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SUMMARY 

visualiza tion' techniques, 

aerated that it was possible to use smoke flow 

fch had previousJy been considered the tools 

of the low sared 

report docu_: ts 

establish des gn 

aerodyna ci3t. in high speed and supersonic flows. This 

a study t6 ev~luate the techniques used by Goddard and to 

criteria ~or a large high speed flow visualization facility. 

Included are iscussions of the existing facilities at the University of 

Notre Dame, siudies of the wind tunnel flow field and methoGs for smoke data 

acquisit.ion. 

1, 
I' 
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INTRODUCTION 

There has been a ,:reat interest throughout the history of aerodynamics 

in the development of techniques which can be used to help visualize a given 

flow phenomenon. This visualization of flow patterns has played a singularly 

important role in the 2cvancement of our physical understanding of the mech­

anics of fluids. Flow visualization has led to the discovery of flow 

phenomena and 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 detailed study of a problem 

without the introduction of probes ~hich can influence the character of the 

flow. 

Historical Development 

Flow visualization in wind tunnels closely followed the deve10pm~nt of 

such tunnels and may be traced to Dr. Ludwig Mach of Vienna in 1893. 1 Mach's 

indraft tunnel had a cross-section of 180 by 250 mm (7 by 10 in.) and was 

driven by a centrifugal fan which could produce a speed of 10 m (33 ft) per 

second. A piece of wire mesh over the inlet was used to straighten the flow. 

One side of the test section was clear glass and the others were painted black. 

The flow was observed and photograph~d by using silk threads, cigarette smoke, 

and glo~ing iron particles. The on~y smoke flow photographs presented in 

Reference 1 are for the flow past a plate perpendicular to the flow. The 

smoke is faint and difficult to make out; nevertheless, it W3S a oeginning. 

In France, about 1899, E.J. Mar~y who was famous for his photographic 

studies of animal It.t;')motion, turned his attention to photogra~hing air in 

motion. 2 Marey. cognizant of the work of Mach, used a vertical wind tunnel 

with a 200 by 300 mm (8 by 12 in.) cross-section. The front and sides of the 

test section were glass and the back was covered with black velvet. Air was 

drawn into the tunnel by a small suction fan after passing through fine silk 

gauze at the inlet. Smoke obtained 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 

Although 'i the interest in smoke visualization continued during the firs:: 
I 
I 

\ 

1 

-, 
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\ I 

thirty yeara of the twmtieth Cmltury. d~lf1C&1\t ililprovmt,lIfttii ill tha I 
tecllnique and resulte were not achieved wtU the 1930's.' ~T'be Met of I 
the early tvo-diundonal amoke twnele _s developed by A.ll. Lippiech T 
Germany in the m1d-1930' •• ~ He cbtained a larle number of !ood SECt. p~to­
graphs for the flov around plates, cylinders, and alrfOilaJ includ1n& t~ 
Lippiach rotor-v1na. K-tny of these photographs indicate t1tst the turblence 

level v •• higher than desirable. Aleo, he b .... n the deVOlrt of an .' 

intermittent smoke deUvery systea. ~" 

Within thb sAllie time period, F.N.M. Brown, at the University of If 'tre 

Dame, began his research in flov visualization. His first rOke tunnel cue 

operational in 1937. 3 ,5 It vas an indraft, open circuit tunnel with a 
fi 

inlet contraction section, and produced speeds of up to 3 , (10 ft) per 

second. The test section vas 305 by 1219 by 1.58 mm (12 b~ 48 by 1/16 
~ I 

deep. Photographs vere obtained at about 3 m (10 ft) per cond using titaniua 

tetrachloride for smoke. This smoke tunnel was developed ,imarUy for \le1as8-

room demonstrations. He also developed a three-dimensiona smoke tunne~ Which 
'Ii 

was operational in 1940. This indraft tunnel had a single .30 meshes ~r em 
II 

(If per in.) screen followed by a 9:1 contraction in area. The test aeelion 

which had a 610 by 610 mm (24 by 24 in.) cross-section was bout 914 ~ ,\(36 in.) 

in length, and speeds of up to 12.2 m (40 ft) pp.r second C]Uld be atta~Jed 
using a 1 hp DC motor. Smoke was produced b" coking wheat straw and vt~1 
introduced upstream of the anti-turbulence screen through row of tUbe~l, i.e., 

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

was made during World War II. 

Work began in 1947 Ott a research three-dimensional s~ke tunnel 11 h was 

operational at the University of Notre Dame in 1948. 3,5 A. a result :~ the 
I 

lessons learned earlier, this smoke tunnel had five 5.51 by 7.09 mesheper 
ii' 

cm (14 by 18 per tn.) bronze screens at the inlet of the It:l contracf 6n 

. section. l'he test section was maintained at 610 by 610 manJ(24 by 24 i.,.!) in 

cross-section and 914 ,mm (36 in.) long. Useful speedaf of 0.7. (35 f ) per 
I: 'I 

second could be attained using a squirrel cage fan driven y a 5 hp DO or. 
t 1 ! 

Coked wheat strav was used with a total of 12,000 vatts of steady li~' "ing 

to obtain photographs of the flov. This 

tunnel evelop-
I I ' 

slowly into the on~ used t~ay. In conjunction with hi~~ke 

2 
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• 

, . 

4 
I 

I , 

• 

IlI!ellt. Brown developed a aovnble mIOke :take .lud the fb:ct oasy-to-ui1le kerosene 

saoke lener&tor which could produce la:r5je qWh'ltit1ea of I'JeOlte. He was also 

the first to talte three-diaenGional and stereo photographs of smoke flows. 
I 

In fact, ,liIOst of the progress and refineaent of sao1te visualization techni-

ques are!credited to, Brown.' 
I 

£~Inding the techniques of Brown, V.P. Goddard (also at the University 
'/ i 

I.)f Notre DIUIIe) ws fable to prcducethe ';fOrId's first and only supersonic 

<~nke tlJ~nel in 1959. 7 ,8 An indraft supersonic wind tunnel with seven scre-",'1\S 

,~-Od ~ lilirge lnletfcontraction to the nozzle throat vas dealgned and buH t. A 

Oi!Odi,fied Schlieren systea permitted the silaultaneous photographing of both 
1 . , 

3iIOke and shock-vave patterns. Using the same aIOke &ener~tion and injection 

tec,hniques as in I'the subsonic tunnels, eaoke photographs vere taken at speeds 

oiiup 1:0404 II (l320ft) per second (i.e., a Mach nUaMI' of 1.38). Most 

re~ear(lhers in thiS/field ~till do not believe this is 'po88ible until they 

:lctuaJy see H.'Figure Ii shows two photographs taken by Goddard. indicating 

the qu/.lity of the Ifirst supersonic smoke flow vlsualhation data. 

It Iva. clear ,by 1959 that the SIIOke tunnel vas an lIIportant research 
. . I . 

tool. Froll publ:i~at1ona since 1959. it is ev1d~nt that the state-of-the-art 

establi18hed by Brown. Goddard and Lippisch has not clwnged to ·the present day. 
I I 

A$ a ~!~SUlt of-uhique data Brown obtained I 

layer hransition, there has been a ren~wed 
techniques. i. 

Pro elt Sco :.' 

especially in the ar~. of boundary 

interest 1n using these established 

,It 1 

:I! purpo~l'; of this project vas to study the high speed flow visualization 

!, 1IIIet~1 develo~,; b~ Goddard and to estabUsh the requil'eaents for a vind tunnel, 

8IIOke ~enerattng equipaent and data acquisition aethods 10 this technique could 

'be u*' in ot~r high speed flow facilities. The pro!ect vas divided into two 
I ': 

phas_. The f~il"~t phase vas an evaluation of the present high speed flow capa-
I I , ' 

.1: biUt" at the;:,lmiversity of Notre Da1IIIe. The second phas. ws the detailed 

l.t~Ylldlrect-i !,;k the estabUshment of design criteria for a high speed aao'lte 

flov ~1suaUzat~on facility at tbe Flight Dynalllics Laboratory. 

t 1IIIent~~nlct. the only mown transonic and supersonic 8IIOke flov visual i-
: , 

Ati resurtch has been t:onducted at the University of Notre Da1llle. The goal 
} \ \ ! 

:{ 

3 

I 
\ 
\ 

;';'I:';'--fl',' II, -
IIII11 " ' 

}III"U' : , 
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• 

ui tM first PMM wm to devdop a better W'iderstar&diq of th$ b1&h ~ 
visualization IIMthod as developed b1 Goddard. Tho pralird.nary work of 

Goddard has .bow that it is pOIGible to introduce and D&irltain wall daf1D1td 

lJmOke streakUnes in a supersonic flow field. SOM applications of hie VQrk 

have shown that thes. atreakline data can yield aipif icant quantitative 

info ration. 9 

The initial work focused on the evaluation of the flow field within the 

high speed flow visualization tunnels and the optical and photographic tech­

niqu~s used in collecting smoke visualization data. The main requirement for 

any facility designed to conduct flow visualization research is a low turbu­

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

the diffusion of the smokp particles and allow for greater definition of the 

BaOke streaklines. The lo~ turbulcnre 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 ori~inal design, seven screens were used but. apparently, he did 

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

influence of the anti-turbulence screens on the flow field is also of primary 

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

quantitative assessment and hot-wire anemometer measurements of turbulence' 

levelstoa~sess 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 suhsuniC' and supersonic flow fields. 

Goddard developed an opaque stop Schlieren system for use with ti.e high 

speed flow visualization; it was used to take simultaneous smoke/Schli~ren ' 

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 photographing the 

t~St section for direct smoke flov photography is another critical 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 i8 a definite 

rrobJem. Attempts were made to develop optional lighting and photographic 
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techniques vtUeh could be appl1Q!d to d1ffG'!r_~ typy ef b4h speed ,est 

sections and flow conditions. These 1nit1al &tucUes were conducted IUS!ng 

IJOlIIie s1Jlple pometric shapes such as a sphere. a cone. a wedge,. and ~:a two-

d1sens1ou.l airfoll. ~ 
The results of the initial phase were used to provide a surt:J. g point 

for the development ef desip criteria for a IllUch larger high sp ! flow 

visualization capability. The design criteria are fer an indraft.: igh 

speed flow tunnel and to. esUblish the requirements fer inlet and t. t section 

desigu, smoke generatien equipment and data acquisition techniques~ 

The characteristics of the flow in the test section are sensitive to. the 

inlet design. The original supersonic tunnel inlets were designed ~U8ing the 

salle techniques as those used for Brown's subsonic tunnels. One gc)al was to 

iBprove the inlet design and. having established a better underSta~ding ef 

the influence of the anti-turbulence screens. arrive at an inlet/s'reen com- I 
bination which would allow for the best application of the flow vi ualization \11 

technique. A new inlet was designed and tested using the same win tunnel 
I ~ 

test section as in the preliminary phases of the study and itillu trated the II 

iJlpOl tance of the inlet design en the quality of the flow visualiz pteiodnbry.esul tSI;~ 
Most of the work was conducted using the kerosene smoke devel I 

Brown. There was also an evaluation of the possibility of using ;ternate i 

_thodS. of SlIIOke generation. Particular emphasis was placed on wier-based Ii 
systems. There exist a number of alternatives which produce a sm e that is [I 

non-texic and that does not present the flammability problems of kerosene.1o-r1 

These _thads were not found to be superior to the kerosene technique. This 

conclu~ion was based on a subjective evaluation of the quality of the smoke 

photographs and on the safety aspects of using each technique. 

