significant quantitative
information.?

The initial work focuaed on the evaluation of the flow field within the :
high speed flow visualization tunnels and the optical and photogrtphic tech-
niques used in collecting smoke visualization data. The main requirement for
any facility designed to conduct flow visualization research is a low tufbu-

lence level within the flow field. The low turbulence level will minimize :

~the diffusion of the smoke particles and allow for greater definition of»:he

smoke streaklines. The low turbulence levels are achieved in the University
of Notre Dame's tunnels through the use of the high contraction ratio inlets
and the use of anti~turbulence screens at the entrance to the inlet.. In

Goddard's original design, seven screens were used but, apparently, he did

‘not determine the optimum number or relative placement of these screens. ‘Tbe'

influence of the anti-turbulence screens on the flow field is also of prim#ty'

interest. A series of tests was performed using both photographic data for

quantitative assessment and hot-wire anemometer measurements of turbulence -

levels to assess the influence of the anti-turbulence screens. ' These data were

used to establish the flow field requirements for smoke flow visualization in

both high speed subsonic and supersonic flow fields.

Goddard developed an opaque stop Schlieren system for use with tie high

speed flow visualization; it was used to take simultaneous smoke/Schlieren'(

photographs. Since it allowed for this unique method of simultaneous flow," :

visualization analysis; one goal of the research program was to reconstruct - -

this sytem and evaluate its potential as a data acquisition technique.

The evaluation of the best methods for lighting and phoiographing the
teat section for direct smoke flow photography is another critiéal’aspect of
the project. When dealing with such high speeds, thick tunnel wall glass, -
relatively low smoke levels, size and structural restraints associated with
high speed tunnels, the proper lighting of the smoke lines is a definite ‘
prcSlem. Attempts were made to develop optional lighting and photographic

Y
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“'that can occur. For this reason.-an important aspect of this stu

techniques which could be applied to different types of high spead test

sections and flow con&iciona. These initisl studies were conducted using
some simple 3ea§etric zhapes suéh a8 a sphere, a céne; a wedge, and a two-
dimensional airfoil. :

The results of the Initizl phsse were uzed to provide a startihg point

for the development of design criteria for a much larger high spe&j flow

1igh
st section
design, smoke generation equipment and data acquisition techniquesif

visualization capability. The design criteria are for an indraftﬁ

speed flow tunnel &nd to establish the requirements for inlet and :{

The characteristics of the flow in the test section are sensitive to the
inlet design. The original supersonic tunnel inlets were designed=hsing the
same techniques as those used for Brown's subsonic tunnels. One gcal was to
improve the inlet design and, having established a better understagding of

the influence of the anti~turbulence screens, arrive at an inlet/sc¢reen com~

bination which would allow for the best application of the flow vifualization

technique. A new inlet was designed and tested using the same win§ tunnel
test section as in the preliminary phases of the study and it‘iliuattated the

impoi tance of the inlet design on the quality of the flow visualization fesults

Most of the work was conducted using the kerosene smoke develxped by

Brown. There wac also an evaluation of the possibility of using gternate
methods of smoke generation. ' Particular emphasis was placed.on water-based
systems. There exist a number of alternatives which produce a ?m e that is
non-toxic and that does not present the flammability problemszof kerosene.10-}2
These methods were not found to be superior to the kerosene téchnique. This

ccnclusicn wvas based on a subjective evaluation of the quality of the smoke

photographs and on the safety aspects of using each technique.3%1

The transonic flow regime provides a situatign in which thé Qmoke'flow

visualization method could provide very valuable 1nformation., Th non- |

intrusive nature of the technique is ideal in studying the compleI iuteractigm

y was to
demonstrate the use of the method in a transonic wind tunnel. The design an

Eht Dynanib
Laboratory and the University of Notre Dame. This tunnel. was then used tof

fabrication of such a facility was a joint effort between the Fli

— L Jn,__e-.;

collect the first transonic smoke visualization data on record.
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The experience gained in the initisl phosee of the study were imcorpote
" ‘sted into a set of design criteria for a large ecalé. high speed flow

visuslization fac'ilicy. It wvas initislly enticipated that this facility
would be an indraft tunnel wi:h & 0.37 »q. = (4 sq. ft) test section. Since
the size of the pmr tequirenents for such a tunnel would be verv large
znd the desigu wul«d require a significant exttapolation of results acquired
in this study, altemative recomeudatione are presented.
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" UNIVERSITY OF NOTRE DAME’S HICH SPEED (if0XE
’ VISUALIZATION FACILITIES

Original Tunnel Design

- o W v B e e e

The éqpefsonic tunnel facilities at thekUniversity of Notre Dame are
air 1ndtaft; coqtinuous flow tunnels which were designed for high speed flow B
demonstrations ahd research. A planform view schematic of the facilities is
shown in Figﬁre 2. Three tunnel diffusers are connected to a common manifold

which can be evacuated using one, two or three vacuum pumps. - The pumps are

~ each driven by 125 hp, AC motots,'with a mass flow capability sufficient for

continuous operation of the tunnels. For a typical test, only one test section
is used and the other diffusers are sealed either with a vaive at the dbwnstre?m'

end of the diffuser or a plate placed over the upstream end.

Two different supersonic, fixéd nozzle block test sections were used for :
a majority of the teéts conducted during this research program. Most of the
testing was conducted using the pilot tunnel shown schematically in Figure 3.
Table 1 lists certain geometric parémeters for the original pilot tunnel zs
used by Goddard. The original pilot tunnel was composéd of a series of anti-
turbulence screens which were mounted upstream of the rigid inlet section. ' .
The inlet itself had a rectangular cross-section with an aspect ratio (heighc/‘ :
width) of 3.25 At the entrance and an aspect ratio of 3.0 at the. exit of the V
inlet. The inlet was connected to a fixed geometry ccnverging-divergingvndz21e 
that was designed using the Foelsch method.l3 One of the primary items of =
interest in this research program involved the area contraction ratio associated
with the indraft tunnel design. For the discussions in this report, the term
""contraction ratio” will be used for the ratio of the area at inlet or screen
to the area of the test section, unless stated otherwise. This weans that the .
pilot tunnel has a contraction ratio, with the original inlet an@ with anti- ’

turbulence screens: attached, of 164:1.

The pilot tunnel nozzle is a two-dimensional design with a constant width
of 63.5 mm (2.5 in.) and a design Mach number of 1.42. The test section ifself
has a square cross-section approximately 50 mm (2 in.) long. Models are '
positioned in the test section using an aft sting mount. Both side walls of
the test section are of optical quality glass. The top nozzle block is a
sandwich construction in which a plexiglass sheet 13 mm (0.5 in.) wide is
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‘end due to the anti-turbulence screen frames and the inlet.

jeed between two metal blecks.;~Th@ gi*gigxasa {0 centered in the tesi |
secelion end allows for lighting of tha
to ths normal viewving direction.

gaction in 2 plane perpendicuaisr

The pilot tunnel inlet was designed using techniques which proved
successful in the development of the large, three~dimsnsionel subsonic tunf:l
st the University of Notre Dame. The :wo«éi&anaionnl method of Smith and |
Hsh;l“ was used, in wvhich the inlet horigentsl snd vertical contraction ~7lpes
correzponded to stresmlines in a simple, two-dimensional potentisl flow aﬁ logy.
There was, apparently, no concern for the manner in which the inlet was mated

to the fixed nozzle. There was a sharp discontinuity in the slope of the ¢on-

traction geometry at the point where the inlet and nozzle met. There alsol

existed a discontinuity in slope between the inlet extension on the upstream

The inlet screens initially used on the pilot tunnel were made of two%

types of screen. Six screens were made of a multi-strand nylon mesh with i
0.05 mm (0.002 in.) diameter strand and a 10 per cm (26 per in.) grid; th

represented a 9.3% blockage. The nylon was stretched on a rectangular fréue
but, due to the flexibility’of the nylon strénds, there was some sag in the
screen. ~Any screens attached to the inlet upstream of the nylon screens w
made of an aluminum mesh with a 0.23 mm (0.009 in.) diameter aluminum wiré
a uniform 7.1 per cm (18 per in.). These screens had a 29.7% blockage baf
on area.  The tunnel was originally operated using seven anti-turbuienée o
The outermost screen at the upstream end of the inlet was aluminum ahd’the

remaining screens were of nylon mesh.

For the pilot tunnel operating at choked nozzie conditions, the leh e
flow rate in the tunnel was 0.696 m3 (24 6 ft3) per second of air at stangard
atmospheric conditions. At the entrance to the first (metal) screen when'

the tunnel was operated in the original configuration (seven screens - si#
nylon and one netal), the air speed was approximately 1.1 m (3 5 ft) per:
second and the Red (Reynolds number based on screen wire dianeter) was 16‘1 At
the nylon screen located in the most downstream position.‘the approximaté flow

speed was 2.1 m (7 ft) per second and the Red for the nylén strand was 8. These

two Reynolds numbers gave a representative range for the anti-turbulence bcreéhs;'

In this Reynolds number range, the flow about a two-dimensional circular;cyliﬁder

R e
R N
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contour at the dovnqtream end of the inlet.

.includes a variety of smokgﬁ‘

but not absof

‘water vapor, .

o

was characterized by an attached vortex pair and a lamﬁﬁar[yakn.; If che

B ezch*$~&*3WQx£ﬁately’&Q, the wake iz characteriz d vy peciodice vﬁrtex

shedding which could have an adverse effect on the smoke flow vigualization.
A detailed discussion of the influence of the screens is presented later in
the reporl. ‘ ‘

i
!

The °c9nd *es' section used in this research progtam was mounted on

the largeét of tbe three dlffusers. It, too, was a fixed gecmetry converging-

diverging nozzle design with a 160 m? (25 in. 2) test section and a design

Mach nusber of 1. Sl. It also had a high contraction ratioc inlet and anti-

turbulencq screens. as shown in Figure 4. Operating in the coufigutation

shown 1in the figure, the contraction ratio for this tunnel was 83:1. This
tunnel vilh be referred to as the " by 5'" tunnel in this report.

The 1n1et for this tunnel was not designed for the purpose of smoke
flow visualization.k The in]et does match the slope of the fixed nozzle
Apparently, the inlet was not

deaigned to any spefific criteria and there are manufacturing irregularities
in the inlet! geomet'y

Although several preliminary tests were conducted
15t of  the:

using this inlet, ffort was focused on the.pilot tunnel.

Smoke Generaiion T%P niqpes

Direct igh sp«id flow \ sualization tequires the production of large:

quantities or smoke. The word "smoke" 1s used in a very broad sense and
1t ke materials such as vapors, fumes and mists.

