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The first experimental works which pertain to this problen

' were eonducted by. V. V. Hdturin and 1. A. Shepelev [161, Yu. V.

Ivanov {171 and G. S. Shandurov [1]; as a result of these wor
.'.émp".{ii irl%ﬂxiuta.s‘ el'ef'e 1"‘r‘-lec?:wr'm'nended for the calculaticn of th
[ g;‘.,nl.pm of the Jet which turned out to be dependent on th
"pelation of dynamie phessures in the initiml jet cross-sectlo

incident flow ]g on the initial angle of slope of the fJet.
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Fig. 1. Fig. 15.

Fig. 14. Flow lines in a jet of low velocity
Yhich flows cut into a flow of high velocity
m= 27).

Fig. 15. Flow lines in a 1liquid being sucked
in towurd a flat subnerged jJjet which flows out
from an opening in the wall.

Subsequently, M. V. Volynskiy and I [1] developed approx ‘atg
methcds for the calculation of the form of the.axl® of the jet
which are confirmed by the data of the indicated experimental
works. Simllar studies of other authors are also known. Recently
two works of T. A. Girshovich [18, 19] have been published in Which
this problem for a plane Jet is solved by a more rigid thenretical
method, whereupon it 1s pm not only the form of the
axls of the Jjet but also ' s
differ2nt transverse cros

ive
flow as a whole.




The procblem 1s solved in a Mr‘-cgﬁ ‘dinate sys_em, ‘he I
atiioga of whilrh colneclded with the axis joff uise. Jet, and tie
stinave 13 orthogonal to the axils of jet. The boundarv layer

eaurt lons are written in this coordinate system for the zone of

mixiag taklag Ints account the pre“surh field belng created by

vnt el m

Picldent flow) the latster is ue-51¢nr~d conditiona)ly as the
d from the aidition of the
m of the .ocurces arranged

toundary surface of the ¢

< el dent frrotaltome ) Rl

otoa line rapallel to 6 and pas:lng through the
dlstribution of tre

conditlon whlieh ia

orisin [ L.e Jet (Plgl

oty selected fror
»ota:3 te the faect that
identical.

n the Jet tcundary and the

c.aent flow arc

uid teing sucked in
a jet which flewg

Mpeg, 16. Flow
toward an axls
out 'rem a sl

11d beia]_r.’léjzézced 12} U d,
1l Jet which flcws,

Fig. 17/. Flow
toward an axiall
out from a nozzle.

The axis of the jet calculated by T. A. Girshcvich and its
Louowary ar plotted cor. Flg. 19 and tie corresponding experimantal

roiots are given; furthermore, the veloclity flelds in two orthogon

it oross-sections are deplcted (the experiment was conducted with

("

a piane Jet of air whleh flows cut at an angle of 90° to the airfl

with ratio of veloclties u,/u, = 0 :
: H "0 b oz peblor Pelosse
Y = 90 Thlmrp it @3/ isel baed .
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Fig. 18, Fig. 19.

Fiz. 18. Flow 1lines in a liquid being sucked
in toward an axially symmetrical Jjet which
flows out from a tube which is inserted flush
intc a plate (the jet flows out on a flat
screen), .

Flg. 19., Configurations of an airflow which
flows out into a lateral airflow at an initi:l
angle of 90° with ratio of ug;oegttoq

q./uo = 0.2 (points - experiment).

Flgure 20 gilves the theoretical curve and the cxperimental
ncints of change in veloclty along the axis of a Jet for the same
conditions. G. S. Shandurov indicated a simple method cf
consldering the dissimilarity of the densities of lateral flow and
a Jet consisting in the fact that with equal values of the re‘ationc
of dynamic pressures the plctures of the flow coincide.

In certain cases it 1s necessary to deal with turbulent jets
subjected t¢ the action of gravitational forces. If the direction
of a Jets of gas which has in the initial eross section a density
which difTers from that in the environment differs from the vertical,
the gravity distorts it. In the works of S. N. Syrkir and cf D. N.
Lyakhovsixy [20] the forms of the axis of a Jet of heated alr which
flows out into air of normal temperature are experimentallb
5 investigated; the axis turned out to be more distorted the greater
A the preheating of the air. V. V. Baturin and I. A. Shepelev [21]
and G. N. Abramovich [1] developed ‘Lhditticai methods of calculation
of the form of ua distorted jet. It turned out that all the
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experimental data can be placed on a single theoretlcal curve I
we introduce into the calculaticn Archimedes's criterion

(5. A., Abramevich's comparison of e¢xperimental points wlith the
culeulated curve s given on Fim. 21).

An Interestiug example of the use ol cuevliilnear nonisothermral
jets, called fountains, ic the ventllation of lhe ]._.ar'ge exhibition
pavillilon in, §c-§g_g*nik._;, ﬁa.lr:“; (M_Qﬁfm}.').-&_ Jets 9!‘ ccld (street) air
are fed to the premises from ceveral inclined slotted openlngs
srranicos along opposite walls of the pavillion (Fig. 22). Uunder
‘e oariion of the initlal impulse ‘tnese Jets cise vpward, but the
o«tr density in cold Jete is zreater than in the alr of the pavillion,

“ consequence of which the vertical veloelty 1n the jets gradually
decreases; at some helpght the initial impulse 1. balanced by the
Arcnimedes force directed downward, whereupon the jlet, under the
wction of the latter, begins to drop and finally 1t comes into the
cperating zone of the pavillion but, in thls case, the Jet already
mariages to warm up - and thus in the working zone where the visitors
¢f the pavillion are located it 1s possible to crcate comfortable
conditions. The described ventilation system was designed 2ccording
to I. \. Shepelev's theory.

In recent years theoretical aud exrerimental studies have been
conducted cf the convective lets which arise near heated horizontal
[1] Jet of gas [22] surfaces.

There are important results for the turbulent jets In wihich
i,yakhovskiy(flames of 2ombustion) occurs; without dwelling on thic
question, we will refer the reader to the appropriate literature
i1, 231.
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experiment).

Fig. 22. Fountains
of ¢ atr (the

is of the fountain
& n by the dot-
\ “14ne).
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section (f = F/Pa)

calculated from conditlions
for the conservation of
momentum J and the weight-
to-mass flow rate of gas
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both conditions are
satisfied simultaneously).
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A special problem i1s the supersonic gas jet. In this regard,
in the case of the so-called design eonditions of outflow with
which the pressure in the initial section of the superscnic Jet
equals the ambient nressure the regular laws of development of
a Jet remain the same in principle &s for a subsonic jet of variable
density (one Should only consider that the density distribution with
high velocities is coanected with the velocity distrlbution)

In the case of off-design outflow, 1.¢., with an initial
pressuteadirrerent from that in ‘the surrounding environment the
form dr a Jet iu Modified and requinea npecial study.

L oY
L
Py

The chier characteristic or-ln orf-denign sapéricnic Jet 13 the
Pact that beginning from the mouth“bf the hozzle. 2 cqnsiderable
restructqring of the flow appears in tho pnocess of which in one
opr another system of rarefaction'&aébs ‘hd sho;k anes which depend
‘on the, outflow couditions the_&rlns‘iuon occurs from the initial
pressugg in ehg th toward the aiﬁiiﬁt ﬁﬁeiﬁure.

The section of such a transition, which is characterized by
‘a gonsidepable nonuniformity or-the pressure fiomi—'tt called
tm ni-dﬁbﬁc dottou iﬂd 1s .4 MSjgel of special study [°]; we
will not dwell on 1t liloo Gu#buiant Ming has secondary significance
here.

