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1.     INTRODUCTION 

The orediction of radar and optical  sionaturos resulting from 

atmospheric nuclear detonations renuires reliable fireball   ?ntrainment 

and mixina models.    Essential  to these nredict^ons is a sound knowledge of 

the temnerature, chemical  snecies, and velocity fields which are not provided 

by available data from nuclear tests.    The objective of this program is 

to   mvestinatt turbulent mixing and entrainment of air in fireballs by 

means of a subscale laboratory simulation which will  provide a data base to 

sunnort the develonment and evaluation of theoretical  fireball models and 

codes. 

The development of fireballs from low yield  (<100 kt)  bursts at 

low altitudes  (<30 km) will  be dominated by buoyancv forces.    The initial 

stage of these fireballs resulting from large energv release within the 

atmosphere is characterized by SPI erical  symmety,  the domination of 

radiative enerov transnort,  and  the propagation of a strong soherical  shock 

wave.    On the order of a second after detonation,  the fireball  comes tc 

pressure enuilibrium with the ambient air and because of its low density, 

begins to rise.    As the fireball  rises,  circulation is Generated and a 

toroid is formed.    The series of laboratory experiments currently being 

performed are desianed to simulate these "buoyant rise" fireballs after 

pressure enuilibration. 

This renort includes descriptions of the hardware and  instrumentation 

added to the test facility during the last eiqht months.    In addition, a 

new ensemble averaging data reduction techninue is described in detail  and 

reduced interferometry, shadowgraph, and particle tracking data are presented. 

Many aspects of the current investigation were discussed in detail  in 

Reference 1 and are not repeated in this report.    These tonics include a 

support analysis and a full description of the high pressure test facility 

and holographic interferometer.    In addition, techniques for both interferometry 

data   acquisition and Abel  inversion data reduction were described. 

i.. .  - .  -■.■._ ..          - -- — ■--   - - ■ -■■ ■   



2. EXPERIMENTAL FACILITY 

Several modifications have been made to the exnerimental  facility 

since it was described in the nre\ious Semi-Annual  Report (Reference 1). 

The more notable amono these involve the remote controlled bursting of 

the helium-filled soar bubbles and the addition of a narticle seeding and 

tracking system.    A photograph of the present overall  exnerimental  facility 

includino the high pressure test tank,  holocamera, and other suopart 

eouinment and diagnostic  instruments a^ears in Figure 1. 

2.1 HELIUM RELEASE SYSTEM 

As a result of larqe initial asymmetries present in vortices generated 

b.v electrical discharoe bubble breakinq, a mechanical breakinq technique 

was develoned which reneatedlv produces a symmetric helium release. This 

techninue consists of remotelv dropnina a 125 mil stainless steel srhere 

from an electromagnet mounted inside the tank throuqh the top center of 

the bubble. Tests with no bubble have shown that no more than 1/16" 

disnersion from the target ever exists and interferograms taken just 

milliseconds after arrival of the sphere at all test pressures indicate that 

the helium release is indeed symmetric. A schematic of the new bubble bursting 

arranoement. is displayed in Figure 2. 

2.2 PARTICLE TRACKIMG SYSTEM 

Eouinment providing the capability of obtaining multiple exposure 

photographs of a rising vortex with its initial bubble seeded with a 

narticulate tracer has recently been developed and incorporated in the 

test facility. It consists basically of two parts: an additional bubble 

formation svstem, and a camera/flash system. 

2.2.1 Particulate-Seeded Rubbles 

Several different tyres of flow tracers were tested, such as talcum 

powder, fine aluminum flakes, smoke, and hollow enoxy microspheres. Smoke 

was discarded since it could not be generated at the high operating 

^.■■^^. ^,-   -^ .. .   .  ..   ^  ..„..,.■.■.....,...■  ■         ,-.^-^^. M^^.^^ 
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pressures,  talcum nowder could not be photographed, and aluminum flakes 

prohibited reneatable bubble formation.    Conseouentlv:  eooxv microspheres 

from in to 250 microns  in diameter were  incoroor^ted as  the tracina 

"articulate. 