The transonic flew regime provides a situation in which the smoke flow 

visualization method could provide very valuable information. Tht nen- It 
intrusive nature of the technique is ideal in studying the complef interactia. 

that can occur. For this reason •• an important aspect ef this stu., was to 
I • 

demonstrate the use ef the method in a transonic wind tunnel. Th design an . 
I 

fabrication of such a facility was a joint effort between the FH ht Dynami,cl : 

Laboratory and the University of Notre Dame. 

collect the first transonic SlIIOke visualization data on record. I 

r I I 
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'lbe u:parlence pbled irl the initial ,N:.~l8 of the study were 1Deo~­

atee! into. set of dea1p eriteria for II larse eule. M.ah apeed flow 

v1su.aliution facillty. It vas inltially anticlpated that th~. facUlty 

would be an indratt!tuanel w1t~ a 0.37 sq •• (4 sq. tt) teat eectlon. Since 

the Sitf of the power requireaenu for eueh a tunnel would be ve1"" larse 

and the, design WOul!4 require ~! significant extrapolati01l of re.ul~. acquired 

in this study. al t.emative recOtYlllDendaUoua are presented • 

I 
J 

\ 
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UiUVERSITY OF MOTU DAKE' S BrCH 3PEED' 

VISUALlZATI~ FACILITIES 

Original Tunnel Design 

The supersonic tunnel facilities at the Universiey of Notre Dame are 

air indraft. continuous flow tunnels which were designed for high speed flow 

demonstrations and research. A planform view schematic of the facilities is 

shown in Figure 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 motors, with a mass flow capability sufficient for 

continuous operation of the tunnels. For a typical ~est, only one test section 

is used and the other diffusers are sealed either with a valve at the downstream 

end of the diffuser or a plat~ placed over the upstream end. 

Two different supersonic, fixed nozzle block test sections were used for 

a majority of the tests conducted during this research program. Host of the 

testing was conducted using the pilot tunnel shown schematically in Figure 3. 

Table 1 lists certain geometric parameters for the original pilot tunnel £s 

used by Goddard. The original pilot tunnel was composed 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 (heightl 

width) of 3.25 at the entrance and an aspect ratio of 3.0 at the exit of the 

inlet. The inlet was connected to a fixed geometry conv~rging-diverging nO'zzle 

that was des:lgned using the Foelsch method. 13 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 aeans that the 

pilot tunnel has a contraction ratio, with the original inlet and with anti­

turbulence screens attached, of 164:1. 

The pilot tunnel nozzle is a two-dimensional design with a constant width 

of 63.5 am (2.5 in.) and a design Mach number of 1.42. The test section itself 

has a square cross-section approximately 50 am (2 in.) long. Models are 

positioned in the test section using an aft sting aount. Both aide walls of 

the test section are of optical quality glass. The top nozzle block is a 

sandwich construction in which a plexiglass ~heet 13 mm (0.5 in.) vide is 
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;::L:3\'!~ H~G two 3@ul bloCd. TbQ ph,G,isl:n~. 13 Cfmteru 1ft the t~fit 

;ll~et1~ ad al10n for l1ahtinl of, ~h~::~;j~ G~ct1cm 11\ • pltafte ,erpi!M1cu 

to tns ncrasl v1evinl direction • 
• I 

The pilot tunnel inlet was dlsilnad usinl technique. which proved 
succe.sful in the development of 

at ths University of Notre D .... 

corresponded to streamlines in a simple, two-dimensional potential flow en, logy. 

There was, apparently, no concern for the manner in which the inlet was ma ~ed 
to the fixed nozzle. There was a sharp discontinuity in the slope of the on­

trnction g~ometry at the point where the inlet and nozzle met. There also 

existed a discontinuity in slope between the inlet extension on the 

end due to the anti-turbulence screen frames and the inlet. 

The inlet screens initially used on the pilot tunnel were made 

tyres of Acr~en. Six screens were made of a multi-strand nylon mesh with 

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 fr e 

but. due to the flexibility of the nylon strands, there was some sag in t 

screen. Any screens attached to the inlet upstream of the nylon screens re 

~1de of an ~luminum mesh with a 0.23 18m (0.009 in.) diameter aluminum vir in 

a uniform 7.1 per c" (IS per in.). These screens had a 29.7% blockage ba led 

on area. The tunnel was originally operated using seven anti-turbulence creens. 

The outermost screen at the upstream end of the inlet was aluminum and the 

remaining screens were of nylon mesh. 

For the P,uot tunnel operating at choked nozzle conditions, the VO,I, ufe 

flow rate in the tunnel was 0.696 183 (24.6 ft 3) per second of air at stanrard 

atmospheric conditions. At the entrance to the first (metal) screen when', 

the tunnel was operated in thE' original configuration (seven scref"ns - Sif' 

nylon and one .etal), the air speed was approxilllately 1.1. (3.5 ft) per \, 

second and the Red (Re}'nolds number based on screen wire diameter) was 16 " At 
, 1 

the nylon Rcreen located in the 1DOst downstream position, the approximate' flow 

• 

• 

speed was 2.1 18 (7 ft) per second and the Red for the nylon strand was S't These I' 
tva Reynolds numbers gave a representative range for the anti-turbulence creens. ~ 

I, 
In this Reynolds number range, the flow Hbout a two-d1mensionHl circular, ylinder 

Ir 
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va.a cM!'N:te1".:\~ad by :an attached vortex ~ir and a l~:::.ft;}1" ~b. If the 

Rc~" eltccr':: ':'.i-'U:toJtitllately 40. the wak.1i! i.a character'if;:;;~ '1::::; pWli'1odic ';IOrtex 

sheddin8 1L"hich could have an adverse effect on the ~ke flov visualization. 
i 

A detaUed diBcussion i of the influence of the screens is presented later in 

the repor,. I / 
The ,eco:>nd tel!l~ ~ection useJ in this research program 'was 'IIIIOunted on 

the larleJat of the th'~ee dlffus';rs. It, too, was a fixed geoaetry converging­

diverging nozzle d~sign with a. 160 .. 2 (Z5 in.2) test section and a design 

Mach nuaber of 1.51. It also had a high contraction ratio inlet and anti­

turbulenc~ screens. a.s shown in Figure 4. Operating in the configuration , , : : 

shown in the figu're. the contraction ratio for this tunnel was 83:1. This 
I' , 

tunnel vU!l be: r~f~rred to as the '-5 by S" tunnel in this report. 

The i,blet f,~r t~is tunnel Was not designed for the purpose of smoke 

flow visualization. i The inlet does :mat~h the slope of the fixed nozzle 

contour at the down~rtream end of the inlet. Apparently, the inlet was not 

designed to ~ny: SPj~ifiC criteria and there are manufacturing irregularities 

in the inlet I geomet ~I' AI though sev~ral preliminary tests were conducted 

using this inlet, ,st of the effort was focused on the pilot tunnel. 
I .,. I. I . . i. 

Smoke Generaii~n TeJ~ ;; U .' 

Direct i~h s~Jd flow visualization requires the production of large 

quantities 0 ,~mokel.1 The wo~H "~ke" is used in a very broad sense and 

. includes a variety bf smoke~l:ike:materials such 3S vapors, fumes and mists. 

The smoke used~~tl be genel"~ied,in 3 safe manner and must Possess the 

necessary li~!ht~scaitering ~,f~,lli:ies !l0 that it can be readily photographed. 

It is also importaJ that th~ smoke not adversely affect the wind tunnel 

into which it is ~ in roduced':ri~r the anodel being studied. Another desirable 

but not abSOl~ •. t~ ... l~ I.]ecessar. '!.:, ... i.'~U .. ;~lificntion is that the smoke be non-toxic 
in the unlike~y! e:Vi t that .~~~ iexperimencers are exposed to it. Finding a 

smoke-like subst:anc which )beets all these criteria is not an easy task. 

A large ~~berll(\f mate~ials have been used to generate smoke; examples 
I ' . 

::::::::::~:I:::~::.:::~t:1:~:::;::;:::::::::::i~:::::::::;::;:::~~:~;~: 
The 81IOke-lik! mat~ials us'ed may be referred to as aerosols since aeroB,ols 

1 
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ar)),"'~i;;< \i)[iZ~ of collo1.ded partl~l~\S in a ps.. #. ,'leat 4_1 ~f 

interetlt baa Man focused on aeroool i>E'C'~~~t:d.QfJ aM ISftsrat10c McauH o·f 

their close reladooahipto ilIIIIete?ololYo .illr pcllution, cloud ch.aaben, UIiOkeU. 

coabustionof fuels, colloid chemi3tryt ~tc.15 The c~ .. tbode for aeros?l 

generation are shown in Table II which was taken froa Reference 15. 

Tvo very practical iteas ausc be carefully exaained before the choice of 

naoke-l1ke 'lllaterial is 'iliad. for flow visualization. The smoke or aerosol 

particles must be as small as possible so they will closely follow the flow 

pattern being studied. These smoke particles must be large enough to scatter 

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

obtained. An approximate range 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 criterion indicates that 

tobacco smoke and carbon 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 1£ 

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 Keating16 also mention 

that some ammonium chlorate is present in the resin canisters, which must be 

stored a~y 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 t~nnel flow visualization. 

There are, of course, a large number of possible hydrocarbon mixtures, 
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i.e." oils. which undoubtC'diy could be used to producce smoke by co~~,ustlon 

or vaporization. From tl .. ~ point of view of laboratory aafety. it would be 

desirable to use vapori~alt()n rather than the combustion technique. PrQ­

perties of interest lvt th.-ce .;omnoo hydrucarbon mixtures are shown in 

Table III. Furtherlnl)rc. it would also be safer to use an oil which would 

vaporize at the lowesl possible t~~perature and be the least flammable. 

Figure 7 presents data fC'r the temperature '/ersus per cent distilled 

(vaporized) for six olls. Mi:leral oil requ,ires the highest temperature for 

vaporization. while ('hanoal ] ighter fluid requires the lowest. The second 

lowest temperature for vapor izat ion is f,>r kerosene. Since kerosene is less 

flamraable than charcoal Ijglth~r fluid. it is the obvious choice. Klarosene 

seems to offer the bt'st l"ornprOlnisc w!lt'n part ide size. light scattering 

ability. low Vilr,)riZ.1t i"n It'm;wratur·.!. 'll1J low flannnability are considered. 

Kerosene Smoke' 

Although thf' first ,)1, ""'",k(' ~('ner:l tl)!' was developed by Preston and 

Sweeting. 1 ":' om' of tIl(' \'1(ISt !'HH'l"t'S!'Iful oil smoke generators was designed by 

F.N.M. Brown in lQfd. I.~.rg. qu.tntiri('s l)f dense kerosene smoke were 

produced quickly .11>.1 l'<ltdy with .. ',is J~t.'nt.>rator. This fout-tube kerosene 

A flat elt:'~tri,' strip iwatcr is lO<:dtt'd inside a 51I11I'II (2 in.) square 

thin wall condui~ tuhe. Till' "l\liT€- unit is set at a convenient angle 

(abollt bOO) and a ~i~ht-;'(',·d· .j I .. 'r is mounted on the unit at the upper end· 

of eacft tube Sl) tIll' (\ j 1 tir' ,'S (I:) tht' UPI", ('~d vi t.he strip heater. It has 

been determined that .1 llr!f' r:t~ .• · (,f apprtl x.i1'll:lte]y two drops per second is 

more than suff ic i~ht tC' pTt"l1th'l' thE:' desi red amount of smoke. Faster rates 

resul t in ineffi('i~'nt an.! W;-I<;' "fll I operat lem. Furthermore, an extremely 

fast drip rate ,"an rE'Sull in "lack-firing of thE' unit. A squirrel cage . 

blower mounted at tht" I(\w t'l'ai I'f the unit is used to force the smoke through '~ .. \ 

the system. The s9u1rr('} ('age blower is more or less mandatory - in the even' 

of back-firing the suddE'n in('rease in pressure is easily transmitted through . 

the rotor. 