However, beyond the 1imits of the gas-dynamic section, the
Jet becomes isobarometric and i1ts subsequent development is
determined by the laws of turbulent mixing. In the initial section
of the isotarometric section, the velocity profile has a consideral le
nonuniformity (with a dip close to the axis of the jet) which deper
on the form of the gas-dynamic section and changes with the degree
cf off-design n = pa/pH (p. - pressure at the nozzle edge, Py - the
cressure in the environment) and with the Mach number at the
beginning of the Jjet (Ma).
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An interesting study of an off-design supersonic Jet was
performed by B. A. Zhestkov, M. M. Maximov et &l [1]. A simple
method for the determination of the form of the jet on the gus-
dynamic section was proposed by A. Ya. Cherkes [24]; a detallcd
experimental and theoretical investigation of the lsobarometric
section of a supersonic jet was conducted by Chiang Tse-hsing (27 1.
ln A. Ya. Chepkegz's mentioned work, the calculation cf the gas-
dynamlc section whose diagram is given in Pig. 23 18 conducted by
the m:thods of one-dimensional gas dynamics with the use of
equations of conservation and without consideration of the sixing-in
of the surrounding environment with the jet.

An important result of the work of B. A. Zhestkov, M. M.
Maximov et al 1s the sstablishment of the fact that the damping of
velocity on a large part of the iloi'r0lntrio section of the Jet

5 expressed 1in logarithmic ecoordinates by parallel straight lines
that have the same slope 88 in the jet of a noncompressible liquid;
the c¢ffect of the degree of orr-design and the initial valug of the
iMach number '1s manifested primarily in the shifting of the point
where the drop in velocity on the axis of the Jet begins, 1.e.,
in a change in the abscisda X of the beginning of ‘the main section
of the Jet (Figs. 24 and 25).

h.r 25.

Flg. 24. Curves of the .change 4n dtn.nﬂionless
velocity along the axis of a supersonie jet with
different values of the degrée of oft*desigﬁ
n=p /pH for M s 1.5,

Fig. 25. Curves of the change in dimensionless
velocity along the axis of a supersonic jet with
different values of the degree of off-design

n = pa/pH for Ma = 3,
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Everything said pertains to a cubmerged supersonic Jet. With
the presence of a cocurrent flow, the pieture of the flow becomes
complicated and up to now has been 1ittle studied. -

~Work in the field of turbulent gas jets 1; being cohducted .»n
the present time in many domestic and fordign laboratorie . One af

*the 1mpertant directions ol these studies |is roseareh on, the
‘turdulent'microstructure of a jet and the nstablishment of the

direet connection between it and the averaged tlow conditions-
Only the first steps In thlis direction thus far have beeA made in
the works of A. S. Ginevskiy et al [25], 4. N. ]Abranovich et &l
[10] and some studies of foreign authors 086]
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THE TURBULENT ‘WOXING “0F FREE“dRs Jets o 0 ¢t

@af the viscomh Ciol ‘n Jlimltea volulas, 1ncl 1 fediias in nBniinenmr
FLBo i1ty e Y, An erit ysars cangigwpuslile progrivs hes bes»
p. Vulis _ ; -
[ Tol [ 1. Wk, . riii of viry i-8&rs Ll tiemgbichily
rigeroyr roncsumiony mve bLeen obtal h#ry, W1 in pATticEdor the
(Leningrad)
Mz izehellivd ofF tha-metncd of pll omrillatirna !jas bhmen

del 1 ¢ L th(ia
1. Very considerable attention i3 glven in domestic and

foreign literature to the study of the turbulent Jets oi liquid
Teke queiilions were 1]l .umingted JF detall 1 tué rep “F
and gas in recent decades. This 13 explalned first o all by the
Gertier Alh he Sth Ant#rnational Syvmpodium on the Downigrs F{
wealt and diversity of engineerin applications cf tae Jet owWs .
1l .nce, includingl geophytical arplication®, waigh too
At the same time, thelr examination makes it possibie to obgain
in RAyotds (Jap®n) in 19SEL. 1o LVARTE repoptl thd atUtsmEpl wiis S
valuable inform’tion about the mechanism of turbulent motion and
xamlice the Caal of a nuEmrlcal sululfioen ol thE squat lont
turbulent transrer. In this resp fCt it is significant that after
«f hyd narl 1t; and tull havier-Htok ggulmticnd. Thup,
Wi a temporary decline, iﬂﬁprift increased noticea ly arain in the
11 ¢ [ %

dmtailed atudy of the pulsating structure of turbulent flows, in

=

aria

part cu}ar11et flows.’ Especiallv promising for the present are

» p(~l|ib“d !
isolated attempts at a"tive intluence (neqh%nical aroustlc,
PR s § 01 L ty L&Y Bnd LW umsile rebuits ol Lhils rTaecry wh
e]ectromagnetic - fer a cnnductung medium and others (1-3 ) on the
ralat dtt 1 iit.cr Ct:'Lb . n we will EXEmnine tre rvpult
evelonment o ets
if ot i p .Huﬂdl{“ on the teswting Hf the conblhaslony o t.@
linsse stebllity hneo. ¥ acre rélalts of the study ¢t flows in the
b, at the lrst stapi durinr the creation of the theory of
comtsaltion el i 8¢ work or nunilknear Lheory

of hyd turgulgﬁt 4?333 ﬁhe main thing was the development of general
rerularities (similarity of flow and, in particular, the self-
cimilarity of jets according to Reynolds number), then at the
present time the primary thing becomes the clarification of the
finer features of the flow and the role of different, in the first

Fis-#y-20-79 ,-72 2
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ir v,
L0t Citseosity™ o on the use of integral relatlonships; on the polynomial

t

" c 1.49.)

approximation "secondary" factors. In light of the aforesald,
let us examine some general questions of the theory of turbulent
‘Jets and; in more detail, the results of one of the attempts at
the aetive influence of a flow [1, 11].

2. The theory and thé metheds ©f caleulation of turbllent
Jets ayre one of the deyglop.cd nc;;ms pf t;n_e g:ontemporary semi-
empirical theorv of turbulence. w1thou+ going into details, let
us note the satf’ét"&ctom Eoﬂx{ioﬂ ﬂ\'},enﬂval of the basdc problem
"¢ sueh thecry for a number of jet flows. Duwlpm on 1imited
empirical Information, 1t is pessidle te ﬁ-uﬂurricient
agreement (frequently within the limits of the accuracy of

" exteriment) of the caleulated and ‘experimental Qats for the middle
mti

“flow (in Reynolds' sense). As a rule, this can be achieved in

di fferent” ﬂys. Acﬁd\lly;'ﬂﬂfore .sdnfteppirical methods of
alc'xlat;ion of ﬁf'b,ﬂent T asgon_:{;he scheme of an aBymptotic
houndary layer or lﬂer of fInite thickness, cn the integration of
“differentlal ‘equations under specific assumptions about "turbulent

representation of tha velocity profile or friction stress or on the
a priorl setection of th‘é‘.p% b‘:‘ﬂ'z.‘ 'ﬂ, 5, 61) in a umber of
cases, especlally for self-similar Jets, lead to a satisfactory
deseription of the middle flow. . It 13 more complex with non-self-
s¥milar Jet flows; however, even here different interrolation
schiemer ([4 464 [l 89 mdm,tlerﬂ and fsneciallv the method of the
equivalent problem of the theory of thermal conductivity [5] prove
o be auf‘f“ciently grt‘ective t‘or engineer-ing calculation in certain

— - [} il leismrg D -
e R £ :-'- =-|..l_'|‘q
The ‘fundamental problems standing 4nthis area are (eonnected

with the expannsion of ja.nevertheless comparatively narrow circle
of flows which yield to calculaticn and to the reduction, to the

~ minimum, of the data borrowed from experience.  As coneerns the

- selection of & more effective method of calculation, (for turbulent

Jets of a noncompressible liquid) this question is not so fundament:zl,

|} Oae :should, however, indicate certain advantages of the method of
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1]l pursmeter 1/l which comisiders the viscoility effect; an