To be an effective fluid tracer,  the Particles used must possess 

relatively low inertias and hioh draqs to follow the streamlines accuratelv, 

At the same time, they must he sufficiently large to become visible under 

intense illumination.    Particle trackino is ptrtlcilUrly valuable to 

describe ^low patterns not easilv accessible to other, more standard 

methods of measurement.    The utility of this method denends on the 

accuracy of streamline tracing desired. 

Assuming nealioible radial   velocities and net external   forces, and 

usinn Oseen's approximation for CD(Re),  results  from an analysis  bv Wright 

(Reference 2) siow that the path deoendence of a particle in a  vortex mav 

be characterized b" a sinole parameter, 

R    /6rauD. 

'n "" V    \    W    / 

where Ro =  initial  position nf narticle from center of core of vortex 

Vo = initial  fluid sreed 

a ■ radius of particle 

U = fluid viscositv 

CpRe 
r)o = drag parameter ■ -^ =  1  + 0.1875(Re)  - n.0148(Re)2 +  ... 

;D' 

(Reference 3) 

M'  ■ apparent mass of particle = 4 Tra3(p    + i o) 
j P      c 

Pr ■ density of particle 

p = fluid density 

A plot of this narticle nath dependence on parameter \    from 

Reference 2 is Presented in Finure 3.     It  is evident that larae A    is 

desirable. 
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For the particles used in this study, a value of >    mav easily be 

connuted.    An example is resented tn illustrate what hannens  to a  100M 

diameter narticle within a vortex  having a core radius of one  inch, a 

circumferential  velocit" of one ft/sec, and the fluid nredoninantly air 

at one atmosphere.    The narticle Reynolds number for this case  is 

calculateH to be 2,   thus  the dran parameter D    usinn Oseen's  arnroximation 

is  1.33.    For this  particular case,   ^  - 14 which  is  indicative of a verv 

aood  tracer.    Since D0 increases  strongly with Re whereas M'   is  ven/ weakl» 

dependent on Re,  the rarticulate becomes a better tracer  in  the higher 

"ressure reoimes. 

Two features nf the bubble blowino arrannement described  in 

Reference 1  prevented  Itl use  in  for^ina bubbles seeded with ^articulate. 

First,  the helium-pa^ticulate orifice  in the bubble tube head was  too small 

and  rtTMtCdlv clonned with soar and rarticulate.    Secondly,  with a  laraer 

orifice,  one could not obtain a  soap film over the ton of the head to 

enable a bubble to  bp initiated.     Fo- these reasons,  a  new bubble tube head 

and mechanical  soa^ a-^Mier we^e developed and incorporated.    A schematic 

Of the bubble blo"inn arrannement with the "articulate mixer appearing in 

dashed  lines  is also r-resented  as  part of Fiaure 2. 

2.2.2    Camera/Flish System 

A 35mm Nikon F with motor drive havino an f5.6 macro  lens was 

selected as the ontimum available camera to acnuire the narticle tracking 

Photoararhs,    Kodak Tri-X Pan (ASA .100) was chosen for film, and a soecial 

processing techninue usina Acufine developer MI incorporated which 

effectivplv increased the speed of the film to ASA 1250,  noticeably 

enhancino the resolution afove that obtainable using standard developers. 

A 7.5kV rower supply oneratinn at an energy level  of about 50 joules 

was developed to ranidlv charoe a 2.5pF capacitor bank which when discharged, 

ionited an EO&G FX98C-3 (3"  length,  70mm diameter) flash lamp.    The 

capacitor discharge was trinnered by a standard square wave signal  generator 

at the desired freouency.    An oscilloscope sweep triggered by the release 

of the bubble breaking sphere from the electromagnet facilitated accurate 

monitoring of the flash, enabling the time at which each exposure was taken 

after bubble breaking to be accuratelv known.    The flash was masked except 

^____———a 



1 
for two aligned slits to provide a pulsed vertical sheet of light directly 

above the bubble tube and normal to the line of sight of the camera. 