The smoke used”must be gené# ed in a safe manner and must possess. the

necessary lig ‘Iitles so that it can be readily photographed.

It is also im

i moke not adversely affect the wind tunnel
into which it

r the model being studied. Another desirable

:ualification is that the smoke be non-toxic

in the unlikelv eve t that experimencers are exposed to it. Finding a

smokeolike substsnc which
vL i {
A large numberf

of mat‘wiéls have been used to generate smoke; examples

are, the combustion?of tob f f
| \cea

of reaction p’

The swoke-11ike

‘

i

\ .
A

oo
&

[ H'«I:’F ’
fid
Bk

y
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23é ¢ colloided pavticles eu mﬁw% in & ges. = A great deal of

4interest hss becn focused on aevoscol privsrtics end generation becsuse of

- their close relationship to meteroclogy. air pcllution, cloud chambers, smokes,

combustion of fuels, colloid chemistry, etc.15 The coemon methods for aercanl
generation are shown in Table II which was tzken from Reference 185.

Two very practical items must be carefully examined before the choice of
smoke-1ike material is made for flow visualization. The smoke or aerosol
particles must be as small as possible so they will closely follow the flow
pattern being studigd. These smoke‘particles must be large envugh to scatter

~a sufficient amount of light so that photographs of the smoke pattern can be

obtained. 'An approximate tangé of particle size for various materials and
organisms is shown in Figure 5. Although many of these materials and sub-
stances have particle sizes below one micron, the most practical ones for
flow visualization are the tobacco smoke, rosin smoke, carbon black, and oil
smoke. - There is no doubt that all these particles are small enough to follow
the flow. Note that the flow particles in water vapor (fog) are generally
much larger than one micron. If one now considers the light scattering:
ability of the particles used, another constraint becomes apparent. According
to the laboratory methods of measuring particle sizes, particles should be
larger than about 0.15 micron to scatter a sufficient amount of light to be
readily seen (Figure 6).  This light scattering criterioq indicates that
tobacco smoke and cafbon black particles are mostly lower than 0.15 micron

and, therefore, would be more difficult to photograph.

Resin is a“semi—solid, organic substance exuded from various plants and
trees or prepared synthetically, whereas rosin is the hard, brittle resin
remaining after oil of turpentine has been distilled. Maltby and Keating!l®
describe an electrically fused, pyrotechnic resin smoke generator which was
developed for wind tunnel use up to speeds of 16 m per second. This smoke
generator was manufactured by Brocks Fireworks Company, Ltd., in England and
was based on the vaporization of resin. Maltby and Keating!® also mention
that some ammonium chlorate is present in the resin canisters, which must be
stored away from heat since‘this substance is unstable,  The device is.simply
a smoke bomb adapted for wind tunnel use. This appears to be the only mention

of a resin or rosin smoke generator used for wind tunnel flow visualization.

There are, of course, a large number of possible hydrocarbon mixtures,

10
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& 5 i.e., oils, which undoubrediv could be used te pradgce smoke by combustion
b g or vaporization. From the point of view of laboratory safety, it would be

. " ‘desirable to use QaporizaLion rather than the combustion ;echnique. Pro-

‘ - perties of interest for three common hydrocarbOn mix:ures'are shown in

h% Table III. Furthermore, it would also be safer to ﬁse an oil which would

Y vaporize at the lowest possible temperéture and be the least flaﬁmable-

A Figure 7 presents data for the temperature versus per cent distilled

Y —

(vaporized) for six oils. Mineral oil requires the highest temperature for |
vaporlzation, while charcoal lighter fluid requires the lowest. The second |
lowest temperature for vapnrizétinn is for kerosene. Since kerosene is less

B flammable than charcoval lighrer fluid, it is the obvious choice. Kerosene
seems to offer the best compromisc when particle size, light scattering

abilicty, low vaporization temperature, and low flamnability are considered.

-Kerosene Smoke

Although the first ail swoke generater was developed by Preston and
Sweeting,!” one of the nost successful oil smoke generators was designed’by}
F.N.M. Browh in 196) .  Large quantities of dense kerosene smoke were S
produced quickiy and. sately with: (iis penerator. This four-tube kerosene

generator is schowm schomaricaily in Figure 8.

A flat electric strip icater is located inside a 51 mm (2 in.) square

thin wall conduit tube. The entire unit is set at a convenient angle

(about 60°) and a Si&ht"t(d"l‘gr is mounted on the unit at the upper end

of each tube so the ol Jdr'ps on the uppe s end 5i ‘the strip heater. It has%
been determined that a arip rate af approximitely two drops per second 1sgi?
more than sufficie%t to preduee the desired amount of smoke. Faster rateé 7

result in inefficiknt an! wastefnl operation. Furthermore, an extremely .

fast drip rate can result in Sack=-firing of the unit. A squitrel cage

.

blover mounted at the low end of the unit is used to-forée the smoke throughi
the system. The squirre] cage biower is more or less mandatory - in the evenﬁj

of back-firing the sudden increase in pressure is easily transmitted through | °
the rotor. : : : ‘

Before entering the smoke rake. the. smoke 1is allowed to pass through a’

heat exchanger wade of 42 mm (1.65 in.) diameter pipe, as shown in Figure 9

ST TP B s R

The prime function of this hear exchanger is to cool the smoke down to room f

[ X3

o

11
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. like aubstance. :
~oil and paraffin, vapors ‘and erofoi

_of these substances are flamma le and

eeperature. .The entire system hea-dreie'esemz conveniently located, ong at
thie botcom of each tube of the ganeretor ftzelf to remove excess oll not

converted to smoke, and others at the bottom of the heat exchanger to rsmove

“whatever ofl might have been eonéenaed. After passing through the heat

|
i

,xchenget condenser ystenm, the amoke flews into a 97 1mm (3.82 in.) manifold
and is passed throug an absorbent cloth filtet. This filter serves a dual

purpose: it removes most of the renaining lighter tars and aids in distri-
“buting the smoke uniformly into the evenly spaced tubes that extend from the
"manifold. As will be mentioned later in the report, 2 number of ‘differently

" sized tubes were use during this study., These evenly spaced tubes determine

the initial smokeline spacing. .Such an arrav of tubes with the. manifold has a

:,rakeelike appearance and, thus, is referred to as a smoke rake.

. Appropriate measures shou{d be taken to guard’against leaks "in the

system and to provide an outside exhaust from the tunnel for the excessive

and prolonged inhalation of;o1l smoke,woule be a health hazard.

Various types of oi ‘heve It has been found that kerosene

produces the best quality;sooke‘ Kerosene may be obtained from Thompson-
Hayward Chemical Companyvﬁntka

nsas City 'Xansas. under tha name of
Deodorized APCO #467. :

011 smoke;generato

double, and quadruple ur

ce the kerosene smoke generation

ﬁon—toxic and non-flammable smoke-

All products

tion, reactions of chemical substances,

eqe toxic to scme degree.!8720 Many

¥

oﬁe are corrosive‘ot chemically active.
The only technique available uhich dof not have one or more of these undesir-
able properties aypears to be;the stea quuid nitrogen method. 10-12 However.
generating large quantities of
safety hazard. After generatt

introduced into the wind tunng

‘steam is somewhat different iﬁ References 10 and 12, the end product is the

12

il
Jurd
AT .
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same. Both the 1.7, and losa Stace Univeisity laboratories have vaad

poTe

steaw with reasonabhle srcoesse  The steam or steam-liquid nitrogen mixtures

have been used in Foto ‘ptiave gad closed ¢ircuit subsonic wind tunnels.

Although the use ofisteie for flow visualization has the advantage of
being clean and non~toxic, it doe:s have disadvantages.  For example, the
syvstem temperature must be controlied carefully if a neutrally buoyant fog
is to be obtained. As putnied out ezvliler, water vapor is composed of much
larger particles oir the averige tian oil smoke, It also has the disadvéntage
that the steam concenses i vater on cold model ‘surfaces, walls, and other
protrusions in the (oot secrioa.  The steam photographs reasoﬁably well "and
can produce usea'ic visualiratioa records, Tn‘determine whether or not steam.
was useable for t'es vicwairration iu Noire Dame's indraft, supersonic wind
tunnels, a simpiv coertrenr was portoaraea, s Pare sﬁcam from: an industrial,

portable steam vonoritey we

v ted upstrear of the first screen of the

i g A :

el Mty was ronsiderably higher than the

pilot tunnel. AT o0 e

ajv entering tho tunael o the vteaoy sersisted through the -test section and the

streakline formad B oo s aieiids raphed, The diameter of  the steam

stream from this wraiis <~ . @0 sarpe tor Jetairled investigation; never-—

theless, TU die adn 0 erk s o ksv orothis m;thcd. ‘Also, the steam:
was pumped’ flce e T e vt sealtor, tow speed streams of the steam
could be dutrodiroe U in e e T reR fnie o dna 420w for proper positioning of
the  steam Vithon veiio oo fon s ohvine, raphs 61 the pilot tunnel test section
during thnis to-t }:«‘n?gvv ST e N0, TGO  was considerable condensation
of the steam in b oo vako onayaisy §s sﬁuwn in this picture, the steam

diffuses quite rapiclvgoo ol rary sorcaklines are not present.

i fin cad Vothas T e b ey o rosa ) eneration system forlow speed

wind tunnel Clow Vie bR Gtien ) TR stater used a polvdisperse liquid

aerosol of di Crern U T S e ey retorred tooas DOP.  This flow visuali=

zation methed worko b well o the velativilv Yow speeds used (maximum: tunnel
speed was B misec Y. 0 of the reasons this aerosol svstem was developed was
to aveid che toxiv patore oonilosmokess o Although DOP. was originally thought

to he non=texio, Slatoer anod e v it vl be toxice which limits its use.

Test= wverce oot todinsing wowineral oil smoke generator made by

Testing Machine o ivo 0 0t v i e, New York. . The particular generator

LS
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. used was the ClauéV%ARQr, ﬁodel‘ﬁo.‘tlwés. Initially, an artempt was mode

to pump the swoke from the generator into the uasuel smoke rake before intyo-
ducing it into the tunnel. The amoke generator could not provide adequate
pressure nor smoke volnme‘td do this so the smoke was taken directly from
the generstor in a flexible hose which was then mounted in front of the

screens. The seﬁerntor was unable to produce large quantities of smoke but

a single smoke filament was visible, although faint. One of the photographs

in Figure 11 shows the comparison between the two types of smoke at the same
time.  The kerosene gmoke is more dense simply because there is more of ir;

also, being closer to the light, it appears to be brighcet. The more unfor-

tunate aspect of the mineral oil is that it condenses on theimodel.k This

fouling of the model would most likely be considered a major drawback of the
mineral oil smoke. ‘

Although many substances have been used to produce smoke for flow

visualization in wind tunnels, keroseneksmoké appears to have a significant

advantage over all other substances studied.  With a properly designed and

maintained generation and distribution system, kerosene smoke should not

preseht any significant fire hazard or toxicity problém. The remainder of

the results presented in this report were achieved using the: kerosene smoke

‘generation system.