Before entering th(· smoh' rake. the smoke is allowed to pass through a: 

heat exchanger aade of 42 DIm (l.b5 in.) diameter pipe, as shown in Figure 9. 

The prime function uf thi~ heat exc.hanger is to ('001 the smoke down to 
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tbe bottom of each tube of the generator 1u:i2~.f ~o r2lll<'ve excess 011 not 

convertM to smoke. and others at the bottom of the heat exchanger to remove 

~acever 011 might jve been con~ensed. Af~er passing through the heat 
, I 

oaxchanger condeneer ystem. the ~1te flowsi into a 97 mill (3.82 !n.) ~nifold 
I , 

and is passed throug an absorbe~t cloth filter. This filter serves a dusl 

purpose: it removes most of the remaining; lighter tars and aids in distri­

buting the smoke uniformly irito the evenly spaced tubes that extend from the 

manifold. As will be mentioned later in the report, 2 number of differently 

, sized tubes were use1 durin~ 'th:ls study. i These evenly spaced tubes determine 

the initial smokelin, spacipg. ,~uch an ~rray of tubes with the manifold has a 

rake-like appearance and, thUS. is referred to as a smoke rake. 
I 

Appropriate measures Shouj'd be takent~ guard! against leaks in the 

system and to provide an outs i., e exhaust from the tunnel. for the excessive 

and prolonged inhalatior <lfi o it! smoke would be a heal th hazard. 

Various types of olU, have ?een tried.! It has been found that kerosene 

produces the best qua1i,tYistno~' Kerosert~ may be obtained from Thompson­

Hayward Chemical Campan ;1.n Ran as City' •• kansas. under th'~ name of 

Deodorized APCO 1467. 

Oil smoke genera to 

double, and quadruple units. 

/: 
il 

;;,' 1 
, I 

/1 

this typeiij~ve been constructed in single, 
: i; . 

This grouping arrangement of units is basically 
~. ;. i 

a method of increasing the ulnE'tric (i,utput .:Jf smoke. 

t.ehn:::::~;:::~:~:~!i .~TY~ f p:~::lie:~:~:o:::o:::. n::~;.::~:t :ke-
11k. a.botanee. All pr6d.etst~f combustion. reactions of chemical substances. 

011 and pa raf fin. -;:por~", andi j • ro" 1 J; • r'e tox ie to seme degree. 1 8-20 Many 

of these substances are :flausma Ie andi'~ome are corrosive or chemicallv active. 
, " " 1/, :';,: ' -

The only (technique aVaiiable ~ich do~s~ot. have one or morE of these undesir-
, ' i: iii'" :,i 

able pr0'trties appearslto',felthe st'''iliqUid nitrogen method. 10-12 However. 

genera,t1n~ l.1irge quariUj, les,. 0 steamr,;\some type, of boiler presents a different 

safety hazard. After g nerat on, the'! !'team is mixed with liquid nitrogen and 

introduced into the win tuun 1. Althotighthe apparatus used to generate the I 1; , 
steam is somewhat differcent i References 10 and 12. the end product Is the I . 

f , 
I 
\ 
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S:l3e. !k,til th~' "t.l.". ,ll:,! Iu .... St.lte tJnh't.'1::-.1ty laooratories b6ve ~~c,zd ~s.:'re 

su~al!l wit; l't;'':ls,lr.;.r.!. ";'1,', ·-s,;. Tlot:: stealll rH' steam-liquid nit.rogenmxturea 

ha'l.-e bef'n u~t.'J in j-",: n ·P.!: ,I!' ~"ll .:losed c jr,,~uit subsonic wind tunnels. 

Although t"lt> liS.., .,: S't il •• 1 f.,t fl.~ visI.a } ization has the advantage of 

being cIt-an ;tnt! tltln-tC'xir. it .:l'\e; hd\'f: ~iq.ld\'antages. For example. the 

system temper.'lure mt.st 1,(: ,',10t rnt ted .:au·full~· if a neutrally buoyant fog 

is to be obt.l!nt,d. "\~ pl,1nlt,.i "lit ~.,r1lt'r. water vapor is composed of 1!IUch 

larger particJt>~ '"'11 trlt' ."·t:I·;.~t.' t,:,n • .'i1 ~m()ke. It also has the disadvantage 

that the :.tlo al1l .... ,"n •.• 'n5.,s t,', \.';ttl·r un {'otd rnc.tel surfaces. walls. and other 

protrus ions i I~ th.· l l'" t "'" r: j".,. Tilt' SL .. :l:n photo)!raphs reasonably well and 

can produce US(~:tI.:t· vis'lal t:',H 10.1 r'~l'prt~". ll' determine whether or not steam 

was useahlt· ft'l' t l , .. d· ... l ::·;lfl.)t. ill r';ulre f!aT'l,""s indraft. supersonic vind 

tunnels. :1 ;;ll'll'~" •.•..• flU •. ". ~. l.~ t" r'·.n,.,·", "un.' steam from an industrial • 

pi lot ltrrllH'I. :\' t ':,1.';. ! : •• 

• ,-.IT' ,·f the first screen of the 

:-.'ilfiidt.·rably higher than the 

air t>ntt:rill~ t;lt 111'\.11:1. ,'0' .. L ..... ,'··rO;;'~l,'J through lht! test section and the 

s t rea k 1 i n,,- : ('1 l'" d i· \ : • ,'.' ' •. h ;)1,_.( .... f Il'h,·J. 1 he diameter of the steam 

• ,.,!'g.- I ;,~ ,lela llt.:d investigation; never-

Al so. the steam 

I i.,'. ;.~.··t".L'I't:<; .,1 tht~ pilot tunnel test section 

• It· r, It'. TI.t It' "".IS .:onsiderahle condensation 

diffust!s quit.· r..I'i.~l\ 't' ..•.• I" .... I-.;I~lin'-·~ ;lre Il,~t prescnt • 

speed 'Was R m! St', ) • P,,,·,' f t :It· t't'.lS(}n!-- tid s aE'ros,,] system was developed was 

to avnid lhl' t,'~i.- noll.!!"·' ,j 1 "1'lllkt-:;. ,\1 though DO? 'Was originally. thought 

. , . 
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u.ed wag tha ClolW M41ulr. Model No. 1'1 .... 48. Initially. an 4tt~t tiSa ~e 

to pump the ~ke from the generator into the u3Ual smoke rake before intro­

ducinS it into the tunnel. The amoke 8ene~&tor could not provIde adequate 

pressure nor UIIOke volume to do ehb 80 the smoke was taken directly from 

the 8enerator in a flexIble hoae wh1ch va. then mounted 1n front of the 

screens. The generator vas unable to produce large quentities of smoke but 

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

1n Fisure 11 shows the comparison betweetl the two types of smoke at the same 

time. The kerosene smoke 1s more dense s~ply because there Is more of it; 

also, being closer to the lig~tt it appears to be brighter. The more unfor­

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

fouling of the model would most 1 ikely 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, kerosene smoke 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 

present any significant fir~ hazard or toxicity prohlem. The remainder of 

the results presented in this report wt!rc achieved using the kerosene smoke 

generation system. 

Smoke Flow Photography 

One of the most l~ritic:d aspects of fluw visual iun ion photography is 

in obtaining sufficient light on the subject of interest. In wind tunnel 

applications this problem is/often the most difficult to Overcome hecaust! 
, 

of space limitations. The ~in problem is the large quantity of light 

required for proper illumination of the smoke streaklines, as well as in 

maintaining high contrast between the smoke and the background •. As most high 

speed wind tunnels have very limited viewing areas, on~ is generally forced 

to use less light than desiroible to minimizc unwanted Tl,f}(>ctions or advers(~ 

heating problems. Spa~'e 1 imitations often restrict the placement of lights 

and Ca1beras. 

Figure 12 illustrat~s thc three most commonly used 1 ighting arrangements~ 

When the lights aT(' positioned on the opposite side of the tunnel and out of 

the direct field of view of the camera, the arrangement is called "back 
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'. , . 
lighting ... Clare from the model can ~.~ r..:W.~imized using the back light~i \ 

arrangement. If the lights arc positioned on the same side of the tunne~ 

the ca!llera. the arrangement is caUJd Ufront lighting." Major difficultie,'. 
I , 

with front lighting are in the reflections and !glare from the model and tun.\ 
A ... l I i windows. These probl
J 

can be minrmbed by Pfoper posit:1oning of the lights 

and camera. Rowever, wtpen there iSI a limited 'Viewing area and space is res-
I 

tricted, it aay not be possible to position t~e lights properly. The final 

lighting arrangement is called "top" or "bottom lighting. tt This arrangement 

can be used in any test section where the flow can be illuminated in a plane 
I ' .', . 

perpendicular to the normal vie",ing directio.i. It is accomplished in the 

Notre Dame pilot tunnel ~y USi~!g. a test section nozzle block which has a 

transparent plastic insert in the top portior of the block. The test st-ction 
I 

can be illumin.!lted through thiS tr,~ns::Arentslit. A:n ~dvantage of top and 

bottom lighting is that th~ light ~ource is nO~l to Ithe field of view and 
! 

interference such as reflec,tion an

f 

glare from the model is minimized. 
I i 

The type of light sour~e required for smo,ke visual hadon te.sts depends 
I ' 

upon the particular test being conducted. The two most widely used light 

sources are stroboscopic ani high i~tensity continuous lamps. Short duration 

flash lamps such as the Cen r~l Raldlo 1532-5! ~trobolumes or their equivalent 

have been found to produce aitsfaftorY resp~its. These lamp~ operate from an 

electrical SOurce of 120 vo t~ and! 0 cycles;:-, The power consumed varies up 
!1 I './' 

to 500 watts, depending upon the f~ash rate.' Ii The output of an individual 

, lamp is rated at 10 megacandl~powe~ when thJ i flashing rate is set at 60 fla$hes 

per minute. The rated dura~~()~ Of, Fh he

s 

flasHis!i approximately 30 micro-seconds. 

For still photographs, the s:tTobol be are isrnchronized with the' camera shutter 

and operate sitnilarl,)" to anycamer ,using ~W !electronic flash. With movies. 

the flash rate is adjusted t~:the aming $~~ed. The number of lamps required 

depends on the nature of the:\it~sf ing CO~d~c.ted. For continuous lighting. 

,high intensity spot lamps ar~ ~equ ired. Al!~~ry of the photographic equipment 

needed for 8mO
i
ke flow PhotOg~aPhy, i~ incl~~~d in Table IV. 

\ i II Ii',' 
Photographic Pirocedures \ jd 'r "; 

In the la~er sections Of\ thb 'report Lcl "ill be said regarding the 

tunnel design kequirements for pro ,ucing q~ality smoke 'filaments in the test 

section. Over the years. man uni ersities and research laborat,"Iries (both 

I , --rr.5 f'I:I I'I' 

1111'/ I I 

~IIH' ti , 

!t 
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low speeds. ~st of these efforts <;': ~~~A in failure for a varie,':y of 

reasons. Even in tunnels where qualicy ~~ke is available. only poor ~ke 

flow photographs were obtained. One can only speculate on the reasons .for 

such failure. However. one of the difficulties is probably due to the t.ct 
that the experbaentaHst could see the flow pattern rich his eye but va. 
unable to obtain good photographic plates. 'fhis is usuKlly because, in suct 

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 ae!'odynamicist 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 Jifficulties in 

obtaining quality smoke flow photographs arc included in Table V. 

Processing the photographic data 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 exposure of the negative is required. This procedure 

is referred to as "photographic dodging." It enables one to enhance the 

photographic i~ge. 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 D~udy 

of complicated flow patterns is as much an art as it is a science. Obta~ning 

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, meaningful flow 

visualization data can be acquired. 