This illumination system permits particulate to be visible in only a 

cross-sectional slice (less than 1/2" wide) through each event allowing 

detailed visualization of the internal flow structure. 
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3. DATA ACQUISITION AND INTERPRETATION 

In this section, acouisition and interoretation of finite fringe 

interferoqram? as well as narticle tracking nhotogranhs will be discussed, 

The procedure used to obtain and interpret sets of infinite frinoe inter- 

ferograms of a simulated fireball was thoroughly discussed in Reference 1 

and will not be repeated here. 

3.1   ACQUISITION AND INTERPRETATION OF FINITE FRINGE INTERFEROGRAMS 

A horizontal view finite fringe interferograrn mav be acouired using 

the same procedure as an infinite fringe interferograrn as described in 

Reference 1 with one additional ste^. This sten consists of a precise 

rotation of both the horizontal beam plate holder and its adjacent mirror 

between acnuisition of the test and comparison records on the holoaraphic 

plate. 

An example of a finite frinne interferooram is presented in Figure 4. 

In this tvpe of interferooram, the test disturbance causes a displacement 

or shift in the frinnes relativ^ to the undisturbed portion of the test 

section. The magnitude of the frinae shift is directly relatable to fringe 

number in infinite fringe interferograms and therefore to an integrated 

change in density or concentration along the optical nath. 

The bulk of the interferometrw data to date have been obtained from 

infinite frinne interferograms at conditions such that a near optimum 

number of frinaes were present from a data interpretation and reduction 

standpoint. Generally as the tank pressure was increased, the vortices were 

studied at a later time in their development, hence at a higher rise position, 

Present emnhasis on interferometrw data acouisition (see Section 6) 

focuses on conditions at which either too many or too few fringes would 

exist for interpretation and data analysis if the infinite fringe 

technique were used. 

Lven usinc the finite fringe arrangement, there still exist fringe 

spacing limitations. To vield nonambiguous data, the fringe shift in a 

given lenath of an event cannot exceed the number of fringes laid on the 

9 
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undisturbed nortion of the interferoqram over that same length,    A good 

example which illustrates a case where the fringe shift ner unit length is 

areater than the fringe spacing ner unit length is an interferooram of an 

unbroken bubble where very large frinae gradients are nreseni near the 
edge of the bubble  (Finure 5). 

Exnerinents have recently been completed which define the onerating 

ranae for the existim finite fringe interferometrv apparatus.    The 

maximum fringe snacing is about 2 fringes/inch which will  bp used 

for low pressure,  high rise tests, while the minimum fringe soacinn is 

about 20 frinoes/inch, commensurate with hioh pressure,  low rise events. 

3.2        ACQUISITION AND  INTERPRETATION OF PARTICLE TRACKING DATA 

The procedure used to acouire ohotonraphs of partlculate seeded 

vortices  is verv straiohtforward.    After blowing the bubble and waiting 

a  few seconds to allow any internal motion to damp out,  the metal  sphere is 

Jronned from the electronaqnet simultaneous with the imciation of the flrsh 

liohtinn svstem.    An oscilloscope sweep is triggered bv the electromagnet 

release and records the flashes as a series of soikes usino the outout of 

a nhotodiode mounted  inside the tank.    After the vortex  is out of view, the 

flash is shut off and the film advanced for the next event. 

Interpretation of particle tracking data  in this sense is limited to 

detailed internal  structure,  and trajectory and growth observations of the 

rising fireballs.    These oarticulate,  shown in Section 2.2.1  to accurately 

follow the motion of the fluid, adenuately illustrate whether or not a vortex 

nossesses a laminar, wran-un  "jelly-roll" structure,  or a turbulent, more 

thoroughlv mixed structure.    Unfortunately, since the vortex appears many 

times  in a single multiple exposure nhotooraph, the constraint of not 

havino vortices overlap tonether with the difficulty of identifyinn 

individual  r articles precludes a direct measurement of the velocit.v field. 

Acnuisition of velocity data  (both mean and turbulent)  at a snace fixed 

point with a laser Doppier velocimeter (LDV)  is discussed in Section 6. 

