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Arneld Kivnick

and
He F. Jchustcns

LR

Historical Background ;

the cloge of Wovld War II, it was foreseen that many of the

[ &'
=

new developments in miiitory items required applications of the principles
of fiuid dynamice and that resesrch in this f&ZId would be fruitful in
providing a better understanding and new principles con which furthsr
applicetions conlid te developed., Thus, the Office of Research and Ir-
ventions of the Navy Departc-ent established Contract N6-ovi-971. Task Order
X1, with the Er-ineering EBxperinert Station c¢f the University of Illianois
to investigate certain aspecis of mixing 2nd transport in high velncity
fluid streame, The work was srarted oa June 1, l9h6. The contract has
beer extended by the Offica of Naval Research (successcr to (CRI} to the
final termipatioa dete of December 31, 1953, The t2otal estimated cost cof
the contract ia $106,240,

The ctjecte of the work heve remained essentialiy uonchengsd in the
gseven and one half veare, but the conflicting pressures of persounel &nd
financial requiremente hawe
trative machinery of the program and in the detrils of the problems under
study., Juring the period October 1, 1950 to December 31, 1951, when ONR
vas unadble to provide ths necessary support, the Biological Division of
the Army Chemical Corps supporisd the program under Contract No.

DA-18-064-CML-4U5, From October 1951 until the termination of tke contract,

v u_.‘s'ﬂ's
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the program was supported jointly oy the Office of Nsval Resesrch and the

light Research Iaboratory of the U, 5, Air Forces,

Personnel

For the Navy, scientific supervision of the program was handled by
the follov{ng persons in chremolegical crder: Comdr, L. Sleck, Planning
Tivision, ORI; Comir, John J, Baronowski, Planning Division, ONR; Mr. C,
A, lLejonhud, Planning Divisicn, Fluid Mechanics Branch, Oik; Dr. G, V.

Schiiestett, Fluid Mechanics Branch, ONB; Mr, P, E. M1llovney, Fluid
Mechanics Branch, ONR; Dr, B, Brombtorg, Mechanic¢s Branch, ONR; &and Dr, P,
Jo Weyl, Mechanics Branch, CNR., The contract hws been admiuistered by the
Chicagc Zranch (“f+.r  “NR., Adminiatrative details were handled by Mr, P,
X. Pinnignan, Besijent Representative of the ONR in Urtana,

For the University of Illinois, the business aspects of the program
were handisd by Mr, C. C. Delong, Bursas of the University, FProm 1946 to
1950, the technical direction cf ifhe ccntract was provided by Professcr
E. P, Johnstone, ty Professcr E, W, Comings during 1950 ea¢ 1951, end by ‘
Professor Johnstons from September 1551 until the terminetion of the
contract, During the first year of the cuntrect, Dr, H. G, Drickamer was
coordinatcr of the resesrch snd gave direct supervizion to the work,
These duties were teken «ver by Dr zandsr iTom Sepiember 1947 to
February 1950, Dr, Arncld Kivnick supervised ine program under the general
direction of Professors Comings and Johnstone from Octcber 195C to Auguset
1952, All the above were on the staff in Chemical Engineering at the
University of Illinoie.

Dr, Thomas Beron cerved 28 censuliant to the program from 1948 until |

244
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19531, without remunerat.cn, During 1951 he alsoc shazred with Dr. Kivnick
the direction of the experimental studise being carrisd on by the graduate
research assistante, Dr. Ajexander served ss 2 consultant during the
summers of 1950, 1951, and 1952, and prepared many »f the technical reports.
Professor J, ¥, Westwater served 28 Research Asscciate on the program dur-
ing the summer of 1952,

Mr. Joseph G, Frommer, a consulting electronics engineer, mads

valuable contributicns Lo the werk by deeigning a sensitive hot-wire

1)

remcmatar ugsed in the experimental studies,

Most of the experiamental work ard many c¢f the fundamental develop~
ments were coatrihuted Ly research assistants, The following graduate
studenta in Chemic2} Epngineering were emplcyed as assistants on the O0MBR
contract: Thomes Baron, He A, C2%218i, 0. L. Coldrem, R, D, Dm=niezlson,

Ee Lo Grimmest, R, ¥, Kunstman, A, F, Limper, J. E. Nowrey, E, E, Yolonik,
Je %o Romzno, M, £, Tassler, J. P, Taylor, cnd E, A, White, 4, ¥, Spero,

& greguate student in Electrical Engineering, was empleyed in the con-
strncticn ¢f the hLot-wire a2nemometer, Alsc working on the progrma under

the 4rmy Chemical Ccrps Contract No, DA-18-00L-CMi~4l5 were B. H., Bollinger,
0. 4o Elgert, and E. D, Honze, graduate students in Chemical Enginesring,
Undergraduate students wic worked a8 assistants wers D, Backer, B, W, Harris,

A, ¥, Miils, B, Scharmer, B, Srmith and E, A, ¥hite,

Objects and Program

The propcsal on which the original project was based was entitiei
"Investigation of Mixing of Fluid Streams®, The objocte of the work were

stated as follows: %To cbtain 2nd correlete informsaiion ca the mixing of

fo il
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Eren

13

$




Gy ipd

R AR R

TOEVINOrL EOY YR O Y

€D ATIE TSI IO IYRIAE (TN Y [

= L e

fluid streams under commonly used conditions®, The correlaiions ¥ere to
be besed upon the conservation relationships feor mass, eanergy, momentum
and heat. and the transport squations for heat, matter and momentum,
Empirically determined equations were to be used where necessary., The
conditiors to be studied were 28 follows:

1, Gss jet discharging intc stagrant ges

2, Other combinations of jet and amdlient fluids

3s Imzinging Jets

4, Mixing of sirsams in pipes or ducts

5o Flow of fluids in spiral motion

Turing the periad when the Army Chemical Corre ccntract was in
my

effact, the program wvas continued in full, When the partial support of
the Flight Research Laboratory was secured in 1951, the program was
enlarged to include *Fundemental mixing investigations, ths remults of
which would bs applicebls to the eventual design of jet pumps, Jot

augmentors, ducted rockets, and ianduction wind tunrels®,

Research Results

In evaluating the results of a program of this neture, a mzasure

of the effectiveness lies in the reports and published scientific yzpers

nite of this

in vhich the fruits of tha research are made knowr. The re
program are contair:d in the sevaral roports that have bean submitted,
There have heen tourteen technical reports, designated serially T. R. 1
through T, R, 14, in connection with Contract No, NE-ori-071(11). Ths
seven techmnical roporis issued in connection with the Army Chexical Corps

Contract DA-18-06U~CMI-U45 were designated serially P, R, CMi~1 through
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T. R, CMl~7. Research resnlits of leaser impcrtance nhave bheoen reporved in

gix Tachnical Memoranda ir connecticn with the Quarterly Prograess Reports

end the Fizal Repovit, Many of the technics]l reports heve been published

in modified form in scientific jourrais, ginally. many of the graduste 2
students employed &8 research aesistants on the progrem have presented

their results as theses in pertial fulfillment of the requirements for

advanced degrees in the Greduate College of the University of Iilinois,

These are cn file in the Library of the University,

Tw
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sults wlll be discussed here briefly to show the

acccmplishments and deveilopment of the work.

I, Ges Jet Discharging into Stegnant Gas

Studies under this heading constitute the greater part ¢f the
program, They will be considered in two parts: Theoreticai and Bxpsri-
mental,

A, Theoretical Studies

Early attempts by Prandtl and others to develop a model by
which the benny' v of the free turbulent Jjsis could oe explained resulted
in unwialdy equations regquiring numerous empirical constants, Reichardtl
obgerved empirically that the Gauseisn error curve provides good corrslaticn
or fres jet data, &nd investigated the methematlcal assumplions necsasary

£ -
s

- mcemle Lo ah F o
vi DdBuwil

functions 10 vrovide solutiions to the equations of moticn,
In tha firat technical report on the contract (;); Baron
noted the analogies hatween the dynemic behavicr of fluids and the processes

of mass and heat transfer cccurringin them; believing that & solution to

ek

ons typs of transfer problom might provide sirmltaneously the solution ¢o

- a e e e e e > wm ap e -

l1Rejchardt, H., "New Theory cf Free Turbulence®, Z, apg. Math. u, Mech, <
21, 257 (19%1), Roy. Aero. Soc. J. 47, 167 (19&3’5 1S
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others, He chose tc consider turbuient transport phsaomena from the
probatiiity viewpoint, as distinguished frem the mechlianistic view of
Praadtl, He hypothesized that ths momentum flowing from a differential
area is distributed in planes perpendicuiar to the direction of mean flcw
in 2 manner analcgcus to the distribtution of psrticles diffusing from &
point source according to Fick's law, Utilizing the work of Taylor? to
evaluate the mean square deviation of the vosition of such perticies

from the msan; he obtainsd equations idsntical with those found weviousiy

----- -y

Tas pAYAS

Alexander adopted the statistical anproach suggested by
Baron, and calculated the velocity field adjacent to the source of a
turbulent fres Jat (1)a It was recognized that Barca's statistical method
achieved the sags result as Reichardt's treatment, i.,e., linearization of
the 2qustions of motion, Thus, the principle of superposition was applicable,
The an=logies tetwean the tranaport of momentum, mass and heat were noted
and the expressions already developed for the transport of mcmentum were
extended to the tramepert of heat and mass (5,32).

Alexander sumamrized the previcus work con free turtx:lent jets,
and showed that the worticiiy tramnapor% theory of Tay.or3 could be employeﬁ
to yicid equations sirilar in form to those derived eariier by Reichardt
and by Baron, He extended hie treatment to the plane jet and the slit jet,
as well as the round jst previously hmndled, and found that the same
equations applied to al) three céves, differing only in the value of the
eingle empirical ccnstant present iam the eguations (13).

Working with the equations ohtained as above, Kivrnick derived

- w w e e w a e w w = -

3 Taylor, G, 1,, Proc. London Math, Soc. 20, 19b (1921)
3 Taylor, G, I., Proc, Roy, Soc, 1354, 685 (1932)
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expressions for the trensport of momentum, heat and mass fcr the crse of
a turbulent jet discharging into & meving stream (16). He showed that, for
this case, one could pradict a prior: thet the empiricel censtant in the

”~

free-jot equations (calied ths “spreading cou7icient®™) should pe 8 funciion
of the retio of the initiel velocity of the jet end the velocity of the
noving sirestm, aund should very from zero when the ratio was unity to a
maximum vaiue as the velocity of the moving stream approachked zero, The
evnarimental data of Foretall and Shapir? were adduced 2s experimental

verification,

Baron employed the equations for free jets previously ob-

=
b

teined, in developing & theory for the behavior of the turbulent diffusion

which permits rrediction as to the eize snd chane of manh {lames

-y
._J

ams
within the bounds of angineering requirements (31).
3, Experimental Studies

Ar cxtensive program of experimentaiion involving free jet
systeme hes been carrisd out, All experiments were in the subsonic velocity
renge, In the earliest work by Cataldi (1§)= a free jet of nitrogen vas
discherged into an entreiner .nto which ai- was drawn by entratament, The
gas stream in the snirairer was pessed through & partially opened valve
and a rotameter by which the total gas flow wes measured, The entrainmsnt
ratio was determined by amalyzing for the oxygeu content of the gas flow-
ing %“hrough the rotameter, from which the ratio of entrained air to the
primary Jjet finid, nit;ogea. wes calculated, This study was intendsd to
estnlieh the effect upon the entrainment ratio exerzieed by such variables
as jet velocity, Jet shape, enirainer chape, the distance between the jet

and the entrainer, and the internal resistance of the cntrainer,

“vorstall, ¥W., and Shapiro, A, H., J, App. Mech. 17, 355 (1950) -

> 1



Only qualitative apswers to » few of the ahoee gueations were obtained,

apd the recessity for a pregram on free jecs without the added compliceticn

i\

of the entrainer was cisariy showvn,

R

Fh

Grimmett studied the effext ¢f velccity on the flow properties
of free jots (43). Hde used An impact tube tc measure redial and ax:al
velocity prefiles at different nczzle w2iccities, and found the profiles
tu e 1ndependent of velecity withig the ronge studied, Taylor, investi=-
gating the radilal vrofiles 2s 2 fupcticn of the axial distance from the
set (51), observed tiuree distinit regions with different flow character-
isticvs, At distsnces greater thar ten nczzle diemeters, the velocity
profiles were of similar shape, and were generrlized to a single rormelized
profile. Taylcr, Grimmett, and Comings (2,£,36) present=d the above ex-
perimental resultc and discussed tne tranmspert of mcomentum and energy
calculated therefrom, The dats obteined {rcm these investigations were
correlated empirically, but the form cf the ccrrelations clossly paralieled
the aquaticns deduced by Beircn and Alaxander {5,32).