Smoke: Fiow Photographv

One of the most cfiticafkaspec;s of flow visualization photography is
in obtaining sufficient ]igﬁt on the subject of intérest. In wind tunnel
applications this problem isjoften the most difficult to overcome because
of space limitations. " The m%in pfoblem is the large quantity of light
required for proper illuminaiion of the smoke streaklihes, as well hs in
maintaining high contrast between the smoke and the baékground.A As most,high

speed wind tunnels have very limitedkviewing areas, one is generally forced

to use less light than desirable to minimize unwanted reflections or adverse

heating problems. - Space limitations often restrict the placement of lights
and cameras. ’

Figure 12 illustrates the three most commonly used lighting arrangehents;
When the lights are positioned on the opposite side of the tunnel and out of

the direct field of view of the camera, the arrangement is called "back

-

14
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~e1ectrical source: of 120 vo ts and 0 cycle

and operate similarly to any amer - us

._depends on the nature of the test

-high intensity spot lamps are requﬂ

'Photographic Procedures

lighting." Glare from ‘the model can E: mielmized using the back lighr~

arrangement. If the iights are positione& on the same side of the tunne.

‘the camera, the arrangement is called “front lighting.”  Major difficultie
‘ with front lighting are in the reflections and glare from the model and tun:

vindovs. These proble can be minimized by proper positioning of the lights

and camera. However, when there 1s a limited viewing area and space is res-
tricted, it wmay not be possible to ‘position the 1ights properly.  The final
‘lighting arrangement is called ' top or "bottom lighting.’ This arrangement

can be used in any test section where the flow can be illuminated in a plane

. -perpendicular to the normal viewing direction. .1t is accomplished in the

Notre Dame pilot tunnel by using a test section nozzle block whi ch has a ;
transparent plas:ic insert in the top portion of the block. The test section

fcan be illuminated through this trans Aarent slit. An advantage of ‘top and
‘bottom lighting is that the llghc Lource is normal to the field of view and

vl-interference such as reflection and glare from ‘the model is minimized.

d
i ”‘~

The type of light source required for sm:ke visualization tests depends

‘:'upon the particular test being conducted. The two fost widely used light

‘sources are ‘stroboscopic an high intensity continuous lamps. Short duration

flash lamps such as the Gen ral Railo 1532 B strobolumes or their equivalent
i

: have been found to produce atisfac ory reSults. These 1amps operate from an

The power conSumed varies up
to 500 watts, depending upon the filash rare The output of an individual

- lamp is rated at 10 megacand eppwer when th flashing rate is set at 60 flaahes
~ per minute. The rated duréc on of g:e‘flas
U

is approximately 30 micro-seconds.

For still photographs, the s roﬁol j ﬁe%ronized with the camera shutter
felectronic flash.  With novieé,
the flash rate is adjusted ¢ amingi peea. The number of lamps required

ing co 3ucied. For continuous lighting,

red. A suﬁmary of the photographic equipment

] D
needed for smoke flow photogﬁaphy is inclu in Table V.

In the later sections. of this report mucL will be said regarding the

'tunnel design requirements fof procucing qnality smoke filaments in the test

'section. Over the years, many universitie$5and research laboratories (both

Fikivk
frpg
Filgd

o — -
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low épeeﬁa. Yozt of these effatta‘%

government and private) have attespi.. v ohitia flow visuelization datavask~

in failure for a varié:y of
reasons. Even in tunnels vheré quality omoke 1s available, only poor smoke
flow photographs were obtained. One can only speculate on the reasons for
such failure. However. one of the difficulties is probably due to the f&ct k
that the eiperinen;alist could see the flow pattern with his eye but wss
unable to obtain good photographic plates. This is usually bécause, in suci
installations, the photographic work is left to a photographic technician.
To achieve quality smoke photographs, the experimental aerodynamicist should
also be the photographer. An experimental aerodynamicist is familiar with

- the phenoma and their influences on the smoke pattern in the flow field.‘:

This is not to say that a photographic technician cannot: be used' however,
the aerodynamicist must’ be willing to spend enough time with the photographer
so the technician knows what is required. Some of the Jdifficulties in

-obtaining qu§}ity smoke  flow photographskaie included inkTab]e V.

Processing the'phatographickdata‘presents another challenge. Due to

" the difficulties in lighting, the photographic plates are usually under-

exposed and the exposure is generally uneven.  Therefore, to produce a

quality print, an uneven ékposure of the negative is required. This procedure
is referred to as "pho:ographic dodging.'” It enables one to enhancé the
photographic image, {i.e., to capture all the data on the print. ~Again,: the
person processing the film must know what he or she is looking for in the

print, . otherwise much, if not;all, useful data will be lost. Table VI sum-

marizes the photographic procedures needed to obtain good photographs.

One final point: the use of flow visualization techniques in the study

of complicated flow patterﬁs is as much an art as it is a science. Obtaining

~good flow visualization data requires a great deal of patience and time.. Each

‘new application will present the experimental aerodynamicist with new photo-

graphic difficulties. However, with patience and some effort, ﬁeaningful flow
visualization data can be acquired} :

Preliminarx,Visuélization Studies

Tb‘éstablish some experience with collecting high speed flow visualiza-
tion data, one of the first tasks involved photographing a number of different

models at various flow speeds in the two original supersonic wind tunnels

\ﬂ
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CEOT (5" by 5" ard pilot tummel). These daca M@a a boselizs for g@mm
y studies and helped indicate areas in waich iﬂprovcmcata ecuid Se wenliz. i.
Through the use of the pilot tunnel, Goédatd sheued the potmitial =f the :
smoke visuslizstion technique. These prclininary tests were xaaw&&s& to : ;;‘é
determine what factors could influence thc quality of the visualizgcion dats
that Goddard collected uging the pilot tunnel and whcther or mot the teghnique
could be extended to thc "5 by 5" tunnel. larger but cppcrently comparable
design. o

» - L
P T e

A

The first cct of experiments to be discussed here were conducted in thc
' c : 0.127 by 0.127 w (5 by 5 1in.) test section. The teste were conducted uains ‘
‘ ‘a full tunne) span right circular cylinder -odel vith a 16 == (5/8 in.) | f f
diameter. The camera was mounted on the side of the tummel section, vith the ;i
camera axis normal to the window. Lights were positioned on the opposide side 5,;
of the tunnel and out of the direct field of vieu of the camera (back lighting).
They were also positioned to eliminate reflectiona off the tunnel walls and
model. Both still and high speed motion picture photographs were attcuptcé.;;;:
t; ‘ Some sample photographc at frec strcan_Hach-nduberc‘of approximately 0.2 acdff;;
T 0.6 are shown in Figures 13 and 14.. .- o e J

The still photographs were takcp,osing stroboscopic flash illuninatiol,;uf f
synchronized with the cdnera‘shu:ter. ‘The high'specd'motion pictures were| : °

taken &t 125 frames per second using synchronized ‘'strobe lighting, nnd at |
500 frames per ‘second with continuous lighting.

; Additional tests were conducted using the "5 b§‘5".tcnncl to evaluate
the suitability of back lighting for a numbér‘of'diffcrent ®odels in super
y o : ~ sonic flow. Figures 15 and 16 include some of the results from these test
It is quite noticeable that, as the Hach'homber increased, there uac a

reduced anokc density and it was more difficult to achieve photographs of

the same quality as Goddard's originals. There was adequate light on the |
smoke streaklines with the camera set in an £:22 to £:32 range with a 210 -n;"
. lens. The large f scop allowed for good focal field depth. | The exchange | |
between focal depth and light intensity is critic&l. Unfortunately. llthoughzé

it was adequate at the lowest speed (K - 0 2), at highcr spceds the snoke
quality was rather poor.

The other models used in this study included at 16 ma (5/8 in.) diameter
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3@%@2&@&1 model and an & = 0. 59, 7° de bl wadpa airfoll, wing model.

i B Piguraas 15 ond 16 highlight ooneaof the a?o%i@ag asgocisted with the "5 by 5"
zmemgm design. There is c:ggusidambl» reakdown of some of the stresk—
-1ine&, pa:ziculatly‘at the super?onic condition, while soms of the stresklines
remsin quite well defined. Two different smoke rskes were used to introduce
the ssmke upetrean of the screeJ . For the TS by 5" tumnel, the best results
‘geea to be achieved using the rlke with the largest (19 mm, 0.75 in.) smoke

tube {aner diaseter. This simp'; allovs for‘the introduction of larger

the effect of the diffusion problems. =

- A A - FERE ke WS AW

A, . —

quantxties of swoke and reduces

Although the quality of the visulization data in the "S5 by 5" tunnel was

Y

“less than desirable, it did provide much valuyable information. This tunnel
appeared to have all the criteria which had been assbciated with successful
vismaljsation facilities (hiph duntraction ratio, anti-turbulence screening);
ft becuss apparent that: thece wguld: have to be defined in greater detail
before gencral design criteria qould bé estaElished.

The next phase. of the preliminary visualization study involved an

fnvestigation of the inf!uehcé df the anti-turbulence screens on the quality
of the flow in the pilot tunnel The smoke &19 introduced into the test

N section in the normal manner, ugstream of th‘ set of anti-turbulence screens.

These tests were conducted with various numb&rs of anti-turbulence screens
L ‘ .
| : present. Four additional metal fmesh (7 per,cm. 18 per in.) screens were

fabricated and used with the or{ginal seven| gcreens. Tests were conducted

using combinations of one, three, five, seJe‘. nine and eleven screens, and

with both a medium (15.1 mﬁ,:Q;S94 in.) innefr diameter smoke rake and a small

' (9.5 mm, 0.375 in.) inner diaﬁe er rake. Some of the results of these tests
<t are shown in Figures 17-19.~ﬂ1t was of great interest to note that the addi-
tional screens, over the sevén used. by God rd. resulted in an improvement in

E X

i

|

Lh the operation of an indraft,

]

the quality of the ‘smoke streak'ines. L
An additional difficu]ty a'sociated wi

H

high speed tunnel was encountered. As the pir from the atmosphere is acceler-  °

ated into the test section, the”sfatic temp%rature drops. As it drops below
the dew point, condensation béglns. ‘this cgndensation can both alter flow

R H AR { i
characteristics and degrade the 4 Z‘Amhe visualization data.