Preliminary Visualization Studies 

To establish some experience w1th collecting high speed flow visualiza­

tion data, one of the first tasks involved photographing a number of different 

models at various flow ~peeds in the two original supersonic wind tunnels 
I 

\ 
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(5" by 5" aM pilot ~). ~aN data ~Q14a ~"i:~iI Z4.:iir ;mt:UZ':~~ 

studi .. aD4 helped mdicau:a arue 1D ~ich iJlpr~nt. ~rud ~ £~1ll.u..::i. 

Tbrouah the UN of the ,Uot tUDBd., ~4&rd 8~ the ""&~J.t::UM 1}f t.lw 

8IIiIIIIOke 'rieualiutioa tec:hD.ique. 'l'beae prel.iJdna.ry teste weN 1a~~et4 ~o 

deteraiDe vbat factora could lofluence. the qualitYOf.tbe V1GuSl1zeelO:Jdata 
that Gocldard collected uaina the pUot t\mnel and whether or DOt the t1huique 

could 'be extended to the "5 by 5" tUnnel. a larger but apP4lUltly cOllpafable 

design.' 

The first set of experiments to be discussed here vere conducted 10 tbe 

0.127 by 0.127 • (S by 5 in.) test section. The testa vere conducted uiing 

a full tunnel span right circular cylinde~ 1IIiodei with a 16 .. (5/8 in.) ) 

diaaeter. The caaera vas -.>U.nted on the alde of the tunnel section, with the 

camera exis noraal to the window. ' Lighu were positioned on the oppos1de aid~: 

of the tunnel and out of the direct Held of view of the camera (back lighting). 

The}" were also positioned to eliminate reflections off the tunnel vaUs and 

model. Both still and high speed action picture photographs were attempted • 
I .' 

Some saaple photographs at free stream Mach numbers of approximately 0.2 ~d : 

0.6 are shown in Figures 13 and 14 •. 

The still photographs were taken, using stroboscopic flash illuminatiol. 

synchronized with the camera shutter. ',The high speed motion pictures were 

taken at 125 frames per second USing synchronized strobe lighting, and at , 

500 frames per second vith continuous lighting. 

Additional tests vere conducted using the "5 by 5" tunnel to evaluate! 

the suitability of back lighting fora number of different aodels 

Figures 15 and 16 include 'some of the results from these test~. 
! 

sonic flow. 

It is quite noticeable that, as the Mach number increased. there vas a 

reduced aaoke density and it vas more.d~f,ficult to achieve photographs of 

~ I - ' 

the same quality as Goddard's originals. There was adequate light on the 

smoke streaklines vith the camera set in an f:22 to f:32 range with a 210 • 

lens. The large f stop allowed for good focal field depth •• The exchange ·1. 
i I 

between focal depth and light intensity is critical. Unfortunately. althoUgh: / 

it vas adequate at the lowest speed {M iii O.2),at higher 8pe~s the .-oke /. 

quality vas rather poor. I 
The other aodels used in this study included at 16 am (S/8 in.) 

.. 
f 
I --fC-i'l 

1'/./'/, 

/'/!'I 
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lIl''''''r!e<I! _~ sad an .. - 0.5'\ 7' d. cb1s ~ .. airfoil, 'fiq aocIel. 
I ' 

'1i'\!~"'lS 15 C':::"'l:d 16 hipU,lht lJOI/IIei of th~~i."'O~~_ ae80CutM v1~b the "5 by 5" 

, t'Jl~DilUult)t dQl!I18D- There ill ~nd.deUbl~ +rM'k.dOWD of ~ of ~be IItnult­

lbes. particularly at the aupert:;ie eotuUttoa. ¥hila ~ of the etrN.kliD •• 

re1U, 1n quite well defined. Two, ,;# Hifferent a.:>ke rake. were usee! to introduce 

the Gsok.e upatreaa of the 8creetja. For the S by S" tunnel. the best result. , 
-.~ to be achieved using the rite with the ergeat (19 am. 0.75 tn.) amoke 

tube 

quantities 01 smoke and reduces the effect of the diff'lslon problems. 
I 

Althou~h the qu;.lity of th ~ visul h:atioz!, data in the tts by S .. tunnel was 

l~sl'l than desiT<lbl~. it did pro'li1ide much val able information. This tunnel 

"Pl't'.lrt'lt to bav..- all the eritl.r~a which had een associated with successful 

vl~"_lJJ.!.'tion facilftips (hir.h ontrnctlon r tio. anti-turbulence screening); 

it 10'>,-;1'" appnr.mt that the::t> W tlJd have to "e defined in greater detail 
1 

bl·for..- ~en('wl de!';ign '-'riterin ould be esta~,:' 1 ished. 

The n~~xt ph<1se of th,~ pr(>} minary visua~.1zation study involved an 
lr 

investigation of the influence the anti-qJrbulence screens on the quality 

of tIlt' flnw in tht' pI lot tunlll'} Ttll.> smoke ~3S introduced into the test 

!'lection in th,-' norma} manner, u stream of thJ set of anti-turbult'nce screcns. 
: Ii 

Th~st> te~lS wer,' l'onduch'll with various numb¢rs of :mtl-turbulence screens 
~ : j 

I ,I 

pre!';ent. Fnur addithmal metal mesh (7 peri em, 18 per In.) scret'ns were 

fabricated and used with thl'nr ginal seven! 1C'reens. Tests were conducted 

using C'omhinations of one, three, five. SC'fjt nine and eleven screens, and 

with both a medium (15.1 rom, 0.594 in.) in~e diameter smoke rake and a small 

(9.5 am. 0.375 in.) inner diame[er rake. 10 ,e of the results of these tests 

are shown in Figures 17-19. It was of gr~lt interest to note that the addi­

tional screens. over the seven sed by God~rd, resulted in an improvement in 

the quality of the smoke streaklines. li 
I I I 

An additional difficulty a sociated ~i h the operation of an indraft, 

high speed tunnel was encounter d. As tbe ~lr from the atmosphere is acceler­

ated into the test section, thelstatic temtrature drops. As it drops below 

the dew point. condensat Ion beg ns; this icohdensa tion can both al ter flow 
: II: 

the aabient (outside) temperatu e was bel I ~Oo F. there were never any problems 
; ~ . I, ! I I 
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with €!oodennticm. 111 either t.M pilot 01' the uS by S" i:ll'1'rr;.el.. Condena.gtion 

was ~t apparent to the ~7e ~or sri.dGlt 1;)11 the pootoarili.phie records. Illi these 

UM., even tbo~ the 3t:at:ic t~r4ture in the c:est section .Y have be~n 

belov the dew point, the air .. not supercooled; the accelerationuas so 

rapid between inlet and test section that there vas not adequate tit..."'e for 

vapor foraation. There ware instances, when the outside teJRpersture exceeded 

80· po with high relative humidity. when the condensation vas a significant 

problem and severe enougb to preclude operation of the tunnel. The high 

hWlddity causes both a condenaation shock and severe clouding of the test 

section with vater vapor. It is apparent that. unless the air in the plenum 

froa which the air is drawn is dried, there will be some limitations on the 

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

aeans that during two months (July and August), the use of the visualization 

facility is questionable and dependent upon daily weather conditions. 
I 

! 
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 critical to 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 .ore'complete understanding of the inlet flow field required having 

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

detailed hot-wire ~emoaetry measurements of the inlet flow field was then 

conducted. 

The tests were .ade using a DISA Type 55HOI eTA hot-wire system with a 

DISA Type 55DIO linearizer unit. Both single wire and X-wire probes were 

used for both turbulence and mean velocity measurements. The turbulence data 

were processed using a TSI rae digital voltmeter (Hodel 1076). The output 

signal from the linearizer unit was filtered to eltminate all signals above 

10 kHz and both the IIe8Il and rae voltage measurements were .. de with the 

digital voltmeter. The geo~try of the original inlet. the Smith and Wang 

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

Wang inlet in this report. The inlet was modified so the hot-wire probe could 

\\ 
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be poBidonCltd at locations I, 2 and 3. aQ 3ilW'n in Figui-e22. The bot-',.'§lre 

probe was initially supported on the inlet itself ~ut p~elia1nary data 

indicated that the wire output was significantly 1nfluenc~d by mechanical 

vibrations of the inlet. The hot-wire 8ssQmbly vaD then aupported from the 

floor of the laboratory and no significant vibrations were apparent in the 

hot-wire signals. 

The first series of tests involved measurements 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/sj 

(10 ft/s) at this location on the tunnel centerline.' The l-ms velocity flucta- I 
tions are given in Figures 23. 24 and 25. At port ill, the velocity fluctuationJ 

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

measurements were conducted using the same sequence of .screens. The first 

measurements were conducted wi th 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 tne.results checked for repeata­

bility. Yith only a few screen~ present, the fluctuations in the rms signal 

were significant ~nd Figures 23-25 give the ex~ent of these fluctuations. The 

results for port #1 sho,,", , very dramatically. the influence of the screens on 

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

the fluctuations and in the mean velocity fluctuations with the addition of the 

first five screens. The disturbances which are drawn into the tunnel and those 

created by the screen should not be directionally dependent. so that. although 

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

reflect similar trends in the other, normal, components of the velocity £lucuta­

tions. 

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 mls (88 ft/s). The magnitude of the 
! 

rms signal increased over the value from port #1 as would be expected due to 
. I 

the rapid increase in the mean speed. The same-trends which were p~esent in 

port 11. with respect to the number of screen~. were.shown at port ~2. Again. 
. I 

the largest improvement in the turbulence levels took place with the addition 

20 
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of the fir ......... tier ........ vnb .... t !l>'>dal d..,r ... "" after tbat. ~"yt 
13, located 0.48 • (19.4 In.) douust:r{~ t)i t.he ~tranc~ to the Wet, "l~liIiOU­
atated • bebav1.or cotiip8r.ble to portalll ud '2 .. \ The ~ 'Velocity at f>ort 

13 vas 49.4 ale (162 ft/.) and this iJAere.aee in T :ape~ vas a180 r~flect:ed 

111 an increase in the "plitude of uJa 'l'IU 'Ve10Ci? fluctuations. 'i"be third 

port vas located 111 the section of t-de, inlet in ~ich the area vaD nearly 
;1 _ J 

constant but still upstream of the ff-'", nozzle b~OC::k.. Surface oil flov 
studies in this region of the inlet d d ehow a separation region ahead of the 

, I 

forward facing "step" created by the '. 1scontinuity in elope between the nozzle 
, I 

block and the inlet. Although the sUlfface oil flaw results were highly quali-

tative and difficult to record with ery detail d to the small eize and inac­

cessibility of the downstream end of the inlet, t re was quite obviously a 

eeparation region. The presence of er~h a region, even though it was confined 

to the near wall region in the constnt area eect :1 n of the inlet, could account 

:::b::eO;O::::::sl:::::n::nge in the elocity flul'~,tuations with even a large 

I . 
The centerline axial turbulence evel measurements are summarized in the 

form of turbulence intensity measur nts for all \Ithree ports in Figure 26. 

These results correlate quite well h the prel~knary smoke flow visualization 
• iI data described in the previous sect! n of this repprt. The visualization data 
: 'I 

showed a marked improvement in the Qllity of th~~moke streaklines during the 

addition of the first seven screens. This agree~ firectlY with the turbulence 

level measurements. Additional screens (from seT' to eleven) do indicate a 

slight improvement at each of the ports studied.1 ince the streakline carries 

with it a ,ihistory" of the turbulence, this some 

lence is reflected as a continuediJrovement in j 

This is particularly noted as an inc~eased stead 
I 

t slight decrease in turbu­

ke streakline quality. 

of the streaklines when 

the eleven anti-turbulence screens were used. I \ 
, ~" I 

It is particularly significa~t to note that a~ more screens were added 

to the original inlet, the geometry 4fthe inlet ~as actually significantly 

altered. With eleven screens in position. the t4H~t is 32% longer than with­

out them. The screens actually form constan*Jrea section upstream of the 

converblng inlet. 

screens from the influence of the ~fied inlet g~ometry. 

it ! I ! 