10 
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4. DATA REDUCTION 

The purpose of this section is to describe in detail techniques for 
rtduclng holographic interferometry and shadowgraph data as they apply to 
the present study. ^ y 

4.1   H0LC3RAPHIC INFINITE FRINGE INTERFEROMETRY DATA 

A data reduction technioue has been developed (Reference 1), which 
WH allow mean density and concentration (i.e., mass fraction) profiles 
to be calculated for a bimolecular mixing flow given a fringe distribution 
s a funct^n of radius for an axisymmetric event. An examination of 

typical infiniU  fringe interferometry data (Figures 9, 10, 14, and 15) 
reveals that individual events are in general, asymmetric. It becomes 
obv10us that an Abel inversion of the fringe shift eouation 

s =f / (" - " ) ds 
where S = fringe number or shift 

A = wavelength of light in vacuum 

L = integration path length 

n = index of refraction 

ds = differential  path length along the light ray 

subscript 

M = oSserv'ed'in Mfl  ^^ '" C0mpariS0n scene ™* also ooserved fn the test scene as a reference condition 

is not valid when applied to individual  interferograms such as these 

To obtain an axisyrr^etric event, some type of average of these fringe 

mributions must be obtained.    One could take an average in such a way 

to y1.Td a probability-type result for density at a specified location in 

space,  T.e., a tank-fixed approach.    This would result in a very smeared 

]2 



out* vortex wf ich in no way would resemble a typical  vortex.    Instead, an 

approach was developed whereby a coordinate system would be established for 

each individual  vortex based on the location of three points common to 

all  vortices,  but located in arneral  differentia from event to event. 

This approach retains the important physical  features of the flow and 

produces a symmetric vortex which is a representative average vortex 

rather than a smeared out vortex average. 

4.1.1    Establishment of Coordinates on Individual   Interferograms 

An interferogram is vujallv examined to determine the position of 

the saddle point bv cnuntinn fnnqes  inward from the edae of the vortex. 

In tMs connotation,  the saddle point is defined as  the ^oinfc where the 

fnnne number  (see Section 4.1.2) simultaneously attains a maximum value in 

an axial  direction and a minimum value in the radial direction.    Two 

fringe maxima positions  (generally having different fringe numbers) are 

determined in the same manner and an x-axis  is drawn throuah them.    The 

y-axis is then drawn orthnaonal  to the x-axis and throuoh the saddle 

point.    The print "'here the x and y-axes  intersect becomes the vortex 

coordinate orim'n, nr for the sake of brevitv,  simply the origin. 

Reference to Figure 6 will  show that: 

x. F = distance from orioin to first dark fringe on left side 

x... = distance from origin to fringe maximum on left side 

XpM ■ distance from origin to fringe maximum on right side 

xRr ■ distance from origin to first dark frinoe on rioht side 

y ■ distance from origin to saddle point 

Tank-fixed parameters of rurely statistical  interest are: 

n = rotation of x-axis from true horizontal 

z„ = vertical  rise distance of origin from ton of bubble tube 
o J 

x = horizontal distance from origin to center of bubble tube o 

*In the sense that the averaged event would be much larger than any individual 
vortex and the important edge gradients would be reduced. 

13 



4.1.2    Obtaining Fringe Profiles from Individual  Interferoarams 

The center of each fringe is located and numbered where it intersects 

the x-axis defined in the previous section.    The nurr.berinq starts with 

S = 1/2 for the outermost dark fringe (corresponding to the half-wavelength 

shift in ontical  nath discussed in Section 4.2 of Reference 1),  1   for 

the next inward light fringe, and so on,  increasing by 1/2 each time a new 

fringe is encountered.    Care must be taken to qive the same fringe the 

same number when it intersects the x-axis more than once.    What results  is 

m ordered rairs  (x^, S..) J - 1,  2,   ... m for everv ith interferogram, 

^      1,  2,   ...  n.    The next section describes how an average fringe 

distribution is obtained over n interferograms. 

4.1.3    Data Averaginn 

In the nrocess of establishing an average vortex,  it is essential  to 

preserve the important Physical  features by normalizing the characteristic 

dimensions of each individual  vortex.    The dimensions selected for this 

nuroose are the locations of the fringe maxima and the left and  right 

edges relative to the origin. 