P e B T

So long as

the ambient (outside) temperatu there were never any problems
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- was mot gppsreat to the eye aor avideat eun the photographic records.

vith condensation in either the pilot ox the "5 by 5" runrel. Condens:zion

In these
' cases, even though the static temperature in the test section may have been
below the devw point; the sir was not supercooled; the acceleration was 80

rapid between inlet and test section that there was not adequate tire for

vapor formation. ' There were instances, when the outside temperature exceeded

 80° F with high relative humidity, when the condensation was a significant

problem and severe enoush~to‘§tec1ude operation of the tunnel.  The high

humidity causes both a condensation shock and severe clouding‘of the test

‘section with water vapor. It 1is apparent that, unless the air in the plenum

from vhich the air 1s drawn is dried, there will be some limitations on the

operation of‘ouch_an indraft facility. At the University of Notre Dame, this

- wmeans that during two wonths (July and August), the use of the visualization

facility is questionsble and dependent upon daily weather conditions.
/ V

Inlet Flow Field Study

" The experience with the original tunnel designs indicated and not
surprisingly so, ‘that the inlet design and associated turbulence management
devices were cri;icalnto the success of the smoke flow visualization method.
The preliminary visualization studies conducted in the pilot tunnel showed a
direct correlation between the number of screens and the quality of the smoke

visualization results, and indicated that improvements were possible. It was

felt that a more ‘complete understanding of the inlet flow fie]d required having

quantitative data as vell as the qualitative smoke photographs. A series of

detailed hot—wire anemonetry measurements of the inlet flov field was then
conducted.

The tests were made using a DISA Type 55M01 CTA hot~wireksystemkwith a
DISA Type 55D10 linearizer unit. Both single vire‘and X-wire probes were

used for both turbulence and mean‘velocity mezsurements. The turbulence data

vere processed using a TSI rms digital voltmeter (Model 1076). The output
signal from the linearizer unit was filtered to eliminate all signals above

10 kHz and both the mean and rms voltage measurements were made with the

digital voltmcter. - The geometry of the original inlet, the Smith and Wang

desigu, is shown in Figures 20 and 21; it will be referred to as the Smith/

Vang inlet in this report.v The 1n1et was modified so the hot-wire probe could

i
I
I
{
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measurements were conducted using the same sequencé of screens. The first

be positioned at locations 1, 2 and 3, ag showan iu ?ignée‘iz. The hot-sire
probe was initially supported on the inlet itéelf‘but'pﬁeiiﬂiﬁary dats
indicated that the wire ocutput was tignificantly iaflugaceé by mechanical
vibrations of the inlet. The hot-wire asaembly.vaa.tﬁen supported from the
floor of the laboratory and no significant vibtétions were apparent in the
hot-wire signals, : - | G

The first series of tests involved maasuré@énta'of'the mean velocity and
turbulence intensity along the centerline of the original inlet. At port
location #1, the probe was located 38 mm (1.5 in.) behind the entrance to the
inlet, i.e., behind the most downstream screen. The mean velocity was 3.05 m/s|
(10 ft/s) at this location on the tunnel centérline.’ The rms velocity flucta- 1
tions are given in Figures 23, 24 and 25. At port .#1, the velocity~f1uctuation4

ranged from 0.043 to 0.012 m/s (0.14 to 0.4 ft/s). All the turbulence level |

|

measurements were conducted with no screens in the inlet and then one, three
and five fabric screens were added. ~Once the five fabric screens were in place,
metal screens were added until a total of thirteen were mounted upstream of the
inlet. The screens were removed in pairs and the results checked for repeata-

bility. With only a few screens present, thg_flhctuations in the rms signal

were significant and Figures 23-25 give the exgent'of these fluctuations. ' The
results for port #1 show, very dramatically,‘the influence of the screens on

the fluctuations in the rms signal. There is a rapid‘deérease in the range of

the fluctuations and in the mean velocity fluctuations with the addition of the
first five screens. The disturbances which are dfawn'into the tunnel and those
created by the screen should not be directioﬁaily dependent, so that, although

the turbulence measurements are for the axial component of ﬁélocity, they should

reflect similar trends in the other, normal, components of the velocity flucuta-
tions. ‘ ' cad :

Port #2 was located so the probe was‘0.34 m (13.5 in.) behind the entrance
to the inlet. The mean velocity was 26.3 m/s (88 ft/s). The maghi;ude of the |, ¢

rms signal increased over the value from port #1 as would be expeétédbdue to

the rapid increase in the mean'gpeed. The same ‘trends which werefpﬁesent in

edr h s

port #1, vith respect to the number of screens, were shown at portvfz. Again,

the largest improvement in the turbulence levels took place with thé.additioh‘

20
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of the first seven screens, with a~na§ genel Aual d@cree » ufter that. Port
#3, locsted 0.8 = (19.4 £n.) dewnseraea of the ee&reare z0 the dnleg, é@a@nc
stated a behavior comparable to ports f1 and #2. | The 220 velocity at port

§#3 was 49.4 n/s (162 ft/s) and this 1ncreese in spe2d was slso refiected

in an increase in the magnitude of TS velociﬁy fluctuations. The third
port was located in the section of t1 inlet in which the ares was nearly
constant but still upstream of the ff

nozzle bﬁock. Surface oil flow
studies in this region of the inlet d d show a separation region ahead of the

forward facing "step' created by the }1seontinu1ty in slope between the nozzle
block and the inlet. Although the surface oil fléw results were highly quali-
tative and difficult to record with agy detail due to the small size and inac-
cessibility of the downstream end of the inlet, there was quite obviously a
separation region.  The presence of such & region, even though it was confined
to the near wall region in the constagt &rea sectl}n of the inlet, could account

for the somewhat larger range in the jvelocity fluituations with even a large

e ; L
number of screens present. : : 'k

The centerline axial turbulence [level measurehents are summarized ir the
form of turbulence intensity meesutemtnta for allgthree ports  in Figure 26.
These reselts correlate quite well with the ‘preliminary smoke flow visualization
data described in the previous,seeti n of this regort. The visualization data
showed a marked improvement in the quality of the smoke streaklines during the
addition of the first seven screens. This agreeé irectly with the turbulence

level measurements. Additional sc:eens {(from seyen to eleven) do indicate a

~slight improvement at each of the ﬁprts studied. ince the streakline carries

with it a "history”" of the turbuienee, this someyhat slight decrease in turbu-

lence 1is reflected as a continued3;‘ rovement inismoke streakline quality.

This is particularly noted as an iﬁcieased steadiness of the streaklines when
the eleven anti—turbulence screens were used. : '

! N
|
i
~It is particularly significavt éo note thaé a% more screensg were added

- to the original 1n1et, the geometry f the inlet was actually significantly

altered. With eleven screens in position, the 121e: is 32% Ionger than with-

out them. The screenms actually foruxk eonstan¢ lrea section upatream of the
i

converging inlet. It then becomes uifficult to'Teparaee the influence of the

screens from the influence of the nmdgfied inlet geometry.
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1 As a vasult of ‘th«mé preliminary teste, it was decided o “gm_, and
fsbricate snothar inlet for the pilot tumnzl. There is a detailed discﬁﬁeion
of inlet deaign a@thedelogy presented later in this report but it was appsrent
early in the projsct that there was no “best" methoa svailable for three-

o A e At tos 6 ol o

% ‘\dimz%sion&l iz s&wwnwﬁﬁgaam It was decided to try to arrive at the simplca:

| ;design available vhich appeared to overcome the problems with the Smith/Wang
Ny yginlet design. The new pilot tunnel inlet which will be referred to as the

o ’;ff “;Hb%ﬂiied Filot Tuanel inlet or MPT inlet in this report is shown in detail in
’ﬁ’, - Figures 27-29; a photograph of the inlet installed on the pilot tunnel is
fL",' ;E shown in Figure 30. The criteria used to design this inlet were:

— .

1. Eliainéte the wall slope discontinuity at the junction between
: the inlet and the fixed nozzle block.

24 Eliminate the wall slope discontinqity at the upstreanm end of
the inlet and attempt to have the flow normal to the screens

acruoss the entire inlet.

. 3. Use the same screens as used with the Smich/Wang inlet on the
pilot tumnel. The new tunnel would then have the same contraction

ratio, and upstream and downstream inlet height to width ratio.

4. Siﬁplify-design,and fabrication requirements by having the inlet

geometry composed of straight lines and circular arc sections.

Both hot-wire and smoke flow data were collected using the new inlet

;design. The hot-wire ane&ometry data were collected in a manner similar to

; that for the Smith/ﬂang‘inlet and the results are shown in Figures 31-35.  The
hot-wire probes were located at the following positions relative :6 the upstream
end of the inlet. '

MPT Inlet Distance from Inlet Lip Centerline Velocity
Post #1 0.054 w (2.13 in.) 1.59 m/s (5.2 ft/s) .
Port #2 0.384 m (15.13 in.) 3.84 m/s (12.6 ft/s) i
Port #3 0.613 m (24.13 in.) 19.9 m/s (65.3 ft/s)

The axial velocity fluctuations vary with the number of anti-turbulence

screens for each of the three ports. Figures 31-33 indicate the same type of

‘behavior as observed in the ﬁmithIWang inlet. It is important to note that
{

\

22
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ﬁxt3~agﬁd for the MPT inlet de not correspond to the same cross-

pectional drsas o mean velocities as the port'lqcatiéna for the oraginal
inlet. At pore 1, Figﬁre 31, there has been a 6acreasq in the axial com-
ponent of the velocity fluctuations with the additiogxof.séreéds'but this

has not been & particularly large roduction. Port ligé located in the extreme
upstream end of the inlet, in an almost constant area section. Aé indicated
in References 21 and 22, the screens have a greater 1nf1uence oh the #elocity
fluctuations in &he plane of the screen ({i. e., those nor:nl to ‘the mean flow
direction). This 1s supported with the results of a series of X-wire anemom-
etry measurements in which both axial (u') and transverse (vf) velocity fluc-
tuations were measured. Figure 35 shows the results for ports #1 and #2 of
the MPT inlet of thc transverse turbulence intensity: ihé‘pérked raduction is
very evident until about seven screens are added. The axial‘turbulence
intensity measured with the X-wire probe was also wompsred vith the. single
wvire measurements in Figure 34 (solid symbols). This figure also indicates
the importance of the contraction on the tutbulence 1ngensity level which drops
by an order of magnitude between ports #1 and #3.