" llowing for viscosi‘y has altagether only a second
the asymptotic layer over the layer ~f the finite thirckress and . I
the necessity for a a1frerence In(the nominul: thicinesses of) the ‘;
dynamie and thermal layers (in‘ aceordunce with' thes value of @ 1
Tturbulent’ Prandtl’ ntmber™ on®the obder of 0.7-0.8:for ine thermal ' 8
and diffusion problems) and others. ' _
Mally first attempts at the solution of equation (6) by 1 1
SPRTORL AYees walting dte ‘turn 18 the erpEnsion of ‘the Ihvestigatdon ¢ |
" of the brlance of fluctuating etergy Tor ‘problems o 'the: theory:
CUUae turbulent Jets for whieh: tHis method,l apparently’; Will we.lvery }
! lareg MR Jt49eers can bacoms mmstable. This conclusiion d1d nst
correspond to the point of view which existed thmm and it was met ;
VALE BT g Al ey conplex than tor: thel noncompressible 13 qutd £ tne
] SERUndtter of ‘the study' wnd dalculatdon of the (turbuleht ety Of a
°F Viompressible gas .0 Chibneteriotle of ‘thé labtow e a sertatw’
T aontradt dtion 1d experimental reference ‘data on turbulent miting.
COLimATe some ‘dithors T ¥ dohs lde e inenstey e sburbilent nixing
TEENYY docurrent (e Yets min fmun witH the Ydenttenl valudd Sfwvelsoity ¥
} erleiyy 'y ét aHd 'surrounding environment® (4, 9], others cite data :
f which testify to the presence, in the conditions of the experiment,
of a'minimid In ‘the  intensity’ of mixdng With ‘appreximately ddentical
CUEN vdties of pu? 157107, T Mhally ¢ aesertaons are aleo endsunténed
| T dbot ghe determining ro1d o ‘tHet 9aTus BT Howe ve “tHS ‘Guestion
| FUOUES AHSTE 14 ek Wore “compled. 120 !
.
P Each f0f ‘thdse éonéTuzions (18 based on ‘expépimental ‘date obtained
¢ U rder Spaéd Pl “conditians JU Mardfore l i% 43 Val PricuTE ‘o assume that
calcl‘gt‘fgaﬁ&é’rg‘éﬁ&‘% é‘!u:i.jmnﬂ‘ fﬁ‘thé"diff‘erence in the procedure
for processing the experiment alone (in some works the jiadgem:nt
on the M"E'Ens'rf‘w 5?”mf!'ﬂf‘?:tfs ‘baszed on'a ‘sompartsan @rbsccondary 5
, Son ‘gﬂgrl‘gcggr?fsgf‘d‘g“- lthe th4ckress (of the mixing rapton £, ftavothers -
L7 R ohe (a1 PAe R HIAE Sftne pad ‘from tHeTjaE and éne Gosuspent rlov ?
I - “‘fm'j)?"'1?“'1‘5‘*'%}:’-&';:3&5:!&@ ERAt ‘tnder Pohe "t PParant - Gadttions of i
lpor the cutflow of a jet of denser gas into the cccurrent L’
flow of a less dense gas. [} ||
|
|

100



tine experiment, the effeet of the initial conditdons difficult to
conzider i felt = the velocity profile, the initial level and
o1l of turbulence, intermittance, and also the value of the
keyneld. numter. The role of these factors 1s also insuffilciently
iaritied for the turbulent jets o' a noncompressible liquid. It
o \nown, in particular, that with a decrease in number nRe = u d/v
(rhare u“ & the "exhaust velocity) the intensity of attenuation of
suFmerged| turbulent jét dows not fall, whieh would be natural
. first ,-lance, but increases notleeably.. Appatently, the mutual
arplicabicn 0% molecurar and mol&r effects in the initial and

teand Ltdr) “lect lns o;Aphe jet has a substantial effect.

With 'a «sdmewhat inereased (tc 8-10% and more) initial
turtulence, gs ‘festg! >haw [51la uniqLe developed regime of the
turtaldng Pld™ 'ig accomplished.~ In'this o.ﬂeAihe-profiles of values
of pu?, Ftc., in gas jets (and the burning flame [10]) become
uiiversal. Under these conditions the leading role of the difference
in values of pu2 in'‘turbulent mixing (in the range of values of
girameters studied in the experiments) is ustally exhibited. On
the other hand, with the effective suppression of the initial
turbulenée (for example, with outflow through extremely fine grids
w.ich rarely lower the valrt of the scele of turbulence) thé regular
laws of molecular (and elos~ o it fine-scale) mixing are more
strongly pronounced, especialiy 'in the initial seetion of the jet.
The:e¢ representations need direct experimental check. And although
specially pescd experiments with the diffusion combustion of = gas
showed that the length of flame is noticeably greater (and,
consequen:lv, mixing 18 worse) othef eonditions beéing equal 1if
Yhe valudseof pu2 in'the Jet and eoeurrent flow are identical [101]),
here too the effect of secondary factors could be felt.

4. For an investlgation of the features of the development
of a turtulent jet under econditions of an inecreased (in which regard
eontrolled) initial level of turbulence, experiments were conducted’

Tiith The ™ Ar cipation of K. Ye. Dzhaygashtin and T. A.
K1 'manson, : ] J
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on a unit with a mechanical vortex generator described in the work.
The preliminury results of the exdamination make It possible to draw
a number of conclusions apropos the structure of the middle and
fluctuat ihg- flpws i’ hieh. &'get. '8t was made clear Hhat for a
field of ave;age velocity the determining criterion 1s the value
of éhe Strouhal number Sh = ndgh; - -{where n-ia thc number of
‘revolutions of the disc of" the vortex generntor, do - the dlameter
of tﬁeanbzzli ug - the éxhsus% vef%city) "With an increase in
the Sh number the 1ntensity of surbulent mixing increases noticeably.
Seme data which 511uctrg;e this aré ﬁiven in F‘p. 1 (change of
velocity on the axis of the Jet ‘at different values of Sh number)
and Figs. 2 and 3 (ve10(ify p"ofile - Fig. 2 - and temperarire
profile - Fig. 3 - 4n the transverse cross secttons of a weakly
heated Jet) Analopous data were obtained with P conuiderable
variation in the condittons of the experiment (ﬁifh a = 12, 20

“aﬁa 46 mm; u, = 20-130 m/s ullh * 0-250 r/s)

Oat
"Fqﬂﬁthe;cgfrgfigfistic of the to al 1ntensirying action of
the vortcx generator 1et us notelgpgp tPe a%ﬁlr%?wkfate in the Jet
was euboreinated to a velation of the iﬂﬁf (for cross sections with
ratio x/d < 20) m/m -1 + 0 2 k (Sh) x/d, where k = 1 1 18; 1.36
and Uﬁ respeéﬁivzly for numbers Sh-l&r = 0; 3.7; ﬁ 0 and 19..5.

In this, in &l11 cases number Pr 0.75.

turd -

07 g 4
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As ¢« rnz research on the fluctuating structure of a Jet

(st 113 no - mpletel), interesting conclusions were obtained with
visual arl. ,nolographic observaitions of the fluctuations of velocity
with tre a131 of an electrothermeanemometer. It hecame clear, first
of all, that 4n the investigated jet with loi_fpeqijngy fluctuations
superimposed with the aid of the vortex genérator in general one
should distineuish three characteristle rcgiina of flow. 1In the
first of them, adjucent to the Mouth of the neszle; the flow is
quasi~-regular; the oscillation frequency is equal to dcuble the
number‘of‘revolutlcns of the disc. 1In the second - transitory -
developing ‘turbulént ‘fludtidtions are superimposed on the basic
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forced oseillations. PFinally, in the third the characteristic
irregular turbulent spectrum of fluctuatlone is observed. As
concerns the dimensions of the regions oceupied by each type of
flow, (they depend on the 7alue (97 Sh number. With Sh number > 0.1-
0.12 praectically :the entire jet i1s a region of developed turbulent
motion; whereas with small values of S) number there is& a distinctly
expressdil section of a "fliuctuating" quasi=-monochroematic jet in it.
‘The qualitative pleture of the flow in a Jet with Sh number = 0.00%
ia presented on Pig. 4, where the boundaries of chargeteristic
Zzones ‘antd 'al3o the .profiles of average speed are shown. The same
figure presents the characteristic oscillograms of fluctuations for
all ‘three zones (and for comparison with number Sh = 0).