To transform each event into a system of coordinates whereby 

maxima collanse onto the mean maxima and edges collapse onto the mean edges, 

the oeneral   linear transformation x.i  ■ ax.. + b is used.    First, the 

averane locations of the edges and the maxima are computed using 

*LM 

i = l 

It 
i = l 

n 

\E 

m 
i 

XRM = n  £ XRM. 
i = l       T 

n 

^RE = n  2^ XRE. 

The event is then divided into four regions as shown on the next page and 

the normalization is accomplished separately within each region. 

14 
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jRegion 1   j Region 2 

I I 

^LE HMi 
T 

o 

Region 3       I     Region 4    ' 

^RMs ^1 

The constants  for a and b in the neneral   linear trensfomation are 

determined  bv matchina the endnoints within each region to the averaged 

enoK.ints.    For example,  in region 1, at 

Xij = XLf:,' Xi; = XLE.; and'at ^ I 
XLM.' xi,i = XLM. 

:th th . 
For the j  data noint OP the iin interferogram, the new coordinates 

In renion 1, 

xii arG: 

LEi - Ti - ALM. 

x. 
XLE " XLM 

n  x — x., + x 
XLE " XLM 

LEi " XLM. ^   LM  XLE. - xLMi' 
LMi 

In recion 2, 

XLM. t xii 1 0 

x. 
VLM 

1J  XLM.  'J 

In recion 3, 

0 i xij i xRMi 

ARM 
t • ■ - — x.. 
in   XnM   IT VRM 

15 

 -"  



In region 4, 

XRM.   1 X-jj   1 X^ 

X. . 
XRE " XRM 

+ xr 

XRE " XRM 
11      XRE.   -XRM.     "        RM "^E     -x^^RM.. 

11 i i 

Once all   (x.j,  S..) have been transformed to (x^, S    ),  there exist n 
Sii vs- x^ profiles with all  edaes occurring at x^ and xRE, all 

maxima at xLM and xp... and the central minimum at x ■ 0.    These profiles 

mav be averaged with resect to S at constant x to yield a mean S vs.  x 

nrofile.     It becomes rcadilv annerent that every ith distribution will 

not have discrete S at the same x.    What is done is to choose a convenient 

xk to be used for each ith event (sav ^ - f-xLE,  k = 1.  2,   ...  L) and 

linearl" internnlate between (x. ., S..) and (x S        1 

'Ik 
SiJ + l U-C 
vi1+l 

x. . 

i.i 

+ S. . 
1J 

IT i   i 
i   i 

J L 

ij xk xij+l 

The innut fringe numbers  to the Abel  inversion dat^ reduction routine for 

an axisymmetric average vortex are simply s.   = - V S      for k - 1    ? i 
k  n ^ ik lor K " '» ^. •• -L. 

The S vs. x for both the left and right sides are'comnuted, and orovided 

that the number of events taken is sufficiently large, should for all 

practical purposes coincide. S is then extrapolated smoothly from 1/2 to 

zero to provide an outer radius of the vortex, required in the data reduction 
procedure. 

The number of events n required to form an acceptable averaaed 

event requires a compromise between the degree of asymmetry in the averaged 

event and effort reouired to acauire and reduce the data. One way to 

investierte how many events are required is to Plot parameters indicative 

of asymmetry vs: number of events. The method used in this study is to 

calculate xLE,xRE. 
xLrr XRM SLM' SRM for dl"fferent numbers of events used 

16 



andjlot the differences in sides as a function of number of events- 

JT    /'Mr    /,\^'/VS•,1•    When a11  of these oarameters converge 

/Ax 

^1 

sufficiently close to zero, a satisfactory nunber of events have been 

included.    Analysis of data obtained at both   laminar and  turbulent 

conditions  indicates  that a data set of 20 tr, 25 events is generally 

sufficient to satisfy this symnetry requirement. 

4.1.4   Flrobtll Milf IntTftroiMtry Qata kadu^tiim 

In addition to mean radial helium concentrations through the core 

of the vortex, radial nelium concentrations at various oositions through 

the fireball waKe may be extracted from the interferometry data One is 

confronted again as to what type of an averaging approach should be used 

ana commensurate with the prev,ous sections, a free coordinate svstem and 

normalization with respect to the wake edges were selected. 