A series of smoke flow visualization studies was also conducced using the
MPT inlet with the pilot tunnel, Figure 36. The sequence of photographs
illustrate both top and back lighting techniques using one, three, seven and
eleven screens. The model shown in these photographs is a 20° half angle cone
with a 10° boattail afterbody. These data show much moré dramaticaliy than the
hot-wire results the improvements realized with the new 1n1et'desigﬁ. _With only
one screen the smoke streaklines are discernible, though diffused, ﬁnlike the
Smith/Wang inlet; with as few as three screens, the smoke éualityvis reasonably
good. There is still a mild unsteadiness with seven screens but using eleven
screens results in very good quality, high contrast sgoké:streakiines. These
visual results correspond well with thé-hot-wire data ‘and, although they do
not provide definitive, quantitative criteria for the design of a smoke tunnel,

“they do indicate the influence of two inporcant aspects, the inlet design and

the use of anti-turbulence screens.

It is worth noting a couple of additional tests which ﬁeré condﬁcted
during the evaluation of the inlet and screens. Since honeyconb has been

considered an effective turbulence management device and has’ been used in a

23
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. * %, nusber of wind tunnel applications, 2 Zoizyeozb issert wae €abricacels

gvalu&zedeithftheepilet tunnel. The hopsycomd uiad wae a ai;-sided cell,
with 2 12.7 == (0.5 {n.) cell width and an 88 == (3.5 in.) depth, made of

paper. Some smoke streakline data using the honevcomb section, both alone

and in conjunction with the screens, are ahoun iy Figure 37. |The cell size

of the honeycomb tested was smaller than the inn'r diameter of the smoke rake

" tubes. The smoke streaklines were then split as jthey passed through the
honeycomb, bringing about a stringy character Jo the smoke.! Even the
addition of screens downstream of the honeycomb ;bes notkcompletely eliminate
this effect. The hot-wire data associated with #he honeycomb| are shown in
Figure 38. The honeycomb is effective in reducing the turbuicuce intensity

but an examination of the hot-wire signal shows that the honeycomb~produces

“a very definite wake structure. Although it may effectively Eliminate much

of the large-scale turbulence, the small-scale distuibances c used by the

honeycomb itself remain. They are not effectively damped bylthe short con~

xe at the hoqeycomb is carried
along into the test section and éegrades the str%akline data. k
. . b

traction section, and ihe disturbance of the smo

Difficulties associated with the use of an §anti-turbulehce devices such
as screens or honeycomb are the losses associat-} with the fle through these
devices and the increased power required to tunvghe tunne1.£HSince most facil-
ities use only a few anti-turbulence screens, tists were comducted to determine

the total pressure losses associated with the uge of a largeinumbet of screens.

Figure 39 gives the results of such a test in which the seqtence of the screens

(whether fabric or metal first) was varied.l The total pressyre was measured
using a pitot—atatic tube located at the tuﬁnei centerline the MPT inlet.

- As would be expected there may well be a vatia ion in losses across the face

Y of the inlet but these data were not acquired. “ As can be sLen in Figure 39, %/ggf
¢i§' ~ the first few screens account for a majority of%the 1osses t?d the effect of (
/ xng‘ additional screens is not so great. This is mo t likely du :to nodification
- ;w of the velocity distribution over the inletkfacit With the addition of more
g§§ screens, the flow at the inlet is most Iikely nofe uniform jand the speed near
32 the centerline is teduced accounting for ‘the s&allet 1088 ‘in this region.
%f Since heating of the air is not ‘a factor in the indraft tunnel and the losses
ﬁgmg ; associated with the screens are tather small, ip is;felt{jﬁfe the use of the
Qf ' large number of screens is not a detrimental #fa sidering overall

Etot{wﬁen 7
. O
tunnel perfornance. :

24
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Opticsl Dat. Dﬁza Acguisition Techniguen

There aze 8 variety of optical teckﬁiquss that sun be used to analyze

" the flow pagterna around aetodynanic shapes in & supersonic flow, Only those

techniquex which can be readily used in conjunction with the smoke streaklines
will be diacussed in this section.

‘ buoke photographs depend upon the scattering of lisht, wvhile Schiieren
and ahgdowgraph photography depend upon the deflection of light rays from

~ their potaal path. A combined smoke and Schlieren/shadowgraph picture can be

produ¢ed by three separate procedures. The first procedure entails the expo-

sure of two photographic plates. A shadowgraph can be produced by exposing a
photq%raphic plate with a point light source passing through the test section.
The:ieéulting negatiﬁe reveals the shock patterns present in the flow field.
Using the sane,canera, a second photographic plate 1s exposed using strobe

lights synchronized to the camera shutter.  The negative will yield the images

of the smoke streaklines. If the alignment of the optical system is unchanged

duting the photographic process, the two negatives can be aligned and a com-

posite pictute printed. This procedure has been used successfully by Goddard®

and 1ater by Slovisky and Roberts.9 For this technique to produce valid flow

visua;ization data, the following two conditions must be satisfied:

The two phbtogtaphed‘images must be identical in size and suitable
photographic markiﬁgs must be present in both negatives so that

the negatives can be properly aligned for the composite print.

Because of the tine>lag:involved in taking two separate photographs,
the resulting photographic composite is only valid 1f the flow
field is a perfectly steady flow.

This ptocedure could also be used to obtain a composite Schlieren/smoke photo-

6bviously, it would be desirable to obtain a simultaneous photographic

ima e of the smoke and shock patterns. This would eliminate the difficulties

ent in the first technique. Two different optical arrangements ‘were

téét?d to obtain simultaneous photographs. The first arrangement consisted

¥

of modifyins an existing conventional knife-edged Schlieren system. A sketch

3 the Schlieren system used in Notre Dame's Aetodynamics Laboratory is shown

IS
-
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in Figure 40. To'convert chis to oz gpé Schlieren Eystﬁé,aabe pifr

gource was replaced by a poiut source and the knife-edge replaced by a vound

opagua - stop.

A Schlieren system configured in this way produces avre}atively'dark
field with density deviations appearing as bright lines., The dark field 1is

necessary to produce the required contrast between :hé~backg:o¢pd and smoke

lines which are illiminated by another light source.

The modified Schlieren system is a single-pass system using two mirrors.

Both point and slit light sources were used in conjunction_vithkpoint‘and slic
opaque stops. The combination of a slit light source and a 1.58 mm (0.0625 in.)
opaque slit stop produced a picture that could not be fotuséd. Three different

point sources and stops were used. ' The dianeters used were 0.889, 1.78 and

2.54 mm (0.035, 0.07 and 0.10 in.). Several tests were conducted using the

modified Schlieren system. Very clear images of shock waves were;bbtéined

using this system. Figure 41 shows an attached oblique shock onia 9"haif

angle wedge at a Mach number of 1,42, The only light which paséed by the

opaque stop was that refracted in passing through the shock.véve; The inter-‘

action of the shock with the test section wall and the reflected wave with the

body and sting are shown in detail.

A test was also conducted using the same model but with smoke présent.

The smoke was illuminated using both back and top lighting methods, with only

marginal results.  Due to the size 6( the Schlieren system, the intensity of

the light reflected from the smoke and collected bv the camera ﬁsed 1n the

Schlieren system was quite low. Figure 42 shows a sample pho;ograph'of the

simultaneous Schlieren/smoke system.

A new opaque stop Schlierén system was designed and evaiuated. " The

system was essentially a reconstruction of Goddard's original sei-up. A

sketch of the svstem is shown in Figure 43. The mirror, beam spiictér,

ing pins and benches were pur-hased from Edmund Scientific Cofporaciqn,

Barrington, New Jersey. The mounting brackets were fabricated in»thevAerospace'
Laboratory's machine shop. Although no satisfactory photographic results came
from this investigation, several things were learned with regard to the experi-

mental s2t-up. First, it is imperative: that the system be mounted on optical

mount=_

benches sc that accurate alignment and positioning of the opticél_equipment

26
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zar e achieved cnéd mafutained. Sezcoud, the size of jthe spherica

1. mirror

should be«atkleast as large as the test section viewing area. Thr focal
b

length of the mirror should be selected so that the camera could

e located

close to the test section. The closer the camera car] be placed tp the test

section, the better the smoke images will be. The

rgason: for usihg the

opaque stop Schlieren 1is to create an image where zﬁé shock and expansion

waves appear as light images on a black backgound.

illuminated by strobe 1ights controlled by the came

for the super-position of the smoke and Schlieren imiges.

positioned too fér from the test section, the smoke i

photographic analysis. The ﬁrimary reason for the

4

iﬁé smoke Iin?s were
r4 shutter; this allowed
If the|camera was
mages were too faint for

failure of thi particular

procedure was Gue to the poor - quality of the opticalcomponents. |All the

mirrors used in this investigation failed to focus thlie image to a

optical components were used in the system.

27
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the opaque stop. It is believed that this technique would work if high quality
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NEW FACILITIES AXWD ﬁy&icﬁ »RITERIA

Although rhe primary goal of the project was to define criteria with
which a large, high speed flow visualization facility could be designed, an
1mportant part of'establishing this criteria was to demonstrate that these

methods could be /used in the transonic flow regime. This required the

_desigﬁing and fabrication of an indraft, transonic wind tunnel which would

be compatib}e with the existing facilities at the University of Notre Dame.
The design of this tunnel was strongly influenced by the experience gained

‘in the«studies,documented earlier in this report.

; R

‘In’et Design Hethods . ' -

When considering the design of & wind tunnel contraction section, some

;for adl of the followingrcriteria were used:

/
1. A high degree of exit flow uniformity, :
2. kNo flow separation or unsteadiness within the inlet.
3. Minimize boundary layer grow»h.

b, Reduction in upstream turbulence and intensity.