As concerns the value of the intensity of fluctuations, with
a sufficiently ‘large Sh rnumber it is htigher than'in a usual jet.
Thus; with nutber Sh +'0 at the nozzle edge § = i'/mb—O.S-l.O%, and
‘with x/d = 10 on the axis of Jet & = 184. With number Sh > 0.03
‘the inttial wvalue 50" 10=12%, and the maximum (on the axis) i:
'shifted td i2/d = § and 1s equal to Eu ™ 32%.

Most complex 1s tlie nature of the change of value (u (and also
‘of 'the entire (picture of the flow) in the fipst region of the flow -
with ‘quasti-regular fluetuations, for the interpretation of which
additional measurc¢ments will be required (specifically. frequency
‘chardoteristics).

The obtained data as a whole make 1t possible to assume that*
with the further éxamination of a Jeu with forced fluctuatlons,
along witp the otvious applied results, additional information ca~
be ‘obtaihed about ‘the structure of a tivee tw-bulent flow.
Specifically, this pertains to the plcture of the transition fronm
the /initial, ‘dpproximately moncehromatie, lowsfrerdeney fluetuaiions,
given by the vortex génerator tu the complax tnrbulent spectrur.
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EXPERIMEN \L S3TUDY -OF THE MIXING OF ISOTHERNAL
AKD TONLSQ I'ERMAL TURBULENT COCURRENT JETS IN
ROZZLES

(Ml oo

g e s YL of turbulence characteristies in flows in ducts of
variahle ¢lefs section is an important problem of the aecerodynamics
o viseos Plow.  Sufficiently complete informatisn about the
Pubiuline piraretors over a wide range of flow éohditioﬁs is
necessary “er the ercatlon of methods for the calculation of flows

fiiducts w08 rest on the real representations of Ehe process and
usé chysleal ]11amciors for the descrip%ion

Sucii'a faramcter which describes diffusion in a transverse
dfrecrl-rn 10 he mean square deviation of liquid particles

(Alepersic i'ron "ha middle lines of current. The use of dispersio:
averaged "% cross section forms the basis of the diffusion model
of a free ‘urtulent Jet [1].

The ure of ailspersdion for the desceription of the mixing prccecs
i ducts of varlatle cross section is complicated by the fact CLhat
unlike t'e cnoe of the free jets 1its change 1s determingd noc only
by the processes of mixing, ‘but éIso by the deformation of the fiow
with a chaunge in the 'erea of thé cross section.




’ Let us examine the picture of the flow in the unit which was
used in the experiments (Fig. 1). A heated Jet which consists of

the combustion preoducts of gasoline rarefied by air was prrrtially
mixed with a co;urfent flow of cold air and it fell into a narrowing
nozzle. Experiments werpe carried out, with the identical velocities
of the jet and the cocurrent flow. With the flow of a norisothermal i
flow 1n the nozzle the shift of longitudinal velocities 13 developed.
This is connected with the fact that, as is established by experimcot
the total pressurc on the nozzle edge is constant, 1. ., in the
process of flow in the nozzle a transiticn proceeds from a flow

with constant velocity to a flow with constant velocity coeffiecients
in the cross sections.

The characteristic determined by the mixing process 1s the
difference in the dispersion of a real flcw and a hypothetical flow
under the assumption of the absence of mixing on the investigated
i section of the nozzle. In this case, as will be shown below, for
the description of the procnqs in the nozzles it ic more convenle::
to use dispersion ]E:z(x) = [r /r (x)]oz(x), reduced to the radius
of a cylindrical chamber; and! to characterize the mixing by the
difference 2g°(x) ,,-22(,() _z? (x).

The expression for determining the change}g;zo(x) in the absence
of mixing in the nozzle can be obtained from the condition for the
retention of aurpiusxonthalpy. Taking the form of the prorlle of
the stagnation temperature in the form of Gaugslan\cuyvqg (_.e.,
considering rsal profiles in thé entrance mouth of-fﬁe nozzle
sufficiently broad and the diameter of the chamber s0 large that
an increase ir, temperature at the walle due to mixing is lnsignifi-

cant), the extreme value of dispersion . 20 attained 1n croas
sections with constant velocity coefficients can be found from the
’ expression (with constant velocity 1n the initial cross gection of

the nozzle)

A

52,4y 1a "[‘—’-‘; -i} fon 1)
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Where o is the dispersion at the end of the cylindrical chamber and
T], T, ~ the maximum and minimum stagnation temperature in the
entrance mouth of the nozzle.

tyo 1. Expenimentsl unit: 1 - prncombustion

chem! »r: 2 -'differential thermocouples; 3 - eledtric
211 Lraversing equipment; 4 - equalizing grid

(15t snee L2tween centers of noles 9 mm), diameter of
heles o mm); 5 < asbestos heat insulation; 6 = 'movable
Lnbrnocaur]n for the measurement cof temperature of
th

KEY (1) Alr.

In Lhe region of transition from a. flow with eonstant ,velocity
to « flow with the constant velocity coeflicients, the i'a;ugz: (x)
L5 dmscieliae ] gl gal approximéite expression valld with small dintancls
from t.i¢ ¢nirance mouth of the nozzle:

o {y l-"1 {s) 1' . AT D L ;l”"
L L lu-‘!.'lll‘ -7 ~1"T?] -y (7;:" ‘)'_,'“' :.* Il (2)

]K/(K-l)

where n(x) = - =2 (x) s A 1s the velocity coefficient

in the ngzr :» with isothermal flow. In the case of a éﬁnééant
velocity ”ficieﬁt at the end of the cyiindriecal chamber or with

an icothermul onéidimensional floéw: 22 (x) = 02

In the wytreme case of small overheatings, when the longitudinal
velocdity comporent-in each seetion 18 constant, the mixing 1:
determined by the behavior’of the eoeffielent of ‘turbulent diffusion
along the nozzle, whereupon under the assumption of the equidistance
or all averaged lnes of (low (in dimensionless coordinates)




r'x/r'c(x) = const parameter Ez(x) is connected with the value of
the transverse diffusion coefficient by the relationship

i S ‘
e S (3}

where u 1is longitudinal velocity. An analogous relationship for
1ispersion o? 1s more ecumbersome and  takes the following form [2]:

% 44
i3 5
The measurements of the quoted dispersion}E}z(x) with small

overheat ings permit, in acecordante with relationship (3),
investigating the behavior of the coefficlent of turbulent diffusion
with deformation of the flow, Figure - shows experimental values
orlzze(x) with the mixing of the weakly heated Jet in a Vitashlnskly
nozzle (length 400 mm, dismeters 200 mm and 85 mm, pressure gradient
critical) and the results of.the ‘calculations (curves 1 and’2).

The available results of the theoretical 1ﬁvestiéation.of the
rapid deformation of turbulence obtaimed in [3] make it possible to
determine a change in the longirudinal and transverse mean-square
velocity component along the nozzle. :

V. M. Tyeviev obtained formulas for the change in the scales
of turbulence with rapid axisymmetric deforrs stion, which made it
possible to obtain relationships for the diffusion coeificient.
Apart from this, V. M. Iyevlev examined the case of the gradual
‘derormdtion with which the isotropy of turbulence Manage to be
established.

The calculation of the transverse 43 ffusfon cozfficient under
the assumption of rapid deformation shows Its increase in the rirst
quarter of Che length of the nozzle up to the limiting value of
ST Hmes, and with gradual deformation thne coefficient of turbulent
d1fruston does not change. Function z?(f) for rapid (curvé 1) and
graddal (curve 2) deformations was found from relatioﬁship (3).
Used ir. the calculaticns was the experimental value of the coefficient
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it turbulent dli'fusion in the chamber which was found by meancs of
the measurements of profiles in the cylindrical compartment
cstablished between the nozzle and the chamber (a straight line
approximating the experiments i1s shown by the dotted line on Fig. 2).

The measurements of the temperature profiles were conducted with
difrerentlial chromel-copel thermocouples, the movable joints of which
wawee ralsed simuitaneously by electric air transversing equipment
aiedd ald "o’y emerpe from the nozil. if necessary. 1In the analysis
oi the expezrlmonts, the surplus stagnation temperature was taker as

the paraseter whieh ecincldes with the concentration.