The theoretizal studies indiratad the eyvicstenca of thres
types of similarity in the flow properties of free cetsr (9) gecmetrics
2,5 Scoezsive profiles i pumeditus fiux ere sim lavg ()
dynanic similarity, i.,e., the racd:al mcomentus {1ux profiles are of the same
shape, regardless of the dischaerge velocity; and (¢) dimensiona’ similarity,
i.80, the radial moumentum flux profiies ere ¢f the ssms shape, regardless
of the nozzie diameter, The experiments 2% Tayler {51), Srimmets (
Polomik (Eg). respectively, established the existence cof all threc Yypes
of similerity,

Alexander shcwed experimentally that his equation describing
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the momentum flux distrieution In the region adjaceat to the source of a
frese jeuv agreed reasonably well with the mcesursad values (2). Teylor

found that the exact form of 2 nozrle and the level of turbulence in the

Jet issuing therefrom 2ffect the flew pattern only close to the jet (52),
irndicating that the turbuilent shear fcrces which become effective at
distences greater than one nozzlec diameter have a far greater effect upon
the ultimete flow pattern than does the izitial nature of the flow,
Grimmett (44) mepped the velocity distribution of four dif-
ferent systems:. & single nozzle discharging eir tc thse 2tmospbers, twe
parallei nozzles discharging to the atmosphere, & single noz2ie discharging

2d jacent to an infinite flat rlane parallel to the jet exis, and a nozzle

ot

gischarging into & siraigh, duct, He then attempted tc use the principle
of superposition deduced by Baron and Alexandsr to prsdict the velocity
distribution in eacit of the complex systems frem the distribution of the
gingle no2zle diascharging into the atmosphere, His data, although agree-
ing moderately well with the predictions. &rs 2 cleer indicetion that the
statistical approach of Barom does not tell the whole s tery of muitiple
jet syesteme, though it serves very well for the flow fieids of a singls
Jet at a distence from thie nozzlic, and i3 ndequate to predict

tggnflow pattern close to the nczzle of a single jet, with the aid ¢f the
principle of superposition,

Alsxandéer, Barcen 2nd Cominge (§) presented a resume of the
literature on free jete, and & discussicn of the experimental studies
described above, The same authors revised that repert and included 2ll the
experimentz]l studies cn free jets in &.3ullistin of the ¥Engineering Fxperi.

ment Station (gg). Alexander also prepared @ bibliography on free jets and

ducted jets {14,
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II. Other Combinations of Jets and Ambient Flu:ds

&% the time the progrsm was proposed, 1t was intended tnai this
phase of the research should consider four combain~tions: A liquid jet
discharging into a stagnant 1liquid. & non-cordensing gas jet discharging
into & liquid, A condensing gas Jet discharging into a ligqu:d, end fipally
& liguid Jet discherging into a gas, The first of the abecve systems wes
invesvigated bty Albertson et il?,and was found to bvehaze very like the
syatem of A gas jet discharging into & stagnant gas, The second aré third

items avove presented preblems in inetrumentstion nct readily @weanable to

to the fourth item, and a study of atomizetion of iigquid jets thus ensued.
This study wes later enlarged to includz 2an investigaticrn ¢f spray dryers.
A, Theoretical Studies

Baron's work on atomizetion (!) was intended nct so muck to
provide a quantitative relationehip upon which design calcuiations might
be based, #s to examine the severa] inecries of Zrcp formaticn togeiier
with ths merthematical relationships resulting from them agd to cheoose tast
combination of theories which contzined the leas! amcunt of zontradiction,
He arrived at the follewing conclusion: An initially spherical drep,
plecsd in an alr stream, 1Is defcraed dy fricticnal dreae and inertial forces,
The daformation 1s AccompAnied by An increonas

tends to restore the drep to lte initial sphericsel shape. There results

» tendency touward osc¢iilétion aboul Vhe spnericel equilibriwm ceeiigucaiion,
In order that thc oscillation miy proceed without opposing the drag and
inertial forces, the drop i3 iorced to rotate in synchronization with its

osciijaticons, In c¢ons2quence, centrifugal forces are set up which further

ie e wm e e o e e - -

BAlbertson, M. L., Dai, Y, B., Jensen, R, A., end Rouse, H., Proc, Am, Soc.
Civil Fng. 74, 171 {19u8). T
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increase the tendency tcward deformation. Becimae of the synchronism,
the system is one of forced vibrations with viscous dampinz, 1In such a
case, there exists & critical degres of deformation beyond which the dror
canncei r2ture to its spherical form, but 4isintegrates instead,

The mechanism postulated for the disintegrsticn is maa follows:
The distorssd dropiel takes the form of an oblaie ephercid, When the
zritienl Acformetion is resched, centrifuzal ferce tends to ferce the

1quid toward the periphery of the drop, yi=lding 2 shape like thei of a

£y

[

doughnut with & thin web persisiing perpendicular ¢ the axis, The ihin
web 1s then blown out, &and the distcrted droplet takes on the shape of an
inverted cup with 2 heaxvy edge and an extremsly thin base, Disintegraticn
occura 23 the thin tase tears, avidence of this mechanism was foand in the
observatione of lLenard®, who showed that a drop con81sté'e1ectrica11y of

a negative laysr at the eurface paralleled by & positive layer fartiier 1n-

ward. In consequence of the prtiern of forces previocusly desceribed,

positive charges are forced iLownrd the heavy cdge of the cup-shaved droplet,
snd the negative charges concentrate in the thin basge, The drcocplet is then