2J I~ 

I 
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As a nsult of t~ preu.siDary teiU:S. 1t ,",u decldQ4 to de~1p £~ 

fabricate _ot1o> ... 1' i1118' for the pUot turm~l. 't"bera 18 a cletsU04 cu'sCUi!s101l 

of inlet ••• i8'1\ MtbodololY pnseDtee! later in this report 'but it valli appareDt 

early in the project tMt tbere .. e no "be8t" IHthoc avaU~bl. for thr&e­

d~n15ional i~lfj'~"'d!'$~~~., It vas decided to try to arrive at tbe I1smpl •• t 

~edlU available ¥blch appured to over COM the probleaa rith the Satth/Vana 

! inlet delllip. The nov pilot tunnel inlet which will be referred to ae the 

i Ko:~if1ed Pilot Tunnel inlet or MPT Wet in this report is ahown in detail in 

Figures 27-29; a photograph of the inlet installed on the pilot tunnel i. 

shown in Figure 30. The criteria uaed to design this inlet were: 

1. Eliminate the , wall slope discontinuity at the junction between 

the inlet and the fixed nozzle block. 
, 
I 

2J Eliminate the wall slope discontinuity at the upstream end of 

the inlet and attempt to have the flow normal to the screens 

acruss the entire inlet. 

,3. Use the same screeus as used with the Smith/Wang inlet on the 

pilot tunnel. The new tunnel would then have the same contraction 

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

4. Simplify '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 anemometry data were collected in a manner similar to 

that for the Smith/Wang inlet and the results are shown in Figures 31-35. The 

hot-wire probes were located at the following positions relative to the upstream 

end of the inlet. 

MPT Inlet. Distance from Inlet Li2 Centerline VelocitI 

Po:t II 0.054 • (2.13 in.) 1.59 m/s (5.2 ft/a) 

Port 12 0.384 • (IS.13 in.) 3.84 mls (12.6 ft/s) 

Port 13 0.613 • (24.13 in.) 19.9 mls (65.3 ft/s) 

The axial vel~city fluctuations vary with the number of anti-turbulence 

screens for each of the th'ree ports. Figures 31-33 indicate the same type of 
I 

behavior as observed in the Smith/Wan$ inlet. It is important to note that 
i 
I 

\ 
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the :·'1:!'t3!!'i!.~d for eM MPT inlat do not c:ol'respond to . the e.~ <l:1:'03S-

~ctloM1 a.~.~Q~,)f' ?Jean v~locitiu aa t~e port locations for the ol'l..ginal 

iUIet. At ~)rt II. Figure 31. there has been a decrease in the axial com­

ponent of the velocity fluctuations with the adcUti~ 'of .screens but this 

has n~t been a particularly large r~uetion. Port l·is located in the extreme 

upatreua end of the inlet. in an a11lllOst constant area section. As indicated 

in ltef.rene .. 21 and 22, the screens hAve a greater influence on the velocity 

fluctuations in ~he plane of the screen (i.e., those normal to the aean flow 

direction). This is supported with the results of a series of X-vire anemoa­

etry Beasurements in which both axial (u') and transverse (v') velocity fluc­

tuatioTls were .e8sured. Figure 35 shows the results for ports 11 and 12 of 

the KPT inlet of the ttansverse turbulence intensity; the marked reduction is 

very evident until about seven screens are added •. The axial turbulence 

intensity measured with the X-vire probe vas also ~ompared with the single 

wire ..asureaents in Figure 34 (solid symbols). This figure alao indicates 

the importance of the contraction on the turbulence intensity level which drops 

by an order of magnitude between ports '1 and 13. 

A series of smoke flow visualization studies was also conducted 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 photogra.phs 'is a 20° half angle co~~ 

with a 10· boattail afterbody. These data show much more dramatically than the 

hot-wire results the improvementd realized with the new inlet design. With only 

one screen the smoke streaklines are discernible. though diffused. unlike the 

Smith/Wang inlet; with as few as three screens, the smoke quality is reasonably 

good. There is still a mild unsteadiness with seven screens but using eleven 

screens results in very good quality, high contrast smoke streaklines. These 

visual results correspond well with the hot-wire dataa.nd, although they do 

not provide definitive, quantitative criteria for the design· of a smoke tunnel, 

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

the uae of anti-turbulence screens • 

It is worth noting a couple of additional tests which werec:onducted 

during the evaluation of the inlet and screens. Since honeycOlib has been 

considered an effective turbulence aanageaent device "and has' been used in a 
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fUJIllbel' of winci tunnel appl1c8t:ions~ ~ i~j~ert \.'138 ~mTri;;~;);;0L~i;;':-~d 

~vdWlted with the .p~.lot tunnel. nte hOil~1.;:omb u;sed vas a ott-Sided cell" 

with a 12.7 .. (Q~" in.) cell vidch and an 88 am ~(3.S in.) de'til, nade of 

paper. So_ 81IIOke streakline data using the honfe .. ,vcOlBb "ect! • both alone 
and in conjunction with the screens. are shown 1., Figure 37. The cell size 

of the boneycoab tested was smalle-r than the inni r diameter 0 the smoke rake 

tubes. The smoke streaklines were then split as'j' they passed hrough the 

honeycOIIlb, bringing about a "stringy" character 0 the smoke. I Even the 

add! tion of screens downstream of t~e honeycomb ~,oes not completely eliminate 

this effect. The hot-wire data associated with :he honeYCOmblare shown in 

Figure 38. The honeycomb is effective in reduciAg the turbulhilc;2 intensity 

but an examination of the hot-wire signal shows !hat the hone~comb produces 

a very definite wake structute. Although it aayjeffectivelY liminate much 

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

honeycomb itself remain. They are not effective 

traction section. and the disturbance of the 

along into the test section and degrades the 

Difficulties associated with the use of an 

as screens or honeycomb are the losses associat 

devices and the increased power required to run 

I 

y damped by iithe short con-

e at the honeycomb is carried 
Ii 

skline data .. ' I' 
il 

anti-turbuliFce devices such 

with the flbw through these 

he tunnel. i I[Since most factl­
I ., 

ities use only a few anti-turbulence screens, t sts were co~ducted to determine 
I .\ the total pressure losses associated with the u e of a large;number of screens. 

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

(whether fabric or metal first) was varied. The total presbjre was measured 

using a pitot-static tube located at the tunnellcenterline r the MPT inlet. 

As would be expected, there aay well be a varia/ion in loss~ across the face 

of the inlet but these data were not acquired. '. As can be ~en in Figure 39. 

the first few screens account for a majority of~;the losses: tfd the effect of 

additional screens is not so great. This is mot~. 11kely d~, 1 to modification 

of the velocity distribution over the inlet fact-, With th1 addition of more 

screens. the flow at the inlet is most likely more uniform ~nd the speed near 

the centerline is reduced. accounting for the sLaIler 10ssJs in this region. , l till Since heating of the air is not a factor in the indraft ttlel and the losses , I 
a .. saciated with the screens are rather saall. ~ is felt jl t7 the use of the 

large number of screens is not a detri.entalrfartor when!1 sidering overall 

tunnel performance. i 
J! ; 
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Tben t\!'e! a WAriety of optical tedm1qu~ t.hat et.m " tsoocl to a!!8.lyze 

the flO¥ pstterne arowd 4er-odynaaic &\hoapeo in a superBonic flov. Only those 

techniques ~ch can be readUy used in conjunctIon wit.h the smoke atreakliues 
l will be /discWJsed in this section. 

I 

Smite photograpbs depend upon the scatterin& of light. whUe Schlieren 

and shadovgrllph photography depend upon the deflection of light rays froa 

their ~oraal path. A combtned saoke and Schlleren/shadowgraph picture can be 

produced by three separate procedures. The first procedure entails the expo­

sure of two photographic plates. A shadowgraph can be produced by exposing a 

photographic plate with a point light source passing through the test sect:1on. 

The resulting negative reveals the shock patterns present in the flow field. 

Using the same ,camera. a second photographic plate is exposed using strobe 
• I 

l:1ghts ~ynchronized to the camera shutter. The negative will yield the images 

of the~moke streaklines. If the alignment of the optical system is unchanged 

during: the photographic process. the two negatives can be aligned and a com­

posite' picture printed. This procedure has been used successfully by Goddard 8 

and l~ter b~ Slov1sky and Roberts. 9 For this technique to produce valid flow 

visualization data, th"! following two conditions must be satisfied: 

The two photogtaphed images must be identical in size and suitable 

photographic marlings must be present in both negatives so that 

the negatives can be properly aligned for the composite print. 

Because of the time lag involved in taking two separate photographs. , 
the resulting photogr~phic'composite is only valid if the flow 

field is a perfectly steady flow. 

thIs procedure could also be used to obtain a composite Schlieren/smoke photo-
>:; ;';: 1 

gr~ph .. 
: ·f if 1 ~ !~ 
. ii! . ~bviously. it would be desirable to obtain a simultaneous photographic 

'<i 

i~g~ of the smoke and shock patterns. This would eliminate the difficulties 
, ; , '~i 

i~h~Jtent in the first technique. 1\10 different optical arrange1llE!nts were 

t~$;ttd to obtain simul taneous photographs. The first arrangement consisted 

ot ~difying an existing conventio~al knife-edged Schlieren system. A sketch 
e'; ! I 

o~ 'fhe Schlieren system used in Notre Dame' s A~rodynaJl!ics Laboratory is shown 

\ 
I 

\ 
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in ':1$ure 40. To conver\: th13 to :m QP~l~.\.c~; S>chlieren 3Yst"~. ~be 31ft 

source vas replaced by a point ~ou~~e and cne knife-ed~e repl~ced ~? a ~ound 

opaque stop. 

A Schlieren system configured in this way produces a rel.advelydark 

field with density deviations appearing as bright lines. The dark field is 

necessary to produce the required contrast between the background and smoke 

lines which are llliminated 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 with point and slit 

opaque stops. The combination of a slit light source and a l.58.1IItI1 (0.0625 in.) 

opaque slit stop produced a picture that could not be focused. Three different 

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

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

modified Schlieren system. Very clear images of shock waves were obtained 

using this system. Figure 41 shows an attached oblique shock on a 9 0 half 

angle wedge at a Mach number of 1.42. The only light which passed by the 

opaque stop was that refracted in passing through the shoc~ wave. The inter­

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

body and sting are shown in detail. 

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

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

marginal results. Due to the size of the Schlieren system. the intensity of 

the light reflected from the smoke and collected by the camera used in the 

Schlieren system was quite low. Figure 42 shows a sample photograph of the 

simultaneous Schlieren/smoke system. 

A new opaque stop Schlieren system was designed and evaiuated. The 

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

sketch of the s)'stem is shown in Figure 43. The mirror. beam splitter. mount­

ing pins and benches wer~ purAhased from Edmund Scientific Corporation. 