It Ls goscicle toc show that 1f the change in the quoted
iispersion :E:z(x) in the 1sothermal flow i1s equal in the nozzle
and the ceylindap, then in both ceses mixing oeeurs equally,: i.e.,
a drop In tne axial concentratiorn of the jet (or the maximum excess
overhesting) ocenrs equally and the profiles of concentration
colncide with an afflne increase in the cross seetion of the nozzle
up %0 tr» dimenslons of the cylindrical chamber. 1In particular, for
the noacompressible liquid (riu & const) when D & const the behovior
ot 2:2 for the nnagzle and.the cylinder should be identical. The
compressititiity ‘effeet leads to the fact that with the narrowing
of ‘the dict due te o decreuse 1n the denslty, tne veloelty frncreuses

faster vho for the noncompressible liquid. Thi: Jeads, with the
constant diffuiten cost'fletent; to the retarding of mixing as compared
with the wiwiagidn greylnder (Fig. 2, curve 2).

#1¢ °  the acouracy of the exXperiment, the mixing in a narrowirs
nozrle and ¢ylindrical tube occurs equally. This 1s alsn confirmed
by the absence »f tha stratification of the relative maximum cxcecs
stagnation temperactures (Fig. 3). (In constructing the graph, the
results of th: measurements were correct<d In accordance with the
values of Lhe recovery factor found erxperimentally in the cross
sections.)
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Tie experiments carried out in the expanded part of a Laval
nozzle (cone 400 mm long; dlameters of entrance and exit 85.3 mnm
and £90.0 mm; subsconic part a with : length of 200 mm, Vitashinski,
profile) ‘with pressures in the chamber which ensure supersonic
(M = 1.0-1.4) and subscnie (M« 0.70%0.62) conditions showed that
in this case the retarding of mixing due to compressibility is more
conslderable, especially for the supersonic conditlons (Fig. Ly,
AsiifolYows from the graph, the experimental points lie nearer to
the curves ralculated under the assump»ion of gradual deformation
(D = const)., (To explain the aetual mechanism for the deformation
of turbulen.c vith flow in the nozzles, i1t 18 necessary to perform
the measurements of the fluctuating charactorigtico of vnlocity
wirleh ‘be tave ‘substantially differently in the case of rapid and
gradual defornation.)

We note that the mixing in a cylindrical duct corrPSponds to
a2 'value of' the coefficient of turbulent d1ffuslon severul times
Targer “han with established tube turbulence (the dotted lines in
Pigs. 2 'and 4 ‘correspond to D/2r u = 0.006 while for the established
tube” turbulence /2r u ' < 0.0009 “with Re 3 105 i1y, This,
gpparently, 1i: connected, apart from the large blocking of the flow
(pylons, grids, etec, da with she prgsence of a boundary layer on the
feeding tuoe which intensifies the mixing process of the Jet.

During the analysis of the experimEnté, the source of the

" heated gas ~"rnot be considerad as a roint source. In' this case,
1t 1s'possit e to show that with a one-dimensional flow the
distribut’ -~ of concentration (excess otagnation temperature) over
the cross Sevtion 1s described by the solution of the diffusion
equuticn for a eirculur source whlch, with the insignificant
effect of trie walls on the concentration, has the following form:

(3} ) ll -L.. _.’l ::’.': '..“ '... E ':" Lre vl

: ', e '-ra] Bl Ly & - ¢ (u)
where a(x) = (x)/r ; a(x) 1s the radlus of the Jet in the current
cross section of the nozzle and a5 - the initial radius of the jet.
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For determining the value of dispersion :>m the profile
degePtbed by the P-function, from the eguatlon‘ hich follows

AT AR TR T B e (vy

v

directly frem (4), the ratiu a/o was tound according to maxlmum
temperature The W1ue ¢ c was ‘detarmined Ffrom the ‘width. of praiile
b with AT s AT /2*‘ ‘Used £orthis was the dependencerof ib/c on
a/d which was obtained rrom thHe "datatéf [51,cwhepre the -P=functlon
is tabulated vor “the 1&sthermal 16wy dispersioncemanglsoibe.,
found ‘directly From (5) {¢ 'fie mak€™use of the expression for a1 x) .

- 1hvestigating the mi%ing of-anhonisothermalajet,-a unit,
was useé which_diriars”rrcﬁ heat depleted inoFigiil da - the: fact
that the preoombUStibn shamber was'installea coaxialdy-within the
cylindrical chamber and the tube with lengch 0.3 m for the feeding
of the jet was smaoth (wlghout heat insu‘a ion). This led to the
fact that the slope of the straight line :E: (x) with mixing in the
cylinder corresponded almost half as much to tﬁ?‘vblﬁé o7 khe
coefficient of turbulent diffusion than in the preceding experiments.

d sio Y 4¢ 4

The temperature of the 1et was_ about “J000°K ;) J53 foniséthermicity
at the nozzle entry wes contrElfed by ‘a chasge in the distance
between the beginning “of ‘the  Jet and(‘thelnozzle enlry (in (the
experiments: L = 170 mm, 300 mm, 450 mm). Experiments were carrled
out both in Vitoshinskly nozzles with a length of 2CO mm and 400 mm,
with the above infdfeated cross sections with a critical pressure
gradient and 1n a cyl'ndrical compartmant For an example, Fig. 5
gives the results of experimEnts hn a nozzle with a langth of 20C mm
with L = 300 mm. Tbe amount ‘0f/ ﬁispersion of the experlmental
profiles of the excess st&gnation temperature which were approximated
by the P-function was round from the width of the profile and the -
maximum temperature, as indicated above A change 1in the dispersion
along the nozzle in the absence of mixing was found from formulas
(1) and (2); in this, the profile at the nozzle entry was replaced
by Gaussian curve with some effective parameters a, ‘and c““’such
that the maximum excess temperature and the width of profile would
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coincide respectively. From the parameters for Gaussian profiles
calculated along the nozzle the di%persion aco and Zco
Jetermined for the'prafiles described LY ‘the P- functien and® having
Gaufsian width and maximum temperauure. 1
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Pig. 8. 4.e dependence of ithe: pdvdmpters of miwing uith a2 low
level of initial uurbulence' 1

max
12 < 11600%; WA 1o (0) = 240° 23 :Swas ;detes 1incs from b
(3 15 TPy = 260 38T L (0) cmL 759\‘. and A%mas ‘ 7 ]

1 thae fiait 'y

-

1 - 1200°; AT (0) = 720° l Eiferiments in the nozzle;

L IS, 70, . 76°""&" ‘Expertmerits in' the eylinder;
— e 'ﬁaﬁaé détéMiﬁed evom AT

n - - , B

A AS Pollowg Iton Fig. 5, despite the presence of mixing

o (x) > o (x)], Lihe ‘abssiiite Svatue 'of ‘#1spepsion in the nozzle
deoreaaes [t is lntercsting to not¢ that the experimental valucs
‘o Z (x) praxfically 11e On a straight 4ne F‘igurﬂ() givee tne
dependence of *hn rel 10ﬁ o’ the tangents of the- ingles of slope

Qf‘ straight lines appmximating expnx'mehtdl veluns of 22 in the
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riozzle and cylinder on the relation ol the maximum and minlimum
temperatures at the entry to the nozzle. From the graph it follows
that with an inorease in the nonuniformity of temp°ratu1es the
angle of slope increazes, which indicates adattisnal” tuxbulénce with
flow 1n the nozzle.