"blown® anart, with the positive charges being present in the large droplets
formed from the liquid at the edge, ~nd extiremely fine negatively cherged
droplets formed from the thin base,

FKivanick (18} considered the csalescence of droplets under
the influence of turbulent jets, Ee started with an equation previcusly
derived to predict the rate of rcollision of c¢clleidel particles uder the

influence of a velocity gradient. and obtained an expression for the rate

of collison of droplets, He found that the rate was proportional to *hse

@ am cm e e e m s e e em

SLenard, Azan. Phyzik 44, 4el-a7 {i5i5).
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concentration of droplets of the size being conaidered, the ra2tio of the

volumes of the discontinuous and continuoua phases, and the veiocity gradient,

which is related to tha fiuctueting velocity in a turbulent system,

The rate-of-coll:sion equetion was applied to the case of
coajescence of dropiecs from a twe-fluid spray noezlc in two ways,.

Firet, & method wes found 10 estimate the upper 1linit of coalescence by
combining the rate equatics with cgunticne for +he momentum profiles of
free jets, ignoring the effects of the jet in diluting the spray, and
Appiying A highly simpliifisd view of turbulence distribution within the
jet, An equation resulted which c¢tates that the fraction of droplets of

& given cize remaining at 2 given distance from the nozzle is proportional
t¢e the distance raised io an expcnential power proportignal to ths product
of the Reynoléds number for the gas ficw through the nozzle times the ratio
cf the wclumes of the discentinucus and continucus phases,

A more precise expressicn for the exient of cnalecscence wa
cttained by setting up difiecrential eguations expressing conservaticn of
droplets cf & given size, conserveticn of all droplets, end conservation
of mementum, The equaticn for conservaticn of drepiets of a glven size
involves the rats-of-collision equaticn, which in turn is & function of
empirically determined turdulence dats, The concentration of droplets
= Compulsd by simultanss
of the three differential equations mentiocned, Becauvse of the ccmrlexity
of the enueticns,. and the ract that the turbulence doata cannol be racuced
readily to analytic forns, soiution of the equaticns by anaiytical means
is not possidble, It was suggested thai the scviution might be possible

by converting the equation for conservation of droplets of given egize into

$ihe

sl
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e finite difference equation, #nd then solving by an itcrative procedurs,

The reference report includes details of the proposed finite differsnce

B. Experimental Studies .
The atemizetion of ligquids Yy injection into higb vejocily

€3s streams in a venturi atomizer wus studied by Limper (&1). Be ip~-
Jected cil anasater inte venturji throats of different diameters and vary-
ing exit shapee, and stulisd the effect of ajr velocity and the cther
variables cn the size distridbution of the resulting drops. Hie results
were rendered questionsble by the fact that appreciable amounts of
atomized 1iquid collected in the diffuser section of the venturi and wcre
re-atomized by the air stream, His drop-size distridbutions wers taken,
thersfore, not merely from the population of droplets formed by atomization
at the throad tut alsc frem those formed by re-atomization, The inability
te distinguish between the two vitiated the value of the study.

At thi

(3]
"3

oint in the program, it was decided that furiher
concentration upon the study cof atomization per se wculd necessitate such
an axtensive progran of insiTumentation develcpment as to prevent further
work on other phases of {ha program, The etrdy of the mechanism of atom-
ization was acesrdizgly terminated, and attention was directed tc other
S Noo temar
Ajerander and Coldren (9,29,39) studied the transfer of
small watar droplete from suapending air to duct wails. Droplets formed
in an air-2tomizing mo27ls were sprayed intc a test section, along with

air induced by the high-velocity stream from the nowele  The length of

the test section was varied, At the end of the tenst section a collection
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rake wes used to sample the suspended 1liquid &t nire differeul points on
a diameter. It was found that, Iln regions close to the nozzle, the profiles
of droplet ~oncentration wesre not at all flat, indicating that the resiatancs

to droplet depecaition 1ies in the main stream iiself, In the region farther

£

way from the nozzle, the flcw mcre closely resembisd normel pipe Ylow, and

he btulk of tne resistance {o the movement of the droplets to the wall lies

r

in the laminar film adjacent {0 the wail, ZEmpirical equations weres used

to correlate the experimental date in terms of mass transfer coefficients,
Tt appeared that (wo regimes existed in the system, one close tc the nczzle,
the other farther -~way, and that the transition between the two was gradual,
Tne egquaticn srhowed trat the mase transfer coefficients were dependent upen
the gss veloc1tvy o both regimes, but that hoth the exponent and the co-
efficient of the velocity term differed in the iwo reginmes,

Coldren and Comings (21,40) inveatizated the behavior of a
high~velocity spray dryer, It was their intention to construct a device
which would atorize & liquid intc a gas siream at a high temperature and
move the atomized material so rapidly thrcugh the high temperatu e zcne
that rapid evolution of water might te effected without overhsating the
material dissolved ia the water., A second purpcse of the study was to
permit an evaluation of the applicablility of the equations developed earlier
fer hemegeneous jets to heterogeneous systems, A cseries of differential
equations was set up: ons equation stating conservation of momentum,

v
enother the conservation of heat, & third the conservaetion of droplsis,
a fourth the conservation of water vepor, & fifth the conservatiorn of total
moieture, énd a gixth the conservation of tcotal enmergy. By simultaneous

solution of the gix equations by analytical or numerical means, as required,

FRPNRE 1 10N
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there can be predicted profiles of momentum flux, temperature humidily,
end droplst concentration, which met be checked against observetion,