The coordinates are established  in the following manner (refer to 

Figure 7):    An axis approximating the center of the wake is determined 

by eye and drawn longitudinally through the core of the vortex      The 

wake coordinate origin becomes defined  by a  line drawn normal   to the 

wake axis through the vortex coordinate origin (where it was defined  in 

Section 4.1.1).    All  cuts  through the wake are Parallel  to this line (normal 

to the wake axis)  and their locations are based on fractions of vortex 
diameters below the wake origin. 

Fringe numbers along these cuts are recorded  in the same manner as 

was described  in Section 4.1.2.    The fringe profiles for the same , /D 

cuts are averaged over n interferograms using the edges and center f, 

normalizing parameters, and when n is sufficiently large, a symmetric 

averaged fringe profiles results.    Since tne axial  symmetry condition 

is once again satisfied,  the previously discussed Abel   inversion of the 

fringe shift equation may be applied to calculate radial  helium concentrations 

17 
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4.2   HOLOGRAPHIC FINITE FRINGE INTERFEROMETRV DATA 

The Abel inversion technlqu« mentioned in Section 4.1 aoplies 

eoually well to finite fringe ^.ter^roorams, but the input S(x) are 

obtained in a different manner. 

The Procedure used to reduce finite frince interferoorams for a 

horizontal (in same direction as Parallel fringes in undisturbed flow 

reoion) cut is as follows: First, by inspection, the fringe which has the 

maximum shift is determined. A tracinn is then made following this 

fringe across the disturbed region. The fringe spacina cem be measured so 

the vertical displacement of this fringe from the undisturbed may be 

expressed in number of fringes of shift. This continuous fringe shift as 

a function of x is identical to the discrete fringe number as a function 

of x for infinite fringe interferograms. 

As ionq as each fringe may be continuously followed, it is very 

straiahtforward to extract several fringe distributions through each event. 

However, it should be noted that this simple data reduction is based on 

horizontal cuts throunh event? which ma" not be aligned horizontally (see 

Section 4.1). ConsenuentN, the flexibility inherent in the present infinite 

fringe data reduction procedure such as inclining the coordinate axes 

throunh the maxima is not Possible with this simple finite fringe inter- 

pretation. 

It is Possible to reduce data alonci a line not parallel to the 

undisturbed horizontal fringes. Through a very thorough inspection, the 

two frinae maxima may be located (if the event is skewed these maxima will 

in general correspond to different fringes) and an x-axis can be drawn. 

Fringe shifts could then be measured on a fringe by fringe basis, and the 

data reduction would proceed as previously outlined for infinite fringe 

data in Section 4,1.1. 

4.3   SHADOWGRAPH DATA 

Shadowgraph movies are utilized in this investigation to study gross 

motions of the risino vortex such as size and rise. This information cannot 

be obtained with interferometry since that diagnostic is limited to obtaining 

data at one instant of time in each event. After acouisition and 
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nrocessinq, each shadowaranh film is nmjected on a larae sheet of 

naner where the outline of the vortex may be traced frame by frame until 

the vortex disappears from the field of view. Since only gross features 

annear on a shadowqranh frame (chanae of illumination nrcoortional to the 

second derivative of density rather than directly with density as is the 

case with interferometrv), such distinct features as saddle nolnt and 

maxima cannot be distinouished, but the outline of the edne can be 

accurately identified. While viewina the shadowgraoh movies, one nav 

nuite accurately visually establish a radial axis through the center of 

each event. The data averaning procedure Is outlined below. 

Refernnn to Fioure 8, one nay define for the jth frame of the ith 

event 

I^ = ri^e heiaht fron ton of bubble tube 

D.^ ■ diameter of center of vortex 

n^j = inclination of diameter to horizontal 

Xni^ = K^f n!aI dis'nl;,cement of center of vortex from center of 
bubble tube 

D0.  initial bubble diameter 

j = 1 is the first frame after the bubble is broken 

The following Dhyslcal parameters are averaoed over n events to 

yield average quantities for every jth frame: 