Exoevimerta were 3100 narried ouL 1n the study of the process
of the 1nten»1r1nation of mixtng wich a nonisoﬁhormal flow in a
nozzle with a reduced level of, lﬂit1al turbulence. For this purpose,
onithe unit depicted on Fig 1, the entire flow beforé thé>9ntry
noczle was passed through a honeycomb having ducts with a diaemter

of, 2.5 mm and prepared rrpm @ 1ong corﬂggated metal strip 0.5 mm
- - arr 4 ;Pir
thigk and 40 m Jide,A Figure 7 g-:es as, an éxample the temparature

prolees measured by gifferentia1 thérmocoup]es 1n a nozzle Qlth a

viel

gength pf NOO mm wiLh Lhe ;nitial ovcrhe;ting ot the Jét ATO = 160°

,ang_éT ¥ 12000 Qon the noa;]r ~dge”h';;: 87, overhcating das

.contpolled.by changﬁpg the, rlow rate °€,Eﬁﬁ¢39mb“3t1°n ggqﬁpcts

-ﬁrpm nhe Precqmbustion chamber qnd air being mier) _ From the
transdition of the |

‘draui one. can see that with reat qyerheating e'femperaturé
A& ; gr:

&CS Afipmaticn,
falls, more intenser Figur- 8 gives values of wiﬁh mixing

y to a new lEErar

dn a gyl;nder .and nozzle witn dirferent overheatings' the great

G 3
effect of.tnp nonisofhermiclty of thp flowlon tne mixinp 1s evident.
TN RO
1t 1s intengsting to note that qven in Qhe case ot small overheat‘ng

An the nozzle the relatively small agitationlgf.tger}‘o;“tgﬁgé place
withldampeduturbulencn which 1s imperceptihlplwttg;raﬁ;é %evels of
turbulence (Flg. .2). mhiu, appaifntly, 1u conqegted not only with
ithe .nonuniformity of velocitiei (qhich can attafnJS 75) due to
,noniﬁothermipity but also w;th the longitudinal valocitv sh*ft with
the deviation of aetual Lo in the nozzle frow a, 0n9—d4mern10na¢

-QNne .

mhgagétggr.ghanks_L:ID:_Kuligoyg.th.yggk ntlargé'pért in the
_,conduet .of the experlments.. ' f
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Ot THE MIRING OF COCURRENT JEIS 3
ge§§¥%=r OIFFERENT AND'IgiN¢%%k[p

0. 1. Navoznov and A. A. Pavel'yev

(Moscow)

’Tﬁé‘6ﬁe§é§€;§=exiht1ngtleliemplriccl:?he°”§‘329f frye Bag -
1ent g;o?gfeiphuﬁdéd ih“E133i-acoxs1n;ep§¢p§e,9dé§fegfpfga}.9?}§§38
7qff§raééé§}ﬁg‘Sibééiﬁiwthl”lataus;Fgrphgrggpﬁ, aquupgfsnﬁé‘Q}‘ihé
‘turbilehce stHicture ol ot conf lrm the models formirg the basis
6?‘%%%5é'%héﬁ¥ié§ff !ﬁébe!cn-¥;bhnv:cnngoxlqg.uﬁgg‘iﬂ é%ﬁpg not
“First idﬁés£f§§€éd“éﬁb@riméntabivsf~Snlc(&nQQngpion.gpgd§'free
turbiulent ‘F1ows ‘dan b4 ‘obtained using 2 dimensién‘f adkliEigf
considerations of symmetry, laws of cocnservation of mass and
mo@éﬁ€hﬁ?‘?ﬁé'dfiB‘éhé'eﬁbirinenicl—datu on the structure of,
CurbuiErceO” BAETEHE PE1)-pleture of the wizing of two_flows can
Lo Cpkiified"8n1y on thé basis of a.correstiy,posed :Q;?;f}ﬁél;l%.

In viey_of the large number of parameters which affect mixing in
a.éé?gific"eibe?ihenivahd their simultaneous change, the isolation
oqbééb%daéﬁgé‘Pn'5’5&6&1r1c7parameter,)fogugxqqg}q”qpjppgjgﬁfh-
tionship of Veloeftiss /18 not always posaible.  1In many works

on the ng‘ff6ﬁ§'éhéngésilﬁﬂtﬁexinitie&-cqadit;onqlpgg not con-
sidered, ithi::'ﬁ‘rle'lid"a‘"to ‘different forms of the dependences being

r L B

urrestrs 4
obtained. : 2




Figure 1 gives the diagram of a working section. Central
nozzles with a dlameter of 40 mm and 30 mm and thickness of the
edge of 0.4 mm were rfastened to two pylons 1n tubes with a dlameter
of 300 mm and 120 wmm respectively. For the deturbulence of the
flows and change 4in conditions, at the entrance in the cocurrent
fiow and in the central nozzle fine-pored grids with the dimension
of mesh from 0.07 mm to 0.3 mm and porosity from 0.35 to 0.5
respectively were installed. The measuremeéats of the coerficient
of turbulent diffusivy D_ in the air flow behind such grids
according to thre measuremento of the expansion of the thermal
trace behind a heated wire with a diameter of 0.03 mm with the
alr speed ‘of 15 m/s and normal temperature showed that it 1s close
in value to the molecular coefficient of diffusion.

] v
in 1y Fes |
s Frn i

] i) \1 L'" ‘-,, R |

- ——ae --

;'...... ..---_‘_..-.ll Lz« e
1 L]
Fig. 1. Dlagram of the working
part of the unit. 1 = grid and .
felt, 2 — pylon, 3 - central nozzie,
4 - shadeow instrument IAB-U451, 5 -

grid on the edge, & - fine-pored
grid.

The setting of tbe-‘qneral grid (or package of two-three
grids) at the nozzle edge of the working section (sce Fig. 1)
ef fectively equalized the velocity profiles 1in the boundary layers
on the edge. Setting the grids at different distances from the
edge, it 1s possible.to obtain the different dimensions of the
boundary layers on the =dge which determine the initial conditions
of the experiment.

The geometric characteristics of the flow — the width of the
zone of mixing and the length of the "nuclous" - were determined
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from the measurements of the temperature profiles and dynamic
pressure. Taken as the bour.dary of the zone of mixing were
points of the profiles in whicl the relative excess of temperature
AT or dynamic pressure A(pu /2), or velocity Au equal 0.97 and
0.03. For the measurement of the tamperature profile one of the
flows was heated. The temperature drop petween the flows was not
more than 50°C. The measurements of the temperature fields in the
flow were carried out with the use of chromel-copel thermocouples
as.embled in a comb of 30 pleces with the distance between them of
3 mm. The dlametep of the Joint of the thermocouple was 0.1 mm,
The readings o1l the thermocouples were recorded on our EPF-09

recording potentiometer. . The time. for readlng of one profile was
15 s. "The profiles of the dynamic pressure verc measursd by a
comb of 25 total pressure tubes whcse readings were taken on an
inclined multitabe pressure gauge. Flpthermore, on the nozzle
edge the gas currents of different density were photographed by
the shadow method or with the use of a ‘Toepler tube. Velocities
were changed in a range of 10-50 m/s. Alr, helium and freon-12
were vsed as the working media.

The boundary laye" effect can be illustrated by Fig. 2, where

the dependence of ‘the ordinate of ‘the- -{nsernal boundary of the

one of mixing Y (sccording to the relative -alocity &u = 0.03)
on the relation of velocitles m of the' éocurrent flows of alr at
distances from’ the nozrle cdge x/d = 7.5 is given (tbhis value is
different at differemt distances trom the edge and increases with
distance rrom it). In the first case the grid on the edge was
absent and, on the external wall of tne central nozzle, the
boundary layer at a lengvh of 250 mm grew. In the second case, on
the edge a grid was installed with the d@imensions of mesh 0.07 mm
and a porosity of 0. 55 As can be seen from the graph, in the

abs ~nce of a grid at the edge, mixing stops depending on the
relationship of veloo&;iea,_beginning with m = 0.5.

1t fall

‘In each case, the value zccording to which the boundary of
the zone of mixlng 1is determined '1s speeially stipulateds
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Fig. 2. Dependence of ¥y on the

relation of the veliocities cf
two jets with constant velocity
of the central jet equal to

15 m/8; x/d = 7.5. 1 = without
grid at the edge; 2 - with grid,

For homogeneous gases, the dependence of the width of the zone
of mixing on the r=lation of velocltlies wiph a weak effect of
initial conditions was Investigated w#with grids inctalled Oh'%he
nozzle edge. The boundary layer thickness in this case comprised
less than 1 mu from each side of the edge. The corresponﬂing
dependence of the width of the zone of mixing determined from the
relative excess velocity on the relationship of the velocities is
given in Fig. 3. As 1s evident, the experimental results are well
described by the linear dependence up to m * 0.95. In obtaining
thls dependence, it was considered that on a considerable part of
the Inltial section of the jet the flow bearu elther a clearly
expressed perlodic character, or a transitional character to &
turbulent one — this section was elimindted from examination. Its
length was determined from the instantaneous photographs of the
flow.