Barrington. New Jersey. The mounting brackets were fabricated in the Aerospace 

Laboratory's machine shop. Although no satisfactory photographic results came 

from this investigation, several things were learned with r~gard to. the experi­

mental F-:?t-Up. First, it is imperative that the system be mounted on optical 

benches se that accurate alignment and positioning of the optical equipment 
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.-:an be achieved ~nd maliltained. Sz:co.,d. the size of ,th..! spherica mirror 

should be 3t least as large as the test section wieJ ,ng area. focal 

length of the mirror should be selected so that the c:amera could e located 

close to the test section. The closer the camera caJ be placed the test 

section. the better the smoke images will be. The r./ason for usi g the 

opaque stop Schlieren is to create an image where t~ shock and e pansion 

waves appear as light images on a black backgound. , e smoke lin s were 

illuminated by strobe lights controlled by the came~1 shutter; this allowed 

for the super-position of the smoke and Schlieren i If the I camera was 

positioned too far from the test section. the smoke t,mages were t 0 faint for 

photographic analysis. The primary reason for the f~lilure of thi particular 

procedure was Que to the poor quality of the optical components. All the 

mirrors used in this investigation failed to focus dIe image to a point at 

the opaque stop. It is believed that this technique would work i~ high quality 
Ii. 

optical components were used in the system. 

I' 

(~ 

I 
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NEW FACIL1~!ES ~D D~~lGN CRITERIA 

Although the primary goal of the project was to define criteria with 
I 

which:a large. high speed flo~ visualization facility could be designed, an 
I 

impor~ant part of/establishing this criteria was to demonstrate that these 
; i 

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

desigiing and fabrication of an indraft. transonic wind tunnel which would 

be; compatible w~th 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. 

Inlet Design Methods 

When 

for aill of 

11. 

conside~ing the design of a wind tunnel contraction section, some 

th~, foliowing ;criteria were used: 
, ! ' I 

A high; degree of exit flow unHormity. 

Nofidw separation or unsteadiness within the inlet. 

Min~m~ze boundary layer growth. 

Reducition in upstream turbulence and intensity. 

5. Shortest possible length to reduce overall facility size and 

Ii cosf· 
'/ ! I As in trioc~t design problems. the criteria were not complementary. 

Refe ence23, j~en~ions that Prandtl considered the inlet design problem and 

re lized almOst any smooth, curved surface could be used for a contraction 
::.: 

'" co e geometIiy! if the flow were inviscid. Different geometries would yield 

'\di ferent dj~,rees of velocity nonuniformfty at the exit section and. for most 

\ge retries ,,!.tf1i relatively gradual transition is required to achieve "good" 

:unl;ormity .U;aowever. th~ more gradual the transition, the greater the length 

foH boundar,.,t,,,:,!l,fYer development.', Figures 44 and 45 from Reference 24 highlight 

so~ of th0;p~actical problems associated with flow in a simple axisymmetric 

contractiQn;geometry. Figure 44 shows that. even if the upstream flow were 
" II 'i'. i 
':lni!form. there exist nonuniformities in the velocity distribution at both the 
! II i' ;i • 

~:i:::S:h:i:I::::r:;mt::d:n::tt:: ;:::r:::~:.:e::~o:~st::t~nt:~lf::S::i:he 
\en~rance tr: ~he inlet. / Figure 45 shows the'wall velocity distribution for a C, -4 inl~t. in comparison with an ideal one-dimenSiOna? distribution based 

o larea ratio. This figure shows one of the most critical aspects of the 
\ 

28 

http://www.abbottaerospace.com/technical-library


1 , 

inlet de5ign problem. FOJ: any finite len,~t~l i~c1~t.:. ther.e e~d,at regions of 

adYQ;:;';;:~.~ pressure gradient (i.e~. dv/dx < 0) at both the ezltrance and exit 

of the inlet near the wall. Both of these regions ~ould interact adversely 

with the developing boundary layer, causing intermittent or continuous 

separation. The one-dimensional flow solution dC'es not predict these regions 

of possible separation and it is for this reason that one must be cautious 

When considering various des~gn methods. 

There has been considerable interest in the prediction of the flow in 

wind tunnel contractions. When the problem is posed in either two-

dimensional planar or axisymmetric geometries, the solutions are attractive 

from a mathematical point of view. A number of earlier works in the area 

were potential flow solutions to the inviscid flow problem.1~.2S-31 These 

involved various geometry transformations which allow for closed form 

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 tunnel, were'designed 

using the mP.thod developed by Smith and Wang. 14 At the time the tunnels were 

designed it was the newest technique available and, although it lackeg any 

experimental correlation, it provided reasonable results. These inlets 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 These have included more reasonable requirements 

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

ary layer and its interaction with the inlet flow field. The most 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 studies. 
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For tt.~t;C! reasons. ~rru.' a me~llOi:l ... ·"':: .::;.dot''I:~1 fot' the de,G~ of the i.illeta 

~r' the transonic d~ilstl:'at:ion ""\4lu ... 1. 

: .The mittal design decision was a sel~ct:ion of ccntl"action ratios. It 
i 

was' decided to use two different contraction ratio·s and to ~valuate thei.r 
i 

influence on the quality of the flow rSUalizatiO~.l daU. S1n~e overall 

facility size is a primary concern fo any new w1.Dd tunnel. there vas 
, ! ~.' 

intere.st in deteradning the smallest dontraction ratio 'Which" would stUl 
f 

allow for good quality Gats. The contraction ~atio is governed by a maxtaum 

allowable flow speed at the anti-turbulence screens. Reference 21 shows 

that each type of turbulence damping screen has a characteristic critical 
. .' ~ . . . 

screen Reynolds number, based on screen wire diameter, belQw which the screen 

hel~s d~p out turbulence and above wh~Ch the screen is actually detr1aental. 

This new transonic tunnel design was l;imited f to using screen materials 

similar to those used with the pilot tunnel.,' . Th:e closest comparison in 
'. i I ,f; • I 

Reference 21 Is screen type B which had a solidi:ty of 33% and a wire dia1Deter . ..... I. . 
of 0.19 1IUD (0.0075 in.) The critical Reynolds tI~umber for this screen under 

t.he condition' of Reference 10 was 55 whith ~orrj'!sPonded to a free stream 

speed .of 4.0 mls (13.2 ft/s). 1..> maintain .'a so ~dwhat con~ervative design 

approach, . a. maximum acceptable speed at Ii h~ scr~~,n was set;~ t 3 m/s (10 ft/s). 

Fot an indraft tunnel t this sets a minim m'conttaCtion ratiio to approximately 

~5 to 1 for a design Mach number of l. O. \koth~f larger;, !.nletwith a 150 to 

1 contraction was also designed to proviqecompa.i.son. 'this larger contrac-
;, "" ,1'1, 

tionratio had proven successful when us~d .on tihe pllot~unnel. 

Of the two methods developed by HorEil:, thJ data avaHable for the axi­

symme.tric method :1s limited to a contrac~~~n rJ

1
iO (CR) ·~.~i t5. Therefore, the 

two-dimensional planar was applied for vJl~~s d . m • 2-~d; J.here m was an 

inlet entrance to inlet exit height ratio,_ ,thJ 'transo~~t tunnel required a 

three~dimensiona1. square cr~ss-section inlet J!th an a~~a contraction ratio 
. 'I; , 

of 75:1 and 150:1. If one assumes that the two dimensio~al planar method 
• I I [ 

rt'ovides adequate results and the same co.ntract" on g~o~~tt·y is used in the 

horizontal and vertical plklles of the inl~tlt ith'~n the ~\.! ilo based on inlet 
~: \,! j I ; j: ; ~: f 

hd
8
h:. i::h: :.l::s::S:r ::. i::::1 ::":1 f~J::::r:![!:::~::::. ver. 

incorporated into a seriest of design char s.! re wall ~8Jmetry is ~xpressed 
~ f" 

~ , . 
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helP avoid 

I location of 

I and the len 

~ width of th 
i 

ion ratio (i.e., 11 height ratio (~tc.a'ln l"i;le~ Jrvi exit) and tom 

e coefficknts. Cpe and Cpt- 'I'hege t".JOt>B1"3li'ietera are u0ed to 

1 boundary layer separation. The theory t.hen provides die 

the aatch point (the cO£lll!K)n point between the two cubic curves) 

th of the inlet. The two para&eters. when c:oabined vi.th the 

(I 

I 

the entrance and exit. c~pletely define the inlet 

ae0a2try. 

The transonic inlets were designed using two particularly conservative 

values of Ie wall pressure coefficients, Cpe • 0.05 and Cpi - 0.2. These 

were used deteraine the non-dimensional match point, X, for the height 

8, 9 and 10. The deSign procedure yielded the results shown 

in Figures 7 and 48. 

For a ~alue of m - 8.66, the resulting square three-dimensional inlet 

has a CR- t5. The values of X and L/H} were interpolated from Figures 47 

and 48. For H2 - 102 am (4 in.), the resulting inlet is 984 mm (38.75 in.) 
q 

long. The r\ let leomctry is shown in Figure 49. The CR • 150 inlet was 

designed :lr\ \ much the same way except the results on Figures 47 anJ 48 were 

linearly e~frapolated to m - 12.25. The resulting inlet vas 1.39 mm (54.9 

in.) long. ii' lilt 18 shown in Figure 50. Due to the very conservative choice 
I, 

of Cpe and~ICPi' the inlet has rather lonl sections with very small slopes, 
:1 

both near ,e inlet and exit. The inlets were then shortened to the lenlth 

shown in ~i~res 49 and 50. This shortening was done to improve the quality 

of the..Jk streaklines (shorten the distance for the BJIOke to diffuse). 

The inleti ere fabricated using inexpensive sheet metal techniques and 

appear to b true to the design contour to ±5 am. 

Althjurh th~ design procedure used for these inlets vas one of a number 

of methodq rich could have been used t it we.s a very stra11htforward aethod 

,and all OJ' ,d;1 for a number of design studies resultlnl in inlets with 

\"reasonab 'en contours. 

Transonic Flov,Visualization 
! iii 

Tb~ If tranSonic flow relime aayprovide one of the most important regions 

for appli tion of the high speed flow techniques. The unique non-linear 
! 

I I 1 
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.3M.lytie proble .. and the eoaplu .,nye1.ei.;?;l !\J!.~~:r3ctiot?U ~"hic:h occur ill ;.;~a 

transonc: ~egtme have long ~red dee~ a~~ developme~te in this a~~a • 

The opportunity of visualizing t.he t.ransonic flov fields wit.h t.he smoke 

should provide anot.her t.ool t.o complement other existing optical techniques 

and analytic methods. 

To demonstrate the applicability of the method to transonic flows. a 

transonic, slotted wall test section was designed and fabricat.ed by the Air 

Force Flight Dynamics Laboratory. The section was designed to be compatible 

with the University of Notre Dame's high speed wind tunnel facility and ~s 

installt:!d on the diffuser used for t.he "s· by Sit tunnel. The t.est section ""s 

a slotted wall. 6% open area on the t.op and bottom walls and solid. easily 

removable glass side walls with a square cross-section and area 104.0 cm2 

(16 f.n. 2). The flow in the tunnel is controlled using a second t.hroat 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 be attached to either the 75:1 or the 150:1 

contraction ratio inlets described in the previous section. A series of 

anti-turbulence screens were fabricated for each tunnel. The SCT!enS were 

stretched on frames 17 am (0.67 in.) thick. The screens ~re sec into an 

extension on the front end of the inlet so the inside screen dimension corres­

ponded to the inlet entrance area. There were five fabric and six metal 

screens. of the same specifications as the pilot tunnel, fabricated for each 

inlet. 

A demonstration of the high speed smale visualization was conducted 

usin£ both inlets and a number of tunnel operating conditions. In all eases. 

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 eases actually 

considered. these tests were simply to demonstrate the feasibility of the 

technique and not to provide a comprehensive application t.hroughout the 

Itransonic regime. 

\ The model shown in each of the trans~nic smoke photographs is a 12% 

\ 
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thick, .~t2r!j~,"L\',£.:7,,\?~f~il §UlIPottSg on ~1reular dii.i'b Ht:''lieemtbe two glass 

8!de valla. The rlic~eorud be rotated t:~ chanae the angle of attack of the 

"ction. The 81435 ,side valls were conatructed of a clear acrylic plastic. There 

vere slight scratches in the plastic. which can '06 "c,' ~ in the photographs. 