(IS . i vz^i 
ID   )    " n  Z^ D— riean normalized rise height 
\ o/^ \m\   ni 

— n   n 
/D_\   -  1   \- Dij 
(D   1   " n  ZrfEr rTlean normalized diameter \  o/. i = 1   Oi 

n1      H Zrf ni^ mean rotation 
1=1       " 

/ M . i f ^ 
\fL)      n JLK mean normalized translation of center of 

0 j i=l       i vortex from bubble tube axis 
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Again, for a symmetric event, n. and f^j should approach zero as a cneck, 
*   o  • 

In addition,  standard deviations,    a are computed for each parameter where 

a for some parameter P is defined as 

where 

1     M 

i = l 
rvr 

1 
n 

p. = ±y p. 
i=i 
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Figure 6. Nomenclature and Axes for Infinite Fringe 
Interferometry Data Reduction 
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Figure 7. Nomenclature and Axes for Wake Data 
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r*r*^m<mm^*^'^** ^~ ■ 1 "    ■ . M^m     ..< .<      ^   .-  «._    . 

JUl FRA''L AFTER 
BUBBLE BREAKS^. 

OUTLINES ARE LOGE^ OF 
1tn EVf.Nl 

Figure 8.    Nomendature and Axes for Shadowgraph Data Reduction 
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5.     EXPERIMENTAL RESULTS 

A discussion of laminar and turbulent infinite fringe interferometry 

shadowgraph,  and particle tracking results are presented in the following " 
sections. 

5.1 HOLOGRAPHIC  INTERFEROMETRY DATA 

Unlike the interferometry results  reported  in Section 6 2 of 

Reference 1.   it should be noted that all  fringe distribution and helium 

concentration results presented in this  section are based uPon data 

acquired using  the sphere drop bubble bursting technique described  in 

Sect^n 2.1  of this  renort and the new data analysis procedure outlined  in 
Section 4.1. 

5-1.1    Laminar Results 

A total  of 35 horizontal view holographic  interferograns were 

obtained of separate repeat events at a  tank pressure of one atmosphere 

0.19 seconds after bubble bursting.    This  tank pressure and the initial' 

bubble diameter of 0.9 inch correspond  to a Reynolds number of 1100      Two 

typical   interferograms from this set are presented for comparison purposes 
in Figures 9 and  10. 

Averaged radial  fringe number profiles for left and right sides 

(using the method outlined in Section 4)  are presented in Figure 11  and very 

nearly coincide,  indicative of a very synnetric average event.    This average 

event had a rise of 3.1  initial bubble diameters and a diameter of 2.22 
initial  bubble diameters. 

Mean helium concentrations corresponding to these data are presented 

m Figure 12.    Since helium concentration is dependent on the gradients of 

fringe number, wider discrepancies between left and right sides exist in 

the concentration profiles than in the fringe profiles, though they are 

still  reasonably close.    Note that the peak concentration of about 4 percent 

hellun occurs at slightly less than half of the outer radius 
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Radial helium concentrations along cuts through the vortex wake were 

calculated for the one atmosphere set of data at 1/2. 3/4 and 1 vortex 

diameter below the wake coordinate origin using the technique described in 

Section 4.1.4. The resulting mean concentration profiles computed from 

averaged fringe distributions are presented in Figure 13. Peak helium 

concentrations of approximately 2.5 percent exist near the center of the 

wake, become nearly a constant value of about 1.5 percent through most of 

the wake and reduce to zero ranidly at the edge. It is interesting to 

note that peak helium concentrations occurring at the wake axis are about 

half as large as the oeak helium concentration within the vortex itself 

Thus, even though only a small portion of helium forms the wake (the 

wake volume is far less than that of the vortex), it remaps quite concentrated 

5-1•2 Turbulent Result^ 

Thirty-three horizontal view holographic interferograms were acquired 

at a tank pressure of 8 atmospheres, 1.44 seconds after bubble bursting 

The Reynolds number for these events was 10,400 based on this tank pressure 

and an initial bubble diameter of one inch. Two typical interferograms from 

tins series are pictured in Figures 14 and 15. 