5. Shp;;est possible length to reduce overall facility size and

relatlvely gradual transition is required to achieve good"

quevet, the more gradual the transition, the greater the length

léyer dévelopment.' Figures 44 and 45 from Reference 24 highlight
r;ctical problenms associated with flow in a simple axisymmetric -
éometry. Figufe’dé.shows that, even if the upstream flow were

é exist nonuniformities in the velocity distribution at both the
éownstream ends of the cdntraction section. As in all subsonic
ﬁeéence of the inlet is felt upstream and distorts the flow at the

the inlet. / Figure 45 shows the wall velocity distribution for a

= 4 inl,t in- comparison with an ideal one-dimensional distribution based

fareaktatio. This figure shows one of the most ctitital aspects of the

¢
A
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inlet denign problem; ’FOE any‘*inite leng

4 imlat, there & :iat regioas of
- pressure gradient (i.e., dv/dx < 0} &t Both the eatrance and exit

of the inlet near the wall. Both of these regions could interact adversely _'.

with the developing boundary layer, causing intermittent or continuous :
separation. The one-dimensional flow solution does not predict these regions
of possible separation and it is for this reason that one must be cautious‘
when considering various design methods. :

There has been considerable interest in the prediction of the fléw in
wind tunnel contractions.  When the problem is posed in either two- '
dimensional planar>or axisymmetric geometries, the solutions arevatitactivé‘
froﬁ a mathematical point of view. A number of earlier works in the»areé -
were potential flow solutions to the inviscid flow problem.1%:25-31 Thege -
involved various geometry transformations which allow for closed'fdrbf ;’
analytic solutions or the use of the hodograph (velocity) plane. Although,
in most cases, the solutions lacked any practical physical basis, the results
of many of these methods were used to design wind tunnel contractions. The
low turbulence smoke visualization tunnels developed by F.N.M. Brown at the
University of Notre Dame, and the inlet for the pilot tuhﬁel, uere'designeév
using the method developed by Smith and Wang.l“ At the time the tunnéisfwefe
designed it was the newest technique available and, although it lacked an&
experimental correlation, it provided reasonable results. These iniets have

proven very successful on the subsonic tunnels but, as shown in the earlier .

section, this was not the best method available for the high speed application.

This was primarily due to the fact that the Smith and Wang method did not

account for the presence of the screens in. the upstream end of the wind tunnel

inlet. It was felt that this rapid change of slope between the screen section

and the inlet was to be avoided.

A number of more current works have attempted to overcome some of the
deficiences of the earlier work by adding more practical constraints to the
inlet flow solutions.2%»32-37 Thege have included more reasonablé requirehents

on exit velocity uniformity and, most importantly, the influence of the bound-"

ary layer and its interaction with the inlet flow fiéld.k The wost significant

of these later works is that of Morel. 'More than simply solving for_the con-
traction cone flow fields for a specific class of inlet geometries, he estab-

lished a series of design charts which could be used in actual design sthdies}
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of 75:1 and 150 1. 1f one assumes that the tvo-

For these reesone, xorel g meﬁaea o3z ndoptsd for the design of the inlets

" for’ the transonic desaestxation cuanel.

The 1nitiel design decision was a seleceion cf cengraction ratios. It

was: decided to use two diffarent contraction rarios ‘and to evaluate their

influence on rhe quality of the flow‘qisualizarion data. Since overall

facility size 1s &8 primary concern for any new wind tumnel, there vas
interest 1n determining the smallest donrracrion ratio uﬁ&ch vould still
allow for good quality data. The contraction rstio is governed by & maximum
allowable flow speed at the anti—turbulence screena. Reference 21 shows
that each type of turbulence damping screen has a characterisric critical

screen Reynolds number, based on screen wire diameter, belav vhich the screen

,vhelps damp out turbulence and above thch the screen is actually detrimental.

This new transonic tunnel dwsign was 1imired to ueing screen uaterials
similar to those used with the pilot tunnel. The closest comparison in
Reference 21 is screen type: B which had a solidity of 33! and a wire dianeter‘
of 0.19 mm (0 0075 in. ) The critical Reynolds number for this screen under
the condition ‘of Reference 10 was 55 which ccrrﬁsponded to a free stream:

- speed: of 4.0 m/s (13.2 ft/s). To maintain a somewhat conaervarive design

approach, a maximum acceptable speed at Ihe scrLén was set at 3 mw/s (10 ft/s).

For an indraft tunnel this sets a minimum contraction racio to approximately
75 to 1 for a design Mach number of 1.0. Anothe larger inler with a 150 to
1 contraction was also designed to provide(compa ison.’ This larger contrac-

tion ratio had proven successful when used'on the pilot ﬁunnel

h data available for the axi-

Of the: ‘two me thods developed by Horel f
symmetric method is limited to a contracr n ra io (CR)

ZS. Therefore, the

Ghere m was an

two-dimensional planar was applied for velues: f m= 2-]

inlet entrance to inlet exit height rati eThe tdnnel required a

three-dimensional. square cross-section inlet i

|

l

rrovides adequate results and the same eontraction geom ry is used in the

10 based on inlet
heights is a. CR = 100 basef on inlet area'for é square crcss—section.

horizontal and vertical planes of the inlet,; hen the

_ The method is based on the results’ of num%rical sclutions which were
T

1ncorporared into a series§of design charts,? he valligeometry is expressed
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£ 5 as two matched cubiec polymonisls, cee Figuen 46, Yhz saer has & ~hoice of

the contraction ratio (f.e., 2 height ratio Letuvesn alev and exic) and two

well pressure cocfficicnts, Cpe and Cpy. These tyongarasétera are uced to

help avoid vall boundary layer separation. The theory then provides the

/ location of the match point (the common point between the two cubic curves)
and the length of the inlet. The twb parameters, when combined with the

L o # i
PPN P R e

A
R

width of the inlet at the entrance and exit, co&pletely define the inlet
. || geometry,

: Thc transonic inlets were designed using two particularly conservative
values of the wall pressure coefficients, Cpe = 0.05 and Cpy = 0.2. These
were used tg determine the non-dimensional match point, X, for the height
ratio; m, of 8, 9 and 10. The design procedure yielded the results shown
in Figures 47 and 48. ' |
~ Fora %mlue of m = 8,66, the resulting square three-dimensional inlet
; has ajCRy- %5. The values of X and L/H; vere‘interpolaced from Figures &7
i’ ‘ ‘ﬁ . | and 48, Fof Hy = 102 mm (4 in.), the resulting inlet is 984 mm (38.75 in.)
: | long. The 1nlet geomctry is shown in Figure 49. The CR = 150 inlet was

_desighed in‘much the same way except the results on Figures 47 and 48 were
b _ o ‘linearly extrapolated to m = 12.25. The resulting inlet was 1,39 mm (54.9

: : ' in.) iong.silt is shown in Figure 50.  Due to the very conservative choice

of Cpe and| Cpi, the inlet has rathet long sections with very small slopes,
both near Lqe inlet and exit. The inlets were then shortened to the length
shown in Higures 49 and 50. This shortening was done to improve the quality

‘of the ke streaklines (shorten the distance for the smoke to diffuse).

The inlets were fadbricated using inexpensive sheet metal techniques and
appear to be true to the design contour to 15 mm,

Although the design procedure used for these inlets was one of a number
: of nethod rhich could have been used, it wes a very ltrtightforuard method
‘ and allo d for a number of design studies resulting in inlets with
}"teaconab e' contours.

; Tranaonic Flow,Visualization

, Thé Irauaonic flow regine‘nay-ptovide one of the most important regions
for app{J a§ion of the high speed flow techniques.  The unique non-linear

e
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.analyiic problems and the complex physizzl f:teractions “hich cceur fu iie

transonc regime have long hampered desigs avrd developmente in this area.

The opportunity of visuvalizing the transonic flow fields with the smoke
should provide énother tool to complement other existing optical techniques
and analytic methods. AN

To demonstrate the applicability of the method to transonic flows, a
transonic, slotted wall test section was designed and fabrlcated‘by the Air
Force Flight‘Dynamics Laboratory. The section was designed to be compatible
with the University of Notre Dame's high speed vind tunnel facility and was
installed on the diffuser used for the "S'by 5" tunnel. The test section was
a slotted wall, 62 open area on the top and bottom walls and solid, easily
removable glass side walls with a square cross-section and area 104.0 cm?
(16 in.2). The flow in the tunnel is controlled using a second throat down-
stream of the test section. The second throat is composed of a series of
cylindrical rods normal to the flow. Rods of various diameters can be used
to provide different throat areas. The plenum pressure can be controlled by
two valves connected into the diffuser downstream of the second throat. A

schematic of the test section is shown in Figure 51.

The test section could bc attached to either the 75:1 or the 150:1
contraction ratid inlets deséribed in the previous section. = A series of
anti-turbulence screens were fabricated for each tunnel. The scrzens were
stretched on frames 17 mm (0.67 1in.) thick.  The scréens wrre set into an
extension on the front end of the 1n1etkso the inéide screen dimension corres-
ponded to the inlet entrance area. There were five fabric and six metal

screens, of the same specifications as the pilot iunnel,,fabricated for each
inlet, ‘ i

A demonstration of the high speed smol.e visualization was conducted
using both inlets and a number of tunnel operating conditions. iIn all cases,
the back lighting technique was used due to the solid top and bottom walls

of the tunnel and plenum chamber. Due to the limited number of cases actually'

considered, these tests were simply to demonstrate the feasibility of the
technique and not to provide a comprehensive application throughout the
/transonic regime.

1 The model shown in each of the transonic smoke photographs is a 122
\

N
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in trenscnic flows.

'gained in collecting the smoke data, the quality of t e pho:
- improve, Figure 59 indicates that the visual date need notf

thick, symmetrisc S8
gide walls.

section.

‘»ie supporezd on circular diuks between the two glass
I%e éiske ceeld be rotated v change the angle of atteck of the
The g’ese side welle were. conastructed of a cleat eetylie plastic.
were slight 3erstehes in the plastic, which can b& 6e~ 1n the photographs.
In the photogrsphs in Figures 52-57, the flow is|from

There

tor to right. Since
the calibration of :he transonic section was not cosplete vhen this report

wvas written, ‘the Mach numbers indicated in the ph@tcétephs are approxinate

and do not eccount'for’medel interferenceQ Figure 52 shovs the influence of

the nunber of anti—turbulence screens for the CR = 7% inlet. In both cases,

the quality of the smoke streaklines is not particulerly good but there is a
marked 1nyrovement using ‘the eleven fabric screens in comparison to just five.
Figures 53 and 54 show che influence of modifying the plenum pressute and

. also changes in angle of attack, again for the CR = 75 inlet.
these photographs, the smoke streaklines are not as sharp a
the pilot tunnel but they are still rather good considering

are still an ordet of magnitude larger than those which can
wost flow visualization faciligies.