In the photog~a"phs in Figures 52-57. the flow isl from -_.r t6 ri$ht. Shce 

the calibration of the transonic section was not cmnplete wien this rephrt , , ! 'J . 

vas written, the ,Mach nUlDbers indicated in the pl1cto",raphs are approxtmate 

and do not accoUnt for mOdelintederence. Figure 52 shoV's the influence of 

the number of anti-turbulence screens for the OR - 7:> inlet. In both ,cases. 

the quality of the smoke streaklines is not part1!cularly good but there is a 
, , i! 

marked improvement, using the eleven fabric screena in comparison to just five. 
'. \.. 
Figures 53 and 54 show the influence of modffying the plenum pressure and 

J: ' ' 
, also changes in angle of attack. again for the CR· 75 ,inlet. In each of 

I ,i' I ' 
these photograpps. th~ sm()ke streaklines are not as shirp a~ they were t.n 

, !I' 
the pilot tunnel but, they are still rather good considering the flow speeds 

': Ii 
are still an order of magnitude larger than those which e8n be achieved in 

most flQW visualization facilities. '! 
, ! 

of the streaklines is very good in comparison with t e smal!1er inlet.:. The 

Figures 55-58 shQW the results using the OR • l~SO in1,tr The quaiity 

lines are well defined and little diffusion is ,eVide t'thr+r.h()ut thet/test 

section. The p1enumpressure influence is quite a pp " rent a'1 it illMstrates 

a potential application of the smoke data. that is, tttail1ring of t~? f~ee 

stream conditions by evaluation of the smoke flow awaY'froj the body;; The 

separation of the flow for the a - 15· case is quite "obvious and. al~~ou8h 
the details of the fl()w in the 

data taken at much slower speeds, 

of separation may well be another 
, :r r: ~ : 

Although this study using the transonic section reflee ,s only ~!pr;eUminary 
'\ ! I '.i,.; , 

demonstration. it does sh()w the potential for using smoke f]Jow vis~li.zation 
. . .\< ,.)! '~!F: >: 

in transcnic flQWs. Future work is an~icipated in th~s tunqeland.::Al~!w1th 
\ ~, 'i; Ii: ~ ; ,J: 

all the flow visualizs::ion studies conducted to date, ';as, ltore experlence is 
, ' , \ I ". it;;; 1 

gained in collee ting the' smoke data, thle quaU ty of t~e pho~ographs i,wirl 

improve. Figure,59 indicates thAt the iisual data neer n()tllbe c()ns~ralned 
to viewing normal to the flow direction. In these ph()tOgra~hs. the;camera 
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ia loc.'3fed :!1ppro~t~l" 45° to ttl... ':~.;l:I!;;';':;;'!ou aud ~diticul clel:aU. 

of the r10V over th airfoil is Obli\ilr"~~,, .it 1,s jUl1t ~hb type of variation 

in the {~ata acquisi ion proceciur.a t1h1eh.:j·h~n tailored to a particullll' test. 

w~l ~ov for tbe cquisition of tba 00.' .aeful visualization data. 

Facili~ Desi Cri eria 

tablishing d finitive criteria for design of a high speed smoke 

facility is indeed a difficult talk. The ideas presented in 

sectIon are the results of experienced gained during this 

resear~h program as well as from other flow visualization studies. The 

criter a will be dl cussed in three general areas: (1) Facility Design, 

(2) Tu1nel Design a d (3) Data Acquisition Requirements. There is an obvious 

overlar between the e areas but they do reflect those items of primary 

consid~ration to be h the facility designer and user. 

e basic fac~HtY considered b an indraft. continuous run. high speed 

wind The tlunnel should be located in a building which provides an 
Ii 

e supply of \'rir under reasonably controlled conditions. Once the 

mass low reqUire~rts of the tunnel itself are determined, the building size 

established
1
\ As has been discussed, the quality of the smoke visual i­

data can ~ 1,linfluenced by disturbances occurring in the air before it 
I !I 

the wind t~qnel inlet and are thus carried into the tunnel. It was 

dete ined that dlJ,turbances caused by movements of a technician in the 

laboratory were et dent in the hot-wire anemometer signals taken in the tunnel 

inle", ,t,' Although

i 
e smoke itself is not as sensitive as the hot-wire, care 

must te taken to, iminate disturbances near the tunnel inlet. A "plenum" 

regior must be p ided about the tunnel inlet and this region should be large 

enough so that flows induced due to operation of the tunnel are less than 

0.3 mts. There ~?Uld be no objects such as beams or columns in the region 

immedfately upst ~m of the tunnel inlet. 

tince smoke i:S introduced into the airstream immediatp.ly upstream of 

the t'r.' nel inletj the exhaust from the tunnel must be exited outside of the 

tunne bUlldin~;i ffegardleSs of the type of smoke used, the air should not be 

recir ulated t~1~gh the building and again introduced into the tunnel. The 

diH~ser and tw!~Cl power supply should also be isolated from the test section 

ari</ ~o reduce !~e i noise associated with high speed tunnel operation. The 
I\' ' 
.~ 
1 

i~1 
I ~ ;' 
II 
ii 
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area SUlCToWlcHng the! teat section 13tl!.Bt be ~~~:\ble of ~~~"': ~":"'ly'f!t~ly darkened 

eo that photographic data can be collected. There sho~"l~ a',30 o,~ adequate 

room in the area of the test section for other optical or ~t.~ a~~uisition 

equipment such as Schlieren systems of LDV'a. 

The tunnel itself should be of the indraft type and be composed of the 

following basic sections: 

Inlet/Screens 

The inlet should be of a high area contraction ratio; for the speed 

range capability of a facility where M ~ 1.5, this would most 11y~ly mean 

a CR - 150. Although other design conslderationsmay indicate an inlet 

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

contraction ratio is prlsarily decided by the flOW speeds at the anti­

turbulence screens. The speed of the flow at the screens aust everywhere be 

below the critical Reynolds number for the screen material used (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 incorporated 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 saterial which vill not bel harmed by the smok.e • 

If seams are required in the screen material they should b~ staggered so that 

seam wake influence can be ~imized. 

The design of the inlet presents a particular problem. The following 

should be considerations in the ~let design: 

1. Screening located in low apeed end of inlet. 

2. Flow velocity norsal to screens and speed below critical screen 

speed. 

3. 
I 
(Reasonably uniform velocity at low speed end of inlet. 
I 
I 

\ 
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5. 

6. 

mouth over entire operatins ra::!~~::c ofte3t: 2!l!ction. 

As short as possible to'minimize the time for smoke diffusion as 

~ell as to r~ducecost. I . 
No slope discontinuities at the downstream ent of the inlft where 

it joins the.·testsection. II 

7. Maintain an attached boundary layer with minimum growtp along the 

inlet wall. 

Near uniform velocity distribution at the inl~t exit., • 
\ i 

8. 
I f 

As in most design problems. these criteria are not Icomple~ntary and 

there exist no proven.methods which allow all these to be satisfied when 
. I : 

applied to real. three-dimensional inlet geometries. The prefern:d method 

at this time is the ma'tchedcubic approach of Morel which was usee! to design i 
t . 

the inlets for the transonic tunnel. Whether or not those inletSjiCan be 

improved upon will require additional study. The two-dime~sfonal'planar method 

presented in Reference ~2 'canbe extended to provide a design geo natry for' .. ; 

rectangular or squar~ c'ross':s~ctional, three-dimensional itll~ts bJY iusing the 

approach described earlier in this report. The critical dtd.Sion!s I in such a! 

design involve sele.cti~·g the pressure coefficient criteria fO.': r a ~tparation.~!.;. 
at the inlet entrance and exit. .: I ; H 

:! ~ j" 
r, : it I; 
accessiible for . r i' 

O~or' unthasJJ~Udrininegss ,I;. facility check-out the presence of separated flow regions J . 
I II t 

As a very practical consideratipn, the inlet must be 

screen inspection and removal; and should be instrumental 

can be determined. \ , I! f 
'" , , 

Test Section I 

rang.~f t::: :::~:nb::::~O:~:~.::d:tr;::~: :::t::::. b:;: ±ii.~:~~~l\. 
which could operate in the "high" speed regime (where therth1gh'~lliS relat~iv~ 

) !' Ii }ii' :!{ 

to most smoke flow visualization facllties).' These are: I IIi: i~; 

Cona tan t • rea a ubson,ic .ee <ion K ~ I 0. 5• I.! Il 1. 

2. 

3. 
Transonic tnt section (porous wall) 0.5 ~ M ~ lok

n

•

oz

\ .. J.I. 

Solid wall, fi~ed or variable geometry supersonic .1 
1.2 ~ M S 1.5. 
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The uppel' U.d.Q: on ~lS~ of: th~ ~.!.ut1'8ft I/< hi&h epe&~ tu,'r",:", for llov 

visualization !lpp~:an to he nj':! i" ~ ::!J 1.S ~er ideal cead!dons. This fa 

due tc the condensation prohl ,8 mentionAd urlier and, tmle~s IrMt effort 

is made to dry (r~uce the d pcint) all the air entering the tunnel, the 

ccndensation v1.l~/be a probl and severely degrade the flow vbualbation 

capability. As lI,\entioned ear er, the test section must sate IRIIOOthly with 

mean that the val slcpe at the exit of the inlet would be zerc. Fcr a 

ccnverging-diverg i, g 8upersoni,c section, it would require an inlet vall 

slope which matchfd the upstr ~m nozzle geometry. This illustrates a 

problem associate, with desiS of a single tunnel capable of using all three 

types of test Sej:iona. Such a tunnel would require multiple contractions 

and would cnly ccmplicate the esign problem. 

The test se ·tion area sh~uld be based on the test section design Mach. 

number and the a lea of the in~et entrance. In this way, the "best" speed 
II 

can be saintain at the inlef screens in all operating speed regimes. This 

implies that a 8 and s~personic test section with the same inlet 
II 

could not have t e same cross1sectional area. 

The test se tion design; ~s also very critical with regard to collecting 

the photographic smoke data., i:\AS minimum criteria, both front and rear walls 

of the section ( r top and bfftom) must be of optical quality glass or 

equivalent. Tbi will permt'tll the use of the back lighting technique. If it 

were also possible to provi1e a transparent section in a plane normal to the 

viewing direction for top ~g ting, this would allow additional flexibility 

in data cOllect~n. The t 1 windows must be readily accessible, both 

inside and out.'lfor cleanin between tes~s. Residue collects on the 
I inside glass windows due to atmospheric impurities (dirt), condensation and 

.. amoke; after thj,.tunnel ha"l~n fo~ approximately twenty minutes, the residue 
). I I 

.will signif1CanjlY degrade' ,he quality of the visualization data. Other data 

acquisition sys I~ms such as!S~hlieren lOr LDV may also influence the test 

section window ~eSign. I 

One other spect of ~,I test section design also involves collection cf 

the visualizati,n data. b~~ Fa the large amount of high intensity light 

required to Pt"~lograPh the tmoke streaklines, highly reflective surfaces 
!I 

37 

' .. ,'-- -, .... --'------~ 

http://www.abbottaerospace.com/technical-library


1 

J '. 

within the tut ~ct;i.~i.i 81u.t.U.i ~i:: aw:Ut~. 'tide O&ilV /?1i,,!.!1.1"Q ~a1rla 

'Mtal aurfs\:tiiia at.d pd.ntinl ottl .. .: _t~rl!L:;;4'" \.:\1 ~~,,'iJQ for "f1&c" black 

interior and to ~li.at.wtte extr:an8OU1I nfleeo;ioruB. The are. al'OUD4 the 

teat Mcdon iiliUat also be designed 80 tha~ li.~~o ~ ea:Mraa eaD be .a.U7 

moved end positioned for various tests. 