Fig. 3. .The dependence of the
relation t/x onm = u /u, with

n= 92/0 = 1 [b/x = Q(n)

(1 - m), where (1) = 0.2, and
L yl yz]-

In connectior with the above indicated strong influence of
the initial conditions (to vhich the relative misslignment of
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the two flows should also pertain) and.absence in diffecrent works
of the necessary informatioh about them, it is difficult to

conduct a comparison of different experimental data. In some

works a number of dependences of the width.of the zone of mixing

on relations of velocities m and densities n obtained under differ-
ent assumptions relative to the mod€l of the flow in,the layer of
mixing 1s proposed. Thus, in worke {1] and [4] it is assumed that
the relation of thé width of the zenec of nixing to. the distance :
from the edge 1is propo tional to the relation of the two velocities:
the Lransverse displacemsnt is proportional to the moculus of the
difference in the velccitles of the two flows bu = fuy - ~ Up|, fnd
longitudinal -~ to some average 'véldcity for the zone -of miring
determined according tu the formula ° ]

oy

W t- S

{1y
.

Then we have: b/x ~ Au/u®. With the mixing of homogeneouc
flows this leads to the relation b/x ~ (1 - m)/(1 + m) which 1is
not confirmed in the cxperiments of the authors of this work.
Also not conriiwea 18 the dependencé of the width of the zone of
mixing on the density ratio for the sabmerged: jets which ro‘lows
from this relationehip. Prom 4t 4t Tollows that with the mixing

of a jJet in the atmosphere of a lighter gas, the length cof the
"nucleus" cannot increase as compazvd With the mixing of homo-
gZeneous flows more than two-folu, and ‘the width of the zone of
mixing of the Jjet in an atiuosphere of heavier gas exceeds con-
3iderab1y that ‘obtainedin the -experiments. In the exyueciments

. ‘of the authors the length of the "nucleus" of the submeréed Jet
of freon in an atmosphere of alr increases approximately 5 times.

From “he abovevindicatedraqnumbtions it follows that the
dependence of mixing on n 15 'different fur different'm, i.e., with
equal Au but ‘with different absolute velocities. However, 1t is
more reasonable to assume that the features of the interactlion of
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the two flows will be determined only by their relative motion if,
of course, mixing 18 not influenced by ti 1nitial nonuniformities
of velodity end initial turbulence.( This assumption, “aking into
account the expepimei&hi,rc§ults, makes the, fopegoing dependences
unacceptable. .

If one assumes that the dependence of mixing on the density
‘ratio with an equal difference 1in veloc’tles does not d?pgnd on
the absolute values  of qglocity, then fcr the w;dth lthe zone of
'mixing we obtaimi (2] wik)

b (e — 1) (1-n)y ().

wherc the X0 13 the effective ourigln of the coordinates determined
,by the conditions of transitlon to thc turbulent flow and f(m) and

S

¢th) abe*abﬁk fqnctions which depend respectively onlU on m and n.

3 =, F, Je. 7, BN,

The linear dependence of the width of a flat zone of dis-
nlacement on x 1s obtained from dimensional analysis, but dimen-
sional analysis provides no information relatlve to the type of
function f(m) and ¢(n). However, if one assumed that the mixing
is entirely determined by the difference in the velocities, and
the lesser of them accomplishes a shift of the picture of flow in
the flow direction, then we obtaln:

b: (2 —=x)f(m)y(n)

In the derivation of this dependence it was assumed that with
an identicul difference in velocities the dimensions of the zones
of mixing with flows with different absolute veloclitles are equal

with the same values of coordinate x - Xgs in which the longl-

tudinal mixings of unperturbed partlicles of one flow are equal
relative to the unperturbed particles of the other. The linear
dependence of the wildth of the zone of mixing on the relation of
velocities obtained under such assumptions is confirmed well
experimentally with n = 1 (see Fig. 3). Frcm these assumptions




1t follows that the dependence of the wldth of the zone of mixling
on the density ratio 1is identical with any relationship of
velocities. Therefore, the experimental determination of the
function ¢(n) can be conducted with any relation of velocities,
including in submerged jets (m = 0), which was also done by the
authors.

The study was carried out in the range of the density ratlo
1/n _from 1/30 (Jet of freon in an atmosphere of helium) to 30
: (tct of hel;qﬁ fq-an atmosphere of freon). The central Jet was
P heated' anl the width of the zone of shift was determined from the
temoerature profile. For a decrease in the heat exchange and
temperaturc boundary layers cn the dividing edgze the flows were
heat 1nsu1ated with the aid of & thermal insulatlica case slipped
over Lane central nozzle., [Measurements in each cross section were
carried out on the edge of tne tube. In individual experiments
the'Vaiue of m' ulmﬂionnwhat-noan than zerao, but 1c Jnever exceeded
glogent boundarv layar we

2 P

e I -
{A§ -can'be seen from Fig. 4, the 1;tens%ty of the aixing of
a ‘heavy jét in the -atmosphere -of.a light gas._ decreases shirply in
. ccmparilon with the intensity of the mixing of homogeneous flows
(n"®"1); '@nd with a decrease in the Jet denaity as comparéd wi%h
‘the''cocurtént flow the intensity of. mixing increas;g veryiheahly.
rhls céan be explained by the fact that Lhe intensipy or mixing is
boundetérmithed dy processes on the interface between turbulent and
nonturbulent liguids, on which the density ratio 1s changed sharply
with'Eﬁé“b}oulngiin'of‘avneavy‘Jct«into,tne:atmOEerre of a lighter

Ry

E ol &

gas ahd’ weakly in the oppoaiue case. . g A

(!“gure*5 ‘presentcy *heaarofiles or the relative dynamic
prossure and relative temperature for a 1et or rzcon in an atmo-
‘cphére ‘of ‘air.® Cleariy; 1t can be seen. that the pror*1e ot
dynamic pressure 1S narrower, than the tempera*ure profile in the

S
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T dvens Fig. 4. Dependence of the width
' of the zone of mixlnz on the

density ratio ¥ e jet
with m = 0. "

Pig. 5. Préfiles of relative tempepature AT and
relative dynamtc pressupe l6912/29 on the eross

cect'sn of & submerged jet of freon in the at?
at ditrrrent distances from the nozzle edge Yo

= 10.4 m/s, T, = 3100 K).

i0
exterior portion of the. zone of mixing, wherea: in the 1nner part

of .thelr boundaries they, coincide. 1@t the velocity prorile is
narroweér than tlu temperature profile whose boundarles coincide

with the boundaries "of the prorile of concentrations. Consequently,
in the case of different densities the velocity profile is

narrower than t‘he profile of concentration, too. This leads to

the nonmonotonic change of the profile of dynamlic pressure in the
zone of the mixing of two flows of dirrerent density when the
difference in aynamic pressures 18 small and the dynamic pressure

in a light gee is, greater tham in a heavy gas. Figur: € gives

the profjles of dynamic pressure and temperatuce in the zone of




mixing of a Jet of helium with a cocurrent flow of air with equal
dynamic pressures. These results confirm the agrveement of the
boundaries of the profiles of temperature and density.