One of the yroviems encountsrcd iz the cperation 2f such &
dryer lies in the fact that ths dried materizl must be collected; hence
the nozzle rmst be pilaced within & duct, When a jet is discherged into e
duct {see Section i¥), there is a tendency for the jet to spread rapidly
until 1t strikes the wall of the duct, If the jet contains a moist 205134,
the 50114 is 1likely to coilect on the walls in the zone of impingement of
the jet, In that case, ihe dried material is exposed to the high tempera-
ture for long periocds of time, thus defeating the purpose of this type of
dryer, It was necessary tc scek some means of stabilizing the jet; iL.s,,
preventing 1ts rapid epread, Elgert (42) tried first to allow the Jet to
entrain sufficient air to prevent spreading, This was not suceessful, Iv
was then decided to use a forced secondary air stream., Thus, 2 stream of
solution was atomized by injection into a high-velocity air jet at a high
temparaiure; the latter jet discharged into a heated couxial air stream
moving in the same direciion as the jet. As indicated by sarlier studies

on coaxial jews {1b), the effect of thie system was to stabilize the jet,

L
or to reduce its rate of spread., It was therefore possible %o operate
the high velocity spray dryer with a forced recondary air giream without

the risk of derositing undried sclids cn ihe wall ol the dryer Chambver.

I11, .Impinging Jete

The work on this subject was limitad to an experimental progrem
invoiving impinging gua Jets, mounted st angles of impact varying from

0 to GO degress. Baron and Bollinger (17,3]) rede impact tube traverues
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for several combinations cf angle of {mpact and relative nozzle vslocities,
for each nozzle diecharging serarately ard for both discharging together,
These experimsnts were intended to show the degree to which the principle
of superposition might ve expected to apply. They found that, for the case
of parallel nozzles, the princirie of superpositiocn gave results within the
1imits usunlly demsnded in engineering work, for Gtoth nozzles operating at
the same discharge velocity, and for one nozzle at twice the velocity of
the other, However, for the case of nozzlecz oriented a2t an angle of impinge=-
meat as small &s 7 degrees, the principle of supergpcsition failed utterly,
The euthors belisvei that significant static presaure gradients exiested,
rendering the Reichardt hypothesis and the principle of superposition
deduced from it invalid, They comcluded that only Ty & more fundamental

approach to the turbulence problem itself might further progress be made,

IYS“ g};ing of Streams in Pipes or Ducts

Following the course of action usually employed in this prosram of
proceeding from the relatively simple to the more ccmplex, this probiem
wag attacked as a special case of the free Jjet: a jet discharging into a
duct, or ducted jei, Iater experimental studiee considered mixing under
condi tions of se~-c2lled normal pipe fiow, !

A, Theoretical Studies

Using the Reichardt hypothesis, or its egnivalent, Ba’on's

statiatical approach to the frec jet problem, end the principle of super-
position deduced from them, Alexander derived squatione which vere at the
same time solutions of the equations of motion and satisfied the boundary

conditiens for the case of the ducted jet (11,30). These equations pere

mitted the correlatior, and therefore presumably the prediction, of

SRRV S
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monmentum flux distriovution at verious points within & ducted-jet syetem,
The equ2ticns sc obtained were extendsd 1o csver the transport of heat
and mass in the ducted jet (12,33 Pt. II},

it has often besn observed thet in turbulent systams the
transport of heat occurs more readily then thet of momentum, and tha two
rates of transpor% are in the ratic 4/3, 1In the course of the derivation
of the expressions for the transport of heat in the ducted Jjet,., it was

b i
t% Th

d - LGaak snas Fu ke Sa®d v !
found that the sprending ccefficicnt for hoat was in the ratio %/

AP

spreading coefficient for momentunm., &8 axpected,
B. Experimental Studies

Inthe first studies on the ducted jet system, a jet was

g
v

I

discharged in duct such that the temperature of the emergeant ot fluid
w2g the srme as that of the induced air, Impact pressure $raverses vere
made at several cross—sections ajong the duct, and the static pressurs was
measu-ad along the duct wall, These datas were satisfactiorily correlatad
by the method deseloped by Alexander, as descritod above (i1,20), FKexi,
sxperiments wveare cZonducted in which the jet wes at a temperature considerably
above that of the induced air (15.33 Pt. I, U5), Msasurements of both im-
ot pressure and temperature weis made, The temperaiurs measurements,
performed with the use of & fine thermocouple, fell botween the stagmatiion
and free cireem temperatur. 3, 2y vtaking advantage of tha fact that the
nozzle used for the jet waa deeigned to give adiabatic expansion, it was
postible to determine the cuefficient of recovery for the partisular
thermocouple used, and so to calculate ths fres-stream temperature, once

the thermocoupie reading andé the impact hexd were known, The data for

the non-iscthermal cducted jet were correlated by means of the sguations
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for mass and heat transport in ducted jot systems (12,33 Pt. 11I).

In both sets of experiments, the same flow systsm was used,
In both cases, it was observed that the meomentur flux was abnormally low
at dictances relatively far from the dunt wall, givine ris2 to speenlation
thet the thick boundary layer whose presence was indicated by the reduced

mouentwre flux was céusad by incipient choking in the duct, Choking was

thokfR

deiined &s the vhenomenon which exists when a jst, prevented from entrain-
ing the required amount or secondary fluid, sucke bsck 8long the duc: w211l
fluid already eatirained. Arother possible explanation of the thick “oundary
layer was seperation caused by a fairly sharp corner at the point ati which
the entreined 2ir entered the duct, 1In order to resolve this guestion,
experiments were carried out using the same duct and Jjet as before, with
the ertry for the entrained fluid faired, as for the entry cf an inducticr
wind_-tunnsl, Ia thase experiments (ggjgl) the thickneas of the bhoundary
iayer wes markedly reduced, It was obvious, then, tha! regardlesss of
wheinsr the thick boundery layer was caused by irccipient choking or v
seperation at the entry, the faired entry eliminated the 4ifficulty; hence
the sherp-edged entiry was the cause of the thick boundery layer.