The photographic requirements for obtaining 88IOk.e flow visualization 

data in a tunnel pouessing coherent smoke lines includes the need for adequate 

lighting. precision optical equipment (Schlieren or shadowgraph) and an 

onaite photographic processing capability. If the criteria cited earlier in 

this report are incorporated in a tunnel design. coherent aaoke filaments 

can be expected. Qualitative data on thefiow 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 ~pttmum 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 is 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 

s~ke flow patterns are usually underexposed and. therefore, require non­

standard photographic procedures to acquire good photographic data. The data 
I 

must be processed in close coordination with the aerodyna!ldctest engineer. 
I 

Some of the most important visualization data vailable ar~ combined 

Schlieren or shadowgraph and smoke flow photo6raphs. 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 

measuring 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 acquisitIon can be used in conjunction with the 
I 

smoke flow ~isualization, such 8S the LDV. pressure and force measurements 
I 
I 

\ 
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or dynamic testifig. ~ a~d!tlom.l inc$i;(g'E;i. :nto tile :)hysice of U iiven 

flow field can be achie .. -ed by ~val~18t~ti.~(i 'J'ioual!~tion data in USht. of 

the experimental reslllts ecquir~d using thl! other techniquee. It appears aa 

though two of the 111081: critica1 criteria for the succ·~sfllful op~rat1on 

smoke flow visualization facility are experience and 

i I 
j 

'I II 

~ 
J 
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'~CLUSIONS lAND RE('~~TI(iNS 

Tbe ~.ul.. of thiS rea.are program shew that the hlah opeod omoke 
flow v1suaI1~Qt!Qn a.thod. first demonstrated by Goddard. can provide 

valuable aerodynami4 data. It h a been shown that it is possible to 

introduce and ma1nt~in coherent ke streaklines in transonic and super-

sonic flow fields a~ to collect good quality photographic data. There is 

a reasonable amount f flexibili y as to how the method can be applied to a 

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

which can be acquire,id. 

It appears thaJ' the methods 

can be extended to ,larger fact 

developed at the University of Notre Dame 

ity. Design criteria for such a facility 

have been outlined ~ this repor • These criteria are based on an evaluation 
!. 

of the present tunn Is at Notre Dame. However, some care must be taken in 

ignificantlY\\ larger facility. The wind tunnel proposed 

considered auring this study was intended to have a 

extrapolating to a 

by the Air Force an 
If 

0.61 by 0.61 m (2f by 2 ft) tel'lt section for either a transonic or super-

sonic flow. It is elt that the!lpresent study provides many criteria which 

could be used for d signing suer,\a tunnel. Unfortunately. there are other 

areas to be cons ide ed for a tur~el that size. such as boundary layer 
k" development. smoke ersistence I nd the mueh greater distances over which the 

smoke lines mUst ma ntain their' ~tructures. The influence of these phenomena 

on a very large tunnel would js likely be adverse and there has been no 

opportunity in the present stu y to evaluate them. For this reason, it is 

recommended that thr Air Force!c nsider the design and fabrication of a 

smaller facility Wi~h a test s,c ion on the order of 0.25 by 0.25 m (10 in. 

by 10 in.) as a prototype for a larger smoke visualization t~nnel. The 

design and eventual(use of suc~. h. tunnel would provide valuable additional 

data on the apPlication o~ sJrlvisUaliZatiOn to the high speed regime, as 

well as avoid the n~~ for a S~g~ificant extrapolation of the results of the 

present study., ~ I 
I. I . . 

• This recommendFion alsil ;ighlights an important aspect of smoke flow 

visualization. AS. ny . rese~~flhers who have ventured into this area have 

discovered, there ~ a large a unt of "art" involved in collecting quality 

visualization d~'<I~1 Although I he art aspect of the problem will never be 

'", 

i ,f 
it, 
iN 
i [i 
\'i! 
if: 
I, 
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completely eliBinated, it can be s1gnlfiemt::iy reduced through experience. 

It i8 felt that 1f a prototype tunnel were to be used by the Flight Dynamics 

LabOratory peraonnel. the experi~ce iained in such a facility would be 

vitalto.the success of a larger research establishment. 

There 1& no doubt that smoke flow visualization can provide a valuable 

tool for the hiah speed aerod:,"IUUrdcist. It will only be throuah the use of 

these methods in the study of important aerodynamic problems that this 

potential will be realized. 

i 
I 
I 

\ 
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One aspect of the deG18n ~ operation of a hiah IIpMd mJIIOM villJuallU­
tlon faciU.ty, whicb vas not e.ddresoed in the report. is ayetes safety_ ! 
Although the operation of a smoke visualization facility is Dot radicall 

. I 

different frOD any other wind tunneis with coaparable character1&t1cs. tbere 

are s,~ unique aspects which present certain safety hazards. .~! 
The systea considered can be divided into two aajor components: 1) 

Wind Tunnel; 2) Smoke Generation Equipaent. The win.d tunnel, of the t· ~ 

described in the body of the report. is an indl'sft, continuous operationll 

tunnel. Details concerning criteria for the design of such a tunn.el fori the 

purpose of flow visualization are outlined in the report. These criterL~ 

are not related to the construction of such a facility but are directed 

towards its operating characteristics and performance. For these reas 

the hazards outlined in this summary have been identified through the 

expertise gained in the operation of the flow visualization tunnels at e 

University of Notre Dame. 

Wind Tunnel 

The primary hazards associated with the operation of the wind tunn ,1 

facility involve the high flow velocities within the tunnel, low pressu es 

in the test ~ection and diffuser section and sound levels generated by 

operation of the tunnel. The velocity and pressure problems are related to 

the structural design of the facility as well as the wind tunnel models used . 

during a 

ficantly 

inary facility development and subsequent test planning. 

The indraft design does create some particular problems related tot 

noise generated by the tunnel operation. Since there is a direct path fht 

of the tunnel, through the inlet, when operating in a subsonic or trans nic 
I 

mode, there exists the possibility of excessively high noice levels nea.~ the 

tunnel. These could be hazardous to operators or observers as well as 0 

the surrounding facilities. Isolation of the operating station and ove all 

facility location may be influenced by the acoustical hazard. II 

45 , I 

I '. 

http://www.abbottaerospace.com/technical-library


f • 
, t 
• • 

• .. 

• 

• 

SaD~ ~~tai;1o~ 

The unique feature of th& v1::NAU.&et~.O!'l tumlel 1e thQ roq'u'resent to 

produce lara- quantid .• eof ;denlJe, white "enIiIOke." The i:<laport ~ddrell" .. 

number of the prc:>erUea \)f/suc:h • ".ao'kit" 111 detaU.. hiardlesl of the 

type of .molte~ed in the f.~CilitY, whither b be stam t vaporized broeene, 

products of c uatton, etcl., the aaou must be iaolCLtec! from individuals 
'I : 

operating the tunnel. The aaoke lbould not be toxic in aall quantitie., 

such as those which a1sbtoccur wi~h ;~ll leaks in the systell or after the 

smoke has been highly diffused after Fpassing through the tunnel. The smoke 

need only be pr~8ent in the tunnel while the visualization data is being 
I !" • 

collected. The /emoke ~enelC'ation system must be designed eo that eeoke will 

be introduced into the smoke rake only when data is to be collected and whUe 

the tunnel is o~erati~g. ; The exhaust! £·rom the wind tUIl.nel should ~ exited 
: I ; ; ! 

to the outside air, allowlng the saokej to diHuse in the atmosphere. 

As an example, the sLke generatrir of the type used at Notre Dame will 

continuously prodJce' ade~luate quantities of smoke for an hour, and vaporize 

approximately one quart ,fl kerosene. " This, results in a minute amount of air 

pollution outSideilthe la /,o/'ratory • The smoke has an added feature of being 

very visible so t at any ,small leak,S in the system can be seen easily. If 

such leaks occur, tlle sy~~em can ~ shut down and corrective action taken. 

All of the i~ems Cir~d in the previous paragraphs must be addressed in 

facility design. The syktem shoui~: then be able to be operated with m'inilllum 
< 'f' . 

influence from 
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Throa t Area: 35.74 cm2 (5.540 iu2 ) 

Test Section Area: 40.32 cm2 (6.250 in2 ) 

Inlet Area (downstream): 132.30 cm2 (20.50 iu2 ) 

Inlet Area (upstream): .330 m2 (513 in2) 

Screen Area: .659 m2 (1022 in2) 
, I 

1 

5.inch TUNNEL 

Throat Area: 138.3 cm2 (21.44 in2) 

Test Section Area: 163.9 
., 

em' (25.40 in2) 

Inlet Ar~a (downstream) 516.0 cm2 (80 in2 ) 

Inlet Area (upstream) 1.355 m2 (2100 in2) 

Screen Area: 1.355 m2 (2100 in2) 

• 

Table I. Wind Tunnel Geometric Properties 

47 

http://www.abbottaerospace.com/technical-library


t 

I 
• 4 

t 
t 

I 
I 

'1 

. , 
1 

i" 
~ 

CLASSU'ICATION 

A. 

B. 

C. 

Mechanical 
Dispersion 

Vaporization 
and 
Condensation 

Combustion 
and Chemical 
Reactions 

D!SCllIPTION 

A high-velocity gcs stream sbaare a liquid 
film into small droplets. This i8 sometime. 
called atomization. 

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

1. Simple liquid jet. 
2. Helical-orifice jet • 
3. Solution-gas jet. 
4. Jet directed against a surface. 

A liquid 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 arc. 

Combustion of fuels with insufficient air. 

Reaction of mixtures of fuels and oxidizers to 
form a dispersed solid product. ~, "' 

i': 

Table II. Methods for Aerosol Generation 
(from Reference 15) 
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Kineral OU 

Kerosene 

,Coal Tar OU 

~Uin8 Point Flash Point Auto Ignition 
(eF) (Op) CeF) 

I 

600 275-500 500-700 

350-550. 110-130 440-560 
1 

96 60-77 I 
I 

, ; , /i 
Table III. Physi~:8!l Properties of Hydrocarbons 

, ' I ' 
Used fchi Smoke Genera don 

" I I ' " \(frn Refer~1e 38) 
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a) A 4" x S" view camel'S vi~al an #4.5. 6" lens in a !lhut~er 

provided with ~ .ynchro~izlnl svitch &uited to " abort 

interval flash lamp. 

b) A high speed IlIOtion cuera capable of 800 framee per .,cone! 

with associated synchronizing equipment. 

Lights 

a) High intensity stroboscopic lights; at least six lamps should 

be provided. 

b) High intensity 8teady light sources (1000 watt spot lights); 

four spots should be provided. 

Darkroom 

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

b) Tank processing for 4" x 5" and 16 111m 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 darkroom 

be under the direction of the smoke tunnel engineer • 

Table IV. Recommended Equipment for Smoke Flow 
Photography 
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1. P~t..Jt~~31~:i~U 

a) I1.8h wi~J.l~e~ level 1rl the ttmr.al. 

b) lDad.q~~ts ~~ leDeration. 

e) Saoke rake located inside the tunnel c1reuit. 

2. Poor Photoaraphlc Proceduree 

a) Heavy reliance on photographic technicians. 

b) Heavy reliance on commercial photographic processing. 

Table V. Sources of Problems in Flow Visualization Experiments 

1. Negatives usually will require overdeveloping due to inadequate 

light. 

2. Avoid batch processing of prints. 

3. Prints will require photographic dodging • 

a) Dodging is a technique to unevenly expose the print • 

b) Dodging allows the maiimum photographic data to be obtained 

on the print. i 

Table VI. Photographic Procedures 
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