In eech of

b they vere n
the flcw epeeds
be achieved}in

f

v Figures 55-58 show the results using the CR = 150 inletﬂ

: The quality
of the streaklines is very good in comparison with t e smaller inlet.? The

‘ lines are well defined and little diffusion is evidel t throu hout the est

section. The plenum pressure influence is quite appi rent a ie 111ustrates
a potential application of the smoke data, that is, a teiloriug of the free
stream conditions by evaluation of the smoke flow away fr

separation of the flow for the a = 15% ¢

8
case 1s quite obvious
the details of the flow in the separated region are not‘es g

data taken at much slower speeds, the ability to 1ocate and

of separetion may well ‘be another 4{mportant contribution of

Future work is an:ieipeted in this tunnel ‘and }
all the fliow visualiza*ion studies couducted to date, as more exper

ographsi
be‘eonsiveined‘ j

to viewing~norma1 ;o the{flow directien& In these photogra hs, theizemeta‘

o
INIIR N
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lon and additional decaiis
it 18 juse ¢his type of variation
in the data acquisition procedure vhich, ‘hen teiiored to a particulayr test,

is iocated appraxia%tely &45° to i fi
of the flow over the airfoil is obuervuc.

will a%low for the acquisition of the most useful visualization date.

|
- Facility Design Criteria
4

ﬁéﬁablishing definitive criteria for design of a high speed smoke
visuafﬁiation facility 1s indeed & difficult task. The ideas presented in
the foLlowing section are the results of experienced gained during this
researﬂh program as veli as from other flow‘visualizaﬁion studies. The
criteria will be discussed in three general areas: (1) Facility Design,

(2) Tunnel Désign ahd (3) Data Acquisition Requirements. There is an obvious
overlap between these areas but they do reflect those items of primary

gonsideration to bé h-the facility designer and user.

The basic facility considered is an indraft, continuous run, high speed

~ﬁind;:unne1.' The ;unnelkshould be located in a building which provides an

kadeqUéme supély oflair under reasonably controlled conditions. Once the

mass filow reéuireménts of the tunnel itself are determined, the building size

can bé established, As has been discussed, the quality of the smoke visuali-

zation data can b?\influenced by disturbances occurring in the air before it

enters the wind tﬁ#nel inlet and are thus carried into the tunnel. It was
de:?rjined that d iturbances caused by movements of a technician in the
igbqracury were et‘dent in the hot-wire anemometer signals taken in the tunnel
iﬁiéx. Although 'tHe smoke itself 1s not as sensitive as the hot-wire, care

must be provided about the tunnel inlet and this region should be large

must be taken to eliminate disturbances near the tunnel inlet. A "plenum"
reéiéﬁ v |

en&b’h so that flows induced due to operation of the tunnel are less than
0.3 mks. ’Thgre y §u1d be no objects such as beams or colums in the regioh
immedtately upst %m of the tunnel inlet,

ince smoke is introduced into the airstream immediately upstream of
the_t! hel‘inlgt Lihe exhaust from the tunnel must be exited outside of the
tunne buildinéﬁ Fegardless of the type of smoke used, the air should not be

i

récfr ulated tﬁ A@gh the building and again introduced into the tunnel. The

T

di{fﬁget and tunffel power supply should also be isolated from the test section

o‘rédﬁce! ’exnoise associated with high speed tunnel operation. . The

34
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- area surrownding the test section must be

so that photographic data can be collected. Ihere shonld also bz adequate

room in the area of the test section for ot&er optical or 45?» asaquisition
equipment such as Schlieren systems of LDV's.

The tunnel itself should be of ‘the 1ndra£: type and ‘be composed of the
following basic sections:

Inlet/Screens

The inlet should be of a high érea‘contraction‘ratio;'for the speéd

range capability of a facility where H‘S 1.5, this would most likely‘mean

& CR = 150. Although other design considerations may indicate an inletk

slightly larger or smaller, this does indicate an acceptable value. The

contraction ratio is primarily decided by the flow speeds at the anti-

turbulence screens. The speed of the flow at the screens must everyvhere be

below the critical Reynolds number for the screen material uéed {Reference 21)

Although the critica Reynolds number is a function of screen solidity, a

value of Rec = 40 for screens with a solidity of less than 30% appears to be
reasonable for initial design considerations.

Studies‘documented in this report indicate that at leaSt seven, and

preferably eleven, anti-turbulence screens be 1ncorporated into the inlet

design. The screens should be mounted taut on individual frames so they can

be removed from the tunnel and cleaned on a regular basis. The frames should

be as thin as possible (= 2.5 cm) to minimize the length of the screen section

on the upstream end of the inlet. The screen material should be single fila-

ment, or a very tightly wound fiber in the case of fabric, with a good quality

regular mesh, made of cleanable material which will not be; harmed by the smoke.

If seams are required in the screen material they should bp staggered so that
seam wake influence can be minimized.

The design of the inlet presents a particular problem.

The following
should be considerations in the inlet design: .
1. Screening located in low speed end of inlet.
“2. Flow velocity normal tb screens and apeéd below critical screen
speed. :

3. Reaaonably uniform velocity at low npeed end of inlet.
Lo
i Gl

i
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R 8 4. 4Pontractieo'ratio large —vough

s allew for You speed et ialet

i

: .eouth over entire opersting raz; > of test section.

i S.. As short as possible to minimize the ¢ime for smoke diffusion as

3 . ‘well as to reduce cost. R ol ;

‘ 6. No slope discontinuities at the downstream en% of therinlrt where ;

i BT § - joins the. ‘test ‘section. o ' | f

' 7. Maintain an attached boundary layer with minimum grovth along the ;g

] . /

i inlet wall. - L

{ 8.  Near uniform velocity distribution at the 1n1ét exit.fyi

! As in most design problems, these criteria are not%complementary and ff‘

: there exist no proven. methods which allow all these to: be satisfied when o
applied to real, three-dimensional inlet geometries, The preferred method }»
at this time is the matched cubic approach of Horel which was usec to design
‘the inlets for the transonic tunnel. Whether or not those inlets can be jg i
improved upon will require additional study. The two-dimensional planar method
presented in Reference 32 can. be extended to provide a design geonétry for

: rectangular or square cross-sectional, three-dimensional inlets by!using,th

i approach described earlier in this report. The critical d cisions(in such

: ‘ ~design involve selecting the pressure coefficient criteria for a % paratio

t q :

I _at the inlet entrance and exit.

As a very practical consideration, the inlet must be accessible for
screen inspection and removal, and should be instrumental so that during
' facility check-out the presence of separated flow regions o unst diness

8

: can be determined.

¥ Test Section

?, e " The test section design will be strongly dictated by the typ (speeo

% range) of the tunnel being considered. There are ‘three types of ( f

|

} which could operate in the "high" speed regime (where the "highﬁ

é to most smoke flow visualization facilties).; These are: g

% l. - Constant area. subsonic section M =10 5. : ¢Q

% 2. Transonic test. section (porous wall) 0.5SMS i.Z.if

3. Solid wall, fixed or variable geometry supersonic nozz{
1.2 S M S 1.5, :

36
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equivalent.

The upper lizmit oz nuse of the fIndraft, higk opeed t&aﬁga fét floé

vizualizatina’nppéars‘ts he o

due to the condengation probl

¥ I = 1,5 under 1desl cenditlons. This is

s 2entioned earlier and, unlesnsg grest effort

is wmade to dry (r;duce the dew point) all the sir entering the tinmrnel, the

condensation will/be a problem

capability.
the inlet.

and sevarely degrade the flow visuzlization

As ﬂpntioned earlier, the test section must mate smoothly with

For r e subsonic or transonic test section, this would normslly
mean that the wal‘ slope at the exit of the inlet would be zero.

For a

converging—diverg‘ g supereon;c section, it would require an inlet wall

slope which natchéd the upstream nozzle geometry.

problem asaociateﬂ with design
Such
and would only complicate the

types of test sec:tionms.

This illustrates a
of a single tunnel capable of using all three
a tunnel would require multiple contractions

i{design problem.

The test section area shéuld be based on the test section design Mach

number and the area of the in]

can be naintained at the inlet

implies that a subsonic and 8u

.i f
could not have tﬁe same Cross-

et entrance. In this way, the "best" speed

screens in all operating speed regimes. This
lpersonic test section with the same inlet

sectional ares.

The test se¢tion designgis also. very critical with regard to colleéting

the photogtaphic smoke data.l}

of the section (¢r top and bF
Thi will permit
were also pqssible to provide

As minfmum criteria, both front and rear walls
“tom) must be of optical quality glass or
If it

a transparent section in a plane normal to the

the use of the back lighting technique.

viewing direc;ion for top lighting, this would allow additioﬁal flexibility

The tur

in data colléci n.
for cleanin

inside and out,

between test runs.

1 windows must be readily accessible, both

Residue collects on the

‘inside glass windows due to atmospheric impurities (dirt), condensation and

-smoke; after thj tunnel has r?n for approximately twenty minutes, the residue

vill significanjly degradeI he quality of the visualization data.

acquisition sys
section window jesign. , i

One other

i

the visualizaticn data., 1]

v ot (i
i

Other data

ems such as Schlieren or LDV may also influence the test

test section:design also involves collection of
‘ to the large amount of high intensity light
‘ gequired to p@atograph the ﬁmoke streaklines, highly reflective surfaces
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within the test ssctisn should ic aveidsd. Thle way vequire encdfzing
wetal surfaces and peinting otier meterials v gmovide for "flat" black
interior sud to climinate extiraznecus refleciione. Tha area arcund the

“test section must also be designed so that lighcs cad camerss can be easily.
woved and positioned for various tests.

The photographic requirements for obtaining swoke flow visualization
data in a tunnel possessing coherent smoke lines includes the need for adequate
lighting, precision optical equipment (Schlieren or shadowgraph) and an
onsite photographic processing capability. ' If the criteria cited earlier in
this‘repoft are incorporated in a tunnel design, coherent smoke filaments
can be expected. - Qualitative daté on the fiow field surrounding test models
can be obtained by using still and high speed motion picture photography.

‘The quality of the smoke photographs will be very dependent upon the lighting

and camera arrangements. The optimum arrangement of the lights and camera

will, in general, have to be obtained by a trial and error procedure, and

‘depend upon the particular experiment. However, due to the space restrictions

"around the tunnel viewing areas, only a few possible arrangements are likely;

therefore, only several trials need be attempted before the best arrangement

‘is found.  To facilitate the collection of smoke flow data an onsite photographic
- processing capability 1is essential. This allows for the rapid processing of

the photographic results. - The results of a particular test must be available

to the test engineer before future tests can be conducted, models or condi-

- tions changed, etc. As noted earlier in this report, photographic plates of

smoke flow patterns are usually underexposed and, therefore, require non-

standard photographic procedures to acquité good photographic‘data. The data

‘must be processed in close coordination with the aerodynamic test engineer.
; : . i .

Some of the moét important visualization data vailable are combined
Schlieren or shadowgraph and smoke flow photographs.  These can be acquired
by superimposing two separate photographic negatives or by using the opaque

stop Schlieren system to obtain a simultaneous smoke Schlieren image. ' By

~measufing the shock inclination and smoke line deflections, the properties

of the flow field can be determined without the use of intrusive probes.