The ducted-jet studies heretofore considered dealt with the
distribution of conserveble entitiss within 2 duct into uvmc ond of which
a jet wae discharged concentrically. Experiments were also conducted to
determine the distridution of momentum flux within a duct concentric with
a jet located fifteen nozzle diameteis from the duct entrance, These
date, obtaiped by Grimmett (4U), were correlatec by Alexmnder (23 using
the reletionships previonsly obtezined (;l). The agreement beiween the

data and the correiation in this case i8 not so goocd as for previous cases,
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The discrepency is explained 2s follows: In obiuaining the constents for
the correl~tion in the case of a jet discherging directly into a duct,
form! integretion is poseible, rielding precise results.‘ In the case—n
Jdescrived here, a graphical integratioan based on ihe experimental data
is required, as well #s5 caiculations which involve smell differences be-
tween large numbsrs, divided by the squeres of small numberse, Ae 5 result,
discrepancies as jarge &g 200/O were chserved,

In r«+sponse to an ONR request for a study cf the hehavior of
low-velocity Jjet pumps in which the primery Jjet was of the order of 2/§

the diametar of the duct, a seriss of experiments was carried ocut with such

n ¢onneciion with such pumps:
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the wvelccity of “ue primery Jjet,
or dees the pumping officiency vary with the pricgiy ;- -7 cityr 2, Does
the mixing length (i.e., the distance 2t vhich mixing of the jst and the
induced siresmz is complets) vary with Jet velocity? It was found (25)

2

that tﬂe induction ratic romtined substantislly constant as the Jab
velocity varied from 50 ft,/sec, tn 250 fi,/sec,, and that the mixing
length tooc wes reiaiively little affectead by velocity veriations,

Alexander's bibliography {14) mentioned previously, includes
the ducted Jjet as well as fres Jets,

The final studies on floW in cducis were concernsd with the
Raynolds 2nalogy taotween the transport of momenfium and hea: in such flow,
Kunstman {(i46) showad that the criterie for similerity between momentnm
and heat traaspsrt could be stated in terms of the equality =f two

turbuleat croes yroducts, both measurabls Ly means of the hot-wire anemomster,

The experimental problems involived in the dasign of the a2nsmometer are
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discussed in more detell under “Instrumentation”. It was shown (19,4€)
thot the Reyrolds expression for turbulent shear in terms of zress.products
of tusbulent velocity components i8 subject to exrerimental verification,
The data obtained, although they canrnct ve taken ae convincing prcof of
the mathermotical similerity hetween turbulent heat and momentum transport,

at least cffer confirmation of thet aimtlarity.

V. Flow of Fluids in Spiral Motion

Ko formal.studiest thaoretical or experimental. were performed
undar this heading. The development of the instruments prereguisite for
such studies did nct reach a satisfacicry satage until the spring of 1953,

at wnich time the decision to terminzte the program was alreedy being made.

V{, Instrumentation

Any expcrimental program which attempts to achieve accurscy in ita
measgurements must of necessity expend conalderanle care in examining and
calibrating the instruments by means of which those measurements are made,
it is frequently the case that expecrimentera in new fields must devalop

their own instruments, cor sxsri coasiderabie effert in modifying existing

L}
]

ones te suit their needs,

The wust serious instrumentation study undertaken in the course of
this program was the develcpment of & hot-wire aremometer suitable for
meaguring the intensity of turbulence and th2 crcss-products of the axial
2nd radial cemponents of turbtulsmcs, and tsmpsiature fluctuations. A
second development rrogram dealt with a pneumatic thermometer and hygro-
meter, Firally, &n inguiry into the precision of total=-head impact tubes

posed several quescions fer which ithe answers are still unknowa,

i £X 23T
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A, The Hot-Wire Anemometer

At the start of the program, it was reccgnized that turbu~
lence mmst play an important rcle in determining the rate of spread of
free jets, Attampts to measure the level of turbulence 1n such jets were
cl2Rrriy ir crder, and ccnstructicon was btegun of an instrument capable of
making such measurements, Sper: (50) buiit the first hot-wire anemometer
used in this pregram, His instrument was not satiafactory for the purposes
of the program vecause of the high ncise lz2vel in the early stages of
amplification, This type of anemcmeier operates by measuring fluctuations
in the resistance ¢ a fine matallic fijament, The temperature of the
fiiament varies becsuce of changes In the rate of heat transfer ‘rom its
surrace caused by variaiicas in the velccity of the gas stream in wnich
the filament iz immersed; the ismperature veriation causes fiuctuations
ia the resistance, The varinticns ia resistance are small, 2ud must be

measured, However, mostv amplifiers create small random

€O

amplifi=d tc %
fluctuaticns of their cwn called "thermal noize™; when the thermal nolse
is of the same ozder of magnitude as ine signel to be amplified, the

reaulting amplified signal bears an uncertain rezembliancs to the fluctu-

ation originally fed to the amplifisr,

The anemometer usnc for the studicse 4in this precgram was

%

Aacd ona
QELagne

Y. Trnan
v v row

§

g oyed on the contract,

apd was b2ilt oy #. Y. Kunstman. The instrument i1e of the constant-current
tyre, and many of iis circuits are modelled on those used by Schubaner

and Klebanoff?, it is descriled in References 7, 19, and 46. Reference 7,

an cperating menual rrepered in 1950, has been renlered obsolete by changes

in the instrument. A4 complete wirinz dizz:rzm is avallable in Reference Uf,

- a e e e e W = e e @ -

7Schubauer, G, B, snd Klebanoff, P. S,, N.A.C.A. ACK 5 X 27 (¥R W-B7) {1346).
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The anemometer dascribed here has several unique features,
The first stage of amplificaticn hee an extremely low noise level-less
then one-sivth the magnituds of the smellest signal to which the anemometer
is expacted to resgcnd, Alse, the mothod used far determining the *compen-
sation® required for the sc-called “"time-constant™ of the wire is novel. Since the
hot-wire hag a finite mass, however small, iy musct lnevivabiy lag bsehind
the actual fluctuations imposed upcn it by ithe system in which it is plsced,
T4 4e gscassary,; therefore,; to provide an electronic means of eljminating
the lsg, The circuit used for e¢liminsting the time lag, or ~cmpeneting
for it, is 2 eimple resistance-capacitance circuit, However, the determul.
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the circvit used for setting the compensation is beycnd the scope of this