Averaged fringe numbers vs. radius for these data appear in Figure 16 

The degree of agreement between the left and right sides is less than that 

of the one atmosphere data, but nontthtless reasonably close. This average 

eight atmosphere vortex had a rise and diameter of 9.4 and 4.84 initial 

bubble diameters, respectively. The aforementioned limitations in the 

infinite fringe interferometry system prevented any complete analysis of a 

high pressure vortex at an earlier stage in development. 

Mean helium concentrations as a function of normalized radius were 

calculated from these fringe distributions and are presented in Figure 17 

The late stage in development of the vortex is reflected by the concentration 

profiles indicating little or no helium present within the central region 

approximately 0.4 times the outer radius of the vortex. The size, 

and the low peak helium concentration (canpared to the one atmosphere case) 

are indicative of the late stage of development and resultant large volume 

of air entrained by the vortex. 
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5.2        SHADOWGRAPH SIZE/RISE STATISTICS 

rate o/r? S^ "^H0' Shad0W9raPh m0V;" Were °bt^ *< * "•"• rate of 24 fra.es/second at pressures of ,, 4, 8, and 10 atmospheres to 

eter,„i„e «.„ and standard deviation size/rise characteristics of seated 

flrebil ..    They «ere averaged fra.e by frame using the procedure outlined 

.n Sect,on 4.3.    Selected frames f™, a typical  turbulent shadowgraoh 

movie were previously nresented in Reference 1. 

Non-dimensional  clots of rise vs.  size are depicted on a logarithmic 

icale („ Figure 18 for all  four Pressures.    Additional  tnt.rf.rom.tr» data 

Ptmnts and fireball  size/rise data fron an atmospheric nuclear test are 

e so presented in this figure.    Since fireball size and rise are among 

Ihe better documented data from full scale nuclear events, an indication 

o.- the validity of this  laboratory simulation may be inferred through a 

comparison with full  scale data.    U is apparent that the turbulent (eight 

an     en atmosphere)  laboratory data are in excellent agreement with published 

results of at least one low yield, low altitude atmospheric nuclear test 

Conversely, laminar and intermediate Reynolds „umber simulations reflect 

a much raste,. rise, resulting fron, a less pronounced entrainment of air 
than the turbulent events. 

5.3        PARTICLE TRACKING  RESULTS 

Typical  Photographs of evolving narticulate seeded vortices are 

presented in Figures  19 and 20 for comparison purposes and illustrate 

dramatically the effect of turbulence o, toroid structure.    Figure 19 

represents a laminar vortex taken at a pressure of one atmosphere with an 

tnltlal  bubble diameter of one inch corresponding to a Reynolds number 

of approximately 1300.    The important feature of this  photograph is the 

distinct toroid  "jelly-roll" structure apparent throughout the entire rise. 

Figure 20 displays a turbulent event acquired at a pressure of eight 

a^eres with  the remaining test parameters identical  to the one atmo Phere 
ho ograph.    The Reynolds numbe|   for thi.s ^^^^^ event was ^^ ^^ere 

n this case,  turbulent mixing has completely overwhelmed all  internal struc- 

ture ev.dent in the laminar event.    It is apparent from these and similar 

vortex structure photographs that a "jelly-roll" structure as such is strictly 

assorted wnh a  laminar event and will not exist in a full scale detonation 
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6. CURRENT STATUS AND FUTURE PLANS 

Within the fringe spacing capability of the finite fringe 

interferometer, 5 to 6 additional sets of interferometry data will be 

acquired and analyzed by the end of this phase of the study. They will 

consist of 

(a) Minimum obtainable Reynolds number tests at low rise 
height and pressure to simulate the most laminar condition 

(b) Maximum obtainable Reynolds number tests using N2 bubbles 
in an SF6 environment at ten atmospheres pressure 

(c) Tests conducted at constant rise positions but different 
pressures to provide Reynolds number dependence information 

These tests are currently in progress and results will be published in the 

final technical reoort during September 1973. 

Direct turbulence measurements using the present diagnostic instru- 

mentation are not possible, but an extension of the study is olanned which 

will allow simultaneous velocity fluctuation and density fluctuation 

measurements to be made using a two-component laser Dopoler velocimeter 

and a density nrobe, respectively. These essential measurements will 

be used to guide and provide inputs for the development of turbulence 

model equations for fireball flow fields. 
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