"Other types of data acquisitfon can be used in conjunction with the
smoke flow %isualization. such as the LDV, pressure and force measurements
1 . k
\

\
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or dynamic testing. The additional in gk into the physice of o gives
flow field cen be achieved by evalua:ia%.&hﬁ vigualization date in liéht of
the experimental results acguiredAﬁsiug the other techniques. It asppears as
though two of the most critical criteria for the sdccamsful cyetStioﬁgoé a

smoke flow visualization facility are experience and patienje.
!
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The resulis of :hié researcth
flow visualizgtion mithcd. first
valuable aerodynami data. It h
introduce and naintqin coherent
sonic flow fields ai

to collect

AND RECREURDATIONS

progranm show that the high
demonstrated by Geddard, can provide

s been shown that it is possible to

good quality photographic data.

e e 5

specd smoke

ke stresklines in trangonic and super-

There is

a reasonable amounté f flexibility as to how the method can be applied to a

Hhich can be acquireﬂ.

It appears thaj the methods

can be extended to & larger facil

have been outlined in this repor!

of the present tunnels at Notre Dame.

extrapolating to a ,ignificantly

by the Air Force ang considered d
sonic flow. It‘is ieit thét the

could be used for disigning such

. particular aerodyna ic problem aé well as to the type of visualization data

developed at the University of Notre Dame

ity.

.

larger facility.

Design criteria for such a facility

These criteria are based on an evaluation

Howvever, some care must be taken in

The wind tunnel proposed

uring this study was intended to have a
0.61 by 0.61 m (2 fy by 2 ft) te%t section for either a transonic or super-

present study provides many criteria which

a tunnel,

Unfortunately, there are other
areas to be considered for a tunAel that size, such as boundary layer

development, smoke persistence nd the much greater distances over which the

smoke lines must ma;ntain their’
on a very large tunnel would mjs
opportunity in’;hé present stu

smaller facility wi
by 10 in.) as a prototype for a

tructures.

y|to evaluate them.

larger smoke visualization tunnel.

The

The influence of these phenomena
likely be adverse and there has been no

For this reason, it is
recommended thatlth Alr Force jcgnsider the design and fabrication of a

h.a test section on the order of 0.25 by 0.25 m (10 in.

design and eventual use of suﬁ S tunnel would provide valuable additional

data on the applica 1on of smo

visualization to the high speed regime, as 3

uell as avoid the n ed for a sﬁgnificant extrapolation of the results of the

present study. o i

visualization. Aﬁ

discovered, there 1

visualization de A
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completely eiiminatéd, it can be signifigﬁatiy reduced through experience. -
It ie felt that if a prototype tumnel vere to be used by the Flight Dynamics
Laboratory personnel, the experience gained in such a faciiity would be
vital to the success of a larger research establishment. ‘

There is no doubt that emoke flow visualization can provide a valuable
tool for the high speed aerod mamicist. It will only be through the use of

these methods in the study of important aerodynamic problems that this
potential vill be realized.
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Wind Tunnel; 2) Smoke Generation Equipment. The wind tunnel, of the typ

_purpose of flow visualization are outlined in the report. These criteria

S?gf”ﬁ “?XT TAZLRD Aﬁ&LYSIS

One aspact of the desi&n ané operation of a high épaed'aacka wvisusliza- -

tion facility, which was not addreaned in the report, is system safety.;
Although the operation of a emoke visualization facility is not radicalli
different fron any other wind tunnels with comparable characteriutics, ihere
are scee unique aspects vhich present certain safety hszards. %’

The system considered can be divided into two major componente: 15:

W

described in the body of the report, is an indraft, coantinuous operation
tunnel.  Details concerning criteria for the design of such a tunnel for the

are not related to the construction of such a facility but are directed
towards its operating characteristics and performance. For these reasons,
the hazards outlined in this summary have been identified through the -
expertise gained in the oper&tion of the flow visualization tunnels at the
University of Notre Dame. ‘ ' : ' e

Wind Tunnel

The primary hazards associated with the operation of the wind tﬁnnjl

facility involve the high flow velocities within the tunnel,klov preésu es

in the test section and diffuser section and sound levels generated By

operation nythe tunnel. The velocity and pressure problems are télated to

the structural design of the facility as well as the wind tunnel moaeis used -

during a spécific test. = Any danger to operators or observers can bé:si i-
ficantly reduced by using accepted engineering design procedures in pre im--
inary facility development and aubsequent test planning.

The indraft design does create some particular problems reiated to&
noise generated by the tunnel operation. Since there is a direct path %@t
of the tunnel, through the inlet, when opérating in a subsonic or tr#ns nic
mode, there exists the possibility of excessively high noice levels nga“ the

tunnel. These could be hazardous to operators or observers as well as to

the surrounding facilities.  Isolation of the operating station and ove alli't‘

i

facility location may be influenced by the acoustical hazard.
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Smoke sena*atieh gggggggg_e

<approximate1y one quatt f| kerosene

The uniqua Zostura et the vimusetim tuanel 1c the Toguiremeat to

, produce large quantitiee of dmse, white "smoke," The veport 2ddresses a
number of the p:cpertiea afieuch a smeke“ in detail. Rezardless of the
- type of smoke used in the facili:y. vhether is be atesm , vaporized kerosene,
i‘productc of ¢ tion. etc., the saoke must be isolated from individuals
. operating the tumnel. The smoke nhculd not be toxic in small quantities,

such as those which night ‘oceur uith 8ﬂ311 leaks in the gystem or after the
smoke hase besen highly diffused after passing through the tunnel. ' The smoke
need only be ptesent 1n thu ‘tunnel uhile the visualization data is being

collected. Theismoke generation system must be designed go that spoke will

‘be introduced into the smoke rake only when data is to be collected and while
“the tunnel is operating. ‘The exhaust from the wind tunnel should ba exited e

to the outside air, allowlng the sacke to. diffuse in the atmosphere.

As an example, the smoke generator of the type used at Notre Dame will

continuously produceiade uate quantities of smoke for an hour, and vaporize.

j This results in a minute amount of air

pollution outside the la'okatory.‘ The smoke has an added feature of being

very visible so that any small leaks in the system can be seen easily. 1If

such: leaks occur, the sys em can shut down: and corrective action taken.

All of the items ci d in the,previous paragraphs must be addressed in

1

facility design.- The sthem shoulﬂ then be able to be operated with minimum
influence from these haz rds. ‘
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i # oot PILOT TUNNEL
1
Throat Area: - 35.74 cm? (5.540 1in?)
Test Section Area: - 40.32 cm? (6.250 in2?)
A
f“ Inlet Area (dowmstream): - 132.30 cm? (20.50 in2?)
L ; ,
S Inlet Area (upstream): - : .330 m? (513 in?)
| ! ; | Screen Area: - .659 m? (1022 1n2)
- : '
B
5 inch TUNNEL
Throat Area: - 138.3 cm? (21.44 1n2?)
. Test Section Area: - 163.9 cm? (25.40 in?)
S Inlet Ar~a (downstream) - 516.0 cm? (80 1in2?)
o Inlet Area (upstream) < 1.355 m2 (2100 in2)
]
Screen Area: - 1.355 m? (2100 in?)
.

Table I.  Wind Tunnel Geometric Properties

pP o AL YRR VN PN
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CLASSIFICATION

A,

Mechanical
Dispersion

Vaporization
and
Condensation

Combustion
and Chemical
Reactions

DESCRIPTION

A high-velocity gos stresm sheare 2 liquid
£ilm into smell droplets. 'This is2 sometimes
called atomization. :

A high-velocity liquid stream disintegrates
through its own instability or becsuse of
striking an object.

1. Simple liquid jet.

2. Helical-orifice jet.

3.  Solution-gas jet.

4, Jet directed against a surface.

A 1iquid stream is dispersed by a rotating disk.
Shear forces acting on the sheet of liquid leav-
ing the disk cause droplet formation.

A liquid stream is dispersed by ultrasonic
energy.

Evaporation of solvent from droplets of a solu~

tion containing a solid or liquid to be dispersed.

Condensation of a vapor in a cool gas stream
in the presence of appropriate nucleii.

Volatilization of noble metals in an electric aic.{

Combustion of fuels with insufficient air.

Reaction of mixtures of fuels and oxidizers to
form a dispersed solid product. :

Table II. Methods for Aerosol Generation

{from Reference 15)

48
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1iling Pointg Flas%’?oint Auto Ignition
°F | (°F) - (°F)
{ S {

.y - -

Mineral 01 600 . | 275-500 500-700

- 110-130 440-560

- .

Kerosene 350-550:a“
- ' Coal Tar 01l

P

2 60-77 -

I

Table III. ﬁhyéicah Properties of Hydrocarbons
: Used for Smoke Generation
. (from Reference 38)
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Lamerss
a) A 4" x 3" viev camers with an /4.5, 6" lens in & ahutter

provided with o synchronizing svitch suited to a& short
interval flasgh lawmp.

b) A high speed motion camera capable of 800 frames per sccond
with associated synchronizing equipment.

Lights

a) - High intensity stroboscopic lights; at least six lamps should
be provided.

b)  High intensity sieady light sources (1000 watt spot lights);
four spots should be proviﬁed.

Darkroom

a)  Darkroom should be located near the wind tunnel laboratory.

b) - Tank processing for 4" x 5" and 16 mm film must be provided.

c¢) A high quality enlarger and equipment for processing 8" x 10"
glossy prints is required.’

d) It is essential that the technician in charge of the darktoom.

be under the direction of the smoke tunnel engineer.

Table 1IV. Recommended Equipment for Smoke Flow
Photography

50
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2.

1.

2.

3.

Pooy Szmoks Tuality

a) Eiahyzuﬁhaieaae lgvel 4dn ths tumsel,

b)  lasdequats smoka generation. i ;
c) Smoke rake located inside the tumnel circuit.

Poor Photographic Procedures

a)
b)

Eeavy reliance on photographic technicians.,

Heavy reliance on commercial photographic processing.

Tabie V.. Sources of Problems in Flow Visualization Experiments

Negatives usually will require overdeveloping due to inadequate
light.

Avoid batch processing of prints.

Prints will require photographic dodging.

a)
b)

Dodging is a technique to unevenly expose the print.

Dodging allows the naiimum photographic data to be obtained
on the print. §

Table VI. Pﬁotographic Procedures
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Figure 3. Schematic of Pilot Supersonic Tunnel, Original Inlet.
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Figure 52. Screen Influence, Transonic Tunnel,
CR = 75 Inlet, M_= 0.40,
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Fig. 55.  Transonic Smoke Flow Visuslizationm,
CR = 150 Inlet, a = 0, M_ = 0.40.
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Transonic Smoke Flow Visualization
CR = 150 Inlet, a = 0°.
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CR = 150 Inlet, 11 Screens, M_
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