sumnary, The meihod and

Of equal impcrtance with the electronic aspects of the
dagign and ronstruction cf probes. The probes used in
these invesiigations Zoncliited essentinlly of two tungsten filaments with
the supporta nzceasary to give thex mecuanical stability aad electrical
continnity, Ths filaments are electrically independent of each other =zznd
sre mounted ip the form of the letter X, approximetaly pervendicular to
each other, In order that the probes be sensitive to the fine structure

of ¢vrmlance and create 2 minimm of disturbance in the region they are

intended t¢ measure, it is impsrative that they be as fine as possible,

2
g

The filaments used in these stulies were of the finest tungsten wire

commercially availedle, C,000139 inches in djamster. Their lenzth 1s
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about i1/16th of an inch, Rach wire must be soldered st its end éo the
supports., Since soft sclder does net adhere to tungsten, two small
regions on each fijawent must be plated with copne=, The filamspts are
80 fine as to be virtually invisible to the unsided eys, and are able
to withs*tand very little handling without breszkage, Jige have Teen

developed (19,4€) which increase the probability that an attempt at

probve-making may succeed,

The probes 3described above exhirited serious shortcomings,
First, eince both the wires were fastened to support wires whichk in turn
were connactad to & mingls rigid prcbe-hslder, the entire 2ssembly of two
wires had to be built, calibrated, used, and recalibrated as a uvanit., Tho
failure of either filament at any state of this series cf cperations
immadistelw torminzicd the iSclulusss ui the whole assembly, ond wasted
not only the laber invelred in the assembly but the experimeats 25 well,
Secondly, the difficulties inherent in fastening the filaments to the
supperts wore 20 great as te eliminate the possibility of adiusting the
orientaticn of the wires with respect tc each chter, As a consequence,
in the fe¢w casss it which the b3 assembly vemtinad iptrct throueh tha
entyre experimentel cycle, the inaccuracy in orientation cf the f1laments
decreased the precision of the results apprecistly., A method had to be

found to
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& assdémely wilth ome wiose two
filaments would be med» individually, subjezt to individual calidbration
and orientation, with each filament amenable to replacement during
cperation by anothor,

Such a probe assemvly has been built and 45 descrissi iu

References 26, 34, and 49, It consisis cf individual slant-wirs half-

L AT




R

AT TR

oy T g

B N e T ot LIl T }

e A ——— —— A T e

-2 o
probes, with the probe supports of each designed tc facilitate the
asgevly and orientation of two such members iutc a complote probe
assenbly., Orientation 1s performsd with the aid of & binoculer micro-
scope and a haemocytometer microscope slide of the type used in clinical
biood=count studies,

While these instrumentation etudies were iz progress, it
wng found sdvisable to ¢compile o shorl tivliography on hot-wire anemometry
(gg) for use within the progrem, and for limited distrivution to persons
outeide the progrom whe reguested copies,

B. The Pneumntic Thermomster apd Hygromster

In vhe course oi experiments on the high-speed spray dryer,
attempts were made to measure the humidity within the dryer, The first
method used was that of the wet-ani-dry-bulib thermometry., I1a regions
where most of the water droplets had already been evape?ated. 1% was
almost, Impossible to keep the wick on the wei-bnlbd tharmomerer smturated,
on account of the high rats of evaporaii:i from the wick intc the gas
space, In rezions close to the nozzle, the many water draspleis presernt
kept the wick saturated ®Bal thon it was extremely difficult to make
significant dry-buldb measurements, Various shielding schemes ceme to
naught , and the wet~andedry-bult hygrometzar was given up snc o had dobh,

It was dexiced thet Lumidity of the 2ir st a given point might be measured
ty drawing a sample of the air at that point through a weighed container
of desiccant, and then metering the dried air under conditicns such that
its temperature might be measured, The volume of air passing through the
desiccant might be determined [rom the temperszture and flow measurementis,

and the quantity of water removed found frcm the change in weight of the
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desiccsnt. Aside from the question of the precision of such hunidity
measurement s, this method ieift unsolved the problem of measuring the dry-
bult temperature within ths dryer, Such measurements were obviously
required for satisfactory underctandiug of the operation of the dryer,

The method finally chosen was adapted from a device unsad
for measuring the tempersturs in the exhaust of rockets. In that case,
because of the extremely high tsazperatures involved, no measuring device
directly dependent upon tbe gas temperaturs had any dimensional st=bhility.
The soluticon consisted of drawing a sample cf the rackei sxheust gzens
through a water-cnsled orifice at the end ¢ a water-coolad tube and
measuring the pressure downsirsam of the orifice; the gas sampie wsas
then cooled and passed through & second orifice meter &t which its tempera-
ture was also measured. From the ga= rate and temperature &t the gecond
orifice wara computed the weight :ate of gas flow through both orifices;
if the molecular weight of the gas was known, the velocity through ths
first or high-tempearature orifice could be computed from the pressure
mueasured downstream of that orifice and the pressure 2ssumed upstream.
With the volumetric and gravimetric flow rates through the first orifice
known, Apd the pressurs upcstrsam cf the first orifice known or assumed,
the temparature upstresm of the first orifice was calculable from the gas
l1aws,

The instrument w=s adnpted tc uwce in the spray-dryer problenm
after it'had been ascertained that negliginle crrors wouid result from the
passage of droplets thrcughk the crifics, In order to determine ths molecu-
lar weight of the air passing through the first orifice, the humidity had

t0 be measured, This was accomplishel by drawing the air from the second
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orifice through & desiccant and measuring its flow through a third orifice
meteyr, The difference in the flows through the second 2nd third orifices,
suitably corrected for ismperature, rmst be due to the whnter vapor removed
by the desiccant, With the volume of air 2nd its original water content

known, it was then posgidls to cumpute the sir temperature upsiream of the

firct orificec as described avove, The instrurment is8 described ip detail

jode

n References gg and EQ. The deveiopment of the pneumatic thermometer and
hygrometer resguired the expenditwre of fully a year of effort, and involved
an extensive program of study on the behavior of miniature crifice nctiers.
leck of prscise information as to the idiosyncracies of such meters would
seriovsiy ‘wre iimited the accurecy of the final instrument,

C. ™. lmpact Tubs

Throughout this pregram, measurements of velocity st pointg

4]

in verious flow fields had to be made., The method employed in asking the
~owsments dnvolvad the ise of lmpadt tubes, The wrinciple of the
inetrument iz sl:212 end fawiliar., The open end of the tube, facing intc

the direction of flow, causes the flicw %o stagneie,

0

o that the pressure
transmitted within the tude is related to static pressure in the flow fisld
plvs the kinetic head, If an inderendent measurzment of the static pressure
can Ys mede, or if the etrtic preesure is krown 5y some other mesma, the
pressure difference is proportional to the kinetic hesd. Furiher, if one
assumes that no frictionel e¢ffecis are present, thet the fluié ie incom-
pressible, anéd ituat the level of turbulence at the point being measured is
low, the preesurs difference mey be equated tov tne kinetic hesad; that is

to sty, the comstent of proportionality mey be set equal to unity. It is

common in the use of imperct tubes to make £11 these aasumptions, If one
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divides *he pressure difference by the ges density, there resuiis the nean
square of the velocity, which, in conditions of low turbuience, is equal
te the square of the mean velocity,

Stendard impect tubes were used throughout this program,
Becauce it was desired ithat the experimeonial results have 8 high order of
precision, howsver, it was dec’‘decd that an attempt Le made to calibrate
the impact tubes, rather than to assume that the constant of préportionality
(i.e.. the calibration coefficient) wae egmel tc unity. The calibration
was performed by placing the impact tube just downetiream of the discharge
of & calibreted flow nozzle, A mstsurement of the pressure drop across
the nozzle and the upstrean tamperature gave the volumeiric flow through
the nozzie, With the area of the nozzle known, and the assumption that the
velocity was constant everywhere in the ple=ne of diecharge of the nczzle,
it was pussible to estimete the velocity &2t the point a2t which the impact
tube was placed. The velocity might bve comparcd with that calculated from
the impact head =s measured by the impact tube, arnd a calitraticn ccelfficicnt
could be computed. Ccefficients were obtained in this way by Grimmeit (&E),
and were reported in (§). the discrepancies between the messured coefficieats
and unity were grea® enovgh tu warrant investigation. The sxplenatione hal
proviously been proposed for low impact tube coefficients: (&) at low ve-
locities, & fricticnal =ffect was believed to exist, and (b) at high ve-
locitien, the compressibility of the gas waz tco great to be ignored.
Modified calidration coefficients were computed on the essumption that only
these two effects axisted, 1t was fwund that the experimental coefficients
agreed well with the calculzte? ones at high velocities, but the disagree-~

ment at iow vaiscities was 8t1l]l toc great tc be ignored, It was postulated
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that thie disagresment was caused bty tne existence of & glow-movirg film
closs to tﬁe wall of the flow nozzle: s8ince the Aassumptiosn of & unifoiwm
velocitiy in the plane of ths nozzle discharge vag incorrect, the coef-
ficients compated 28 # result of that assunpiion Were necessarily incorrect.
These findings were reported in a correction tc Reference £, along with the
computed values cf the impect vube coefificients,

An experimental program was undertaken to provide a chsck
on the postulated explanation for the abacrmlly low ccofficients, and, if
possible, o provicde a satisfactory metnod for calidbrating impsct tubes,
These experimsnts indicated the existence of the slow-moving film near the
rnozzle wall, and showed that the film thicknese diminisghed as the gas flow
weg increased, They falied, however, to provide a satisfactory solution
to the problem of caiibrating immect tubes, The experimental and theoreti-
ca)l investigation of calibretion of impect tubes was reported in Referdhce
27.

An attempt was made to detercine the effsct of turbulence
on impact tube calibretions, Metal grids were placed acroses the discharge
of a fiow nozzle, and turbulenre vac presumebly generated within the
normlly non-turdulent ®"pcteatizl conc® region of the jet from tha =nzzzle,

PR

The equations of Dryden st &ail, werc used to calculate the leve] of

turbulence &t variocus distances from the grids, MNeasurements were mads
witk the impact tube =2t varioue roinis of the flow field, both in the
nresence of the grids, and without them, It was concluded that the
tresence of the grids affected either the jet or the impact tube, or both;
thg affect was quite marked ~lose to the nozzle, and diminiched at greater

8bryder. H, L., Schubeuer, G, B., Mock, W, C., and Skramstad, H. K.,
N.4,C.A, Report 581 (1537).
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distances., This investigation was reported in References 20, 35 end 52,
Pacilitiesn
The facilities avallable to the program at the start wers those of &

the Noyes ladboratory of the Chemistry DNepartmen® and & wing of the old

military stebles near ths campus, The O0ffice of Waval Research msde

Ul SRR S T

availedle tc the program & Chicsgo Fneumatic Diesel-driven 500 CFPM, 125
1b., per sq, in. air.compressor and an electrically driven 300 CFM Sullivan
air compressor, Unferiunately just as the smaller compressor was bdeing
installed, & fire destroysd the stables and the Sullivan compressor was
badly damaged. The Diesel coumproesor, however, was not dameged. New
facilities were provided in the forz of a Quonset hut at the Uriversity
Airport, This wzz converted into a laboratory suitable for the studies
planned, and wus named the Airficw Iaboretory. A suitable (ystem of
temperature and rlov controls wasinsiallsd. permitting the simuitaneous
oreration of six experimente]l set-uvps, &1l the studies on free jeots,
ducted j-.s and spray dryers wera perfaormad at the Airflow Iaboratory.
Barly studies involving the uss of the hot-wire anemometar wers
al1so carried on 2% the Airflow laboretory. However, the oil contznt of
the air from ths ccmpressor was great enough to affect the experimentis
adversely, and facilitiee were provided in the new East Chemistry Building

shere 2 jow-pressurc -enirifugal blower served as the 2ir source,
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