. : .i:?f‘.’”'ﬁ"" as Fig. 6. Profiles of dynamic
' f 4‘“ pressure and temperature with

Lv..‘ t w L equal dynamic pressures of
! L \ the central jet of helium and

) " o t cocurpent flow of air (x =

a 1qg mm , qair = 14,2 m/8).
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DIFFUSION AND VORTEX MODELS OF
A TURBULENT JET

A. G. Prudnikov, V. N. Sagalovich,
and E. P, Yukina

{(Moscow)

In the practice of englneering calculations we widely use the
so~called diffusion model or a Jet which, in individual detalls,
is close to the semiempixiual nodcls of mixing in turbuYent jets
[1 2], while in its mathematical basis 1t uues known ideas and
representations of contenporéry staiistical theory of turbulent
diffusion [3 5] The following parameters are introduced in the
diffusion model of a jJet [6 7): the diépersion o (x) of the
11quid particle of vhe jet which consists of the disperbion of
purely convective transfer o!(x), and dispersion of gradient
(moIecular) diffusion g, (x), and the mean traJectory of the
boundary stream a,. Introduced further is tne concept of the
probability of appearance P2 of the substance of the Jet (cocurrent
flow) which satisfiee the equation of difrusion with the corre-
spondinq boundary and initial conditions. Similar parameters
o (x) and a, are alse introduced foréthe velocity field. The
given are assumed to be dispersion g“(x), P¥ number (Pr = o /o )
and the degree or homogeneity of mixing N=o0, /0. Parameters
a. and a_ are determined from the Integral laws of conservation

T v
of mass and momentum [6].
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Let us present for an example the formulas for the calculation
of the layer of mixing between two plane-parallel nonisothermal
flows. Let the density, velocity and tempcrature of' the first
and-second” flows equal respectively pd}, vl, Tl &nd'pb“}'v.,sz.

n

”he averége bartial densities are equal 0 p:L and 92

Tr on of Al

With the usual assumptions, the mixing is desgribed by the

move .
equation of turbulent diffusion o? tht inrm (
Q b 108 S
.,‘ (‘P\ s 9 ercHu S
Plﬂﬁ e ytza}ﬁﬁ. t (1)
(where ﬁcp - the average Y6ngitucin8l velocity in the Jayer of
mixing),_who§e §olution with inltial pondttions:‘_ "
=07 Prodilvinl yho@, av T C
Py =0 with y>-0
and boundary conditions.
] ‘ " m Q N ‘L--AA' -
I yu seloes Cllg==12 Y 1€
-in dim#nsicna. itTent (pil€s2ad h@rﬁpfl erm
' atichas the- fopﬁ t fairiag 1 he regicn
varidble § hlel ﬁ.ﬂ ! ‘1i";'w' _ i‘ ited by planes (2)
alor 1aensfens ST the m3lds close to the
! QOF 1nc o = T un 'l:. l C 1"Lly d b
B& analogy, the "eiocity nro “ile is Written in fh o%m
rogoertionsl t . e fairi reduc the rat
e of {aenaisne.. of { the ~e}eg.- This ef’eu.aae expressed
= S [, (] - R — o Nt ’
la . wesen 1h5). T oAl 4 -

The integral laws of conservation of the flows of substarce and

cause wors: Reynolds stresses a part of the
momentum written on the assumption that tne transverse velocity
Y f the avil d flow 13 cantin ly fed to the noles. Thi
wﬁen s, 1° equai to zero are the following
pi 8 also affe h# rat wth he naic t he
\ nd expre sed,> ths a1 ' ter eavation ( )
4 ; " i ( Bty ¥, ' (k)
iﬁw’~n AT tmfrwb ;§¢¢= purgs e 0 ”
: b
{0y T Al,pl) (5)
1 ed | into gccount the laft part of the
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They make it possible to establish the followlng connections
between the diffusion parameters:

L v e s e

‘i'—-»-—-(i —my (:)‘=0
VG‘ g 3,~ . -

Pe

- w/ T
Byt (3 = m)(§ - ) Y (y) — ma B/ At f)

W (z) =

“‘h?

b

where,m '“yl{VE'*p & “Ol/?DZ" Furtborggrg. thgwpepignatlons are
dntrodue@di " 4 | vy the third a

' -

W)= UL L I Rl T
- men e ¥ B
¢ D r 2% 3

.','."_t'.. -4 ‘
cy4fils ‘/vwr.jn- oy L

} 10F 2116

v Formulas) (6) ard. () 1n, .thmvnmancm n = & give the
simple. welationshipior notin (2] , hosss {2) |

]

y O [ Y < b -~ [

2 a i (")

%
.Il‘
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For the determination of the temperature prorilg vhe rollowing

.1 A |b'|

B,
"ﬁwo-stage" model is used %ﬁrs%'%he quasi laminar temperature
Iprofile with uni orm-mixing with dispPeron a! is Toupd.

T e P
rl‘-flPu'*'pu "Pu'*‘P:.

L) =

a — o 4 =
ssible ¢ i ing e o IT

l1ts 1ntroductiog is g?erfsary during the study of|the mixing
of jéts of substantially ent densities and tempevatures,

_fzﬁcﬁ%iﬁiiﬂg’ﬁwyéﬁiiﬁﬂ*gm '1:‘ g e At
LR ¥ e speal il of ihis »élaet
tist the seteined sdivulsied diswribetiim »f
sldes with he caperimmmss
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Then the t"ue average profife i founé on the assumpﬁioh that the

and t

quasi ladinar profile 1s trahsferre& randomly according to the
normal Taw with uispersion ci - 52‘3 dc'

o’y . Wy o @

I § - - - v

o -4
T o .
1 -1 ( A i Pty o) dy..

. v MR i

16_
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Py, v,

Analogously ithyg! possible to obtatd’ the: ‘exPression for the
mean-squareifluctuapion oy témperature

21, |).n.l '>l\.1‘

-
»

AT :Ilfﬂ | ‘ P, 7T -ny,, I
vis L ;,. vz hayr ot [ITI'"- 'l: :' ._'"_ llj 1 (‘l. !I..) "Jw.
)

» { . 7 l ~
f -The jaomparison of the results of the calculation with the
experimental data for a ferie% of problems (cirrular jet, plane

Jet at the wall Qiqtvibuted biow%pg-id rrom the walls, préhsure

behind an orfset with he turnin of a supersonic flow) 1s pre-
ere E_ and A_ are ﬁgmfned *oni the solution gf the followirg
80

sented on F gs._ -5 fusion model was used or the

calculation of dirfusion with the flow of a jet in a nozzle, the

the same satisfactg;y agreement with the experiment.
“v Dy ’ I' % \

"“,v, o G . e ompe vey Y ROE RS 4
i & £ VT e el 0,180K (1),

Fig. 1. Change of teuperature
in a cocurrent circular jet.;
I. B. Palatnik's experiments
(continuous l eq - alcula-
ral"'aLAT x)* (3.
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the dfst tion of average velogiiy & ¢
Fi 2 A
g g olnts Dlot the +xn'-'-ntﬂ"‘ 31 {3).
‘Fi . Gnt ~temperature in a cocurrent at & wall;
‘%a. Boro exper ments cﬁﬁ in ous lit.F - calcu-
1“'10“.;}1- L’ mni’ worse w ths emprrimental
lose to tue l.l)'ln‘.
Fig. 3. Axial velocity in a circular submerged jet. The

dotted line - e erimental de§# of Korsin for an air Jet;

the~s } are 'Foratoll's ‘éxperimegtal gata for a
wa‘tern} line + calculatjon with o/a -
= 0.0 (x/d '-..33 _ 4_9.5%. x 1 .|

ig. 2
?13. 4. Profiles of concen-
tration for varicus blow-ins;
L.l experiments, of J.. V. Bespslov

and M. Gubertov ( tin-
llhei ~ caleul g'ﬁ

1: KEYe wdda: -J#J!h!lhtuinb

.. Fas '.'f% e x,/6 < 0.6 s/r « 9.2 is
wﬁ 15 S sehling with 3, * & values
i i ; 4 By pemcessing

z'f’f;

7 e
EvePywhere the turb:izdk number Pr was taken as Pr = 0.5,

The degree o} unlrormity uixing N; determined for the first

time t‘orﬂgésel b-y N, Zamyatina.,{p. 9] with the aid of the
' o
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optical-diffusion method, was taken ac equal to N = 0.4 (gas — gas)

and N = @ (gas - 1iquid).  'The only detemiling paraﬁeter was the
‘dispersion of the jet. = fol

“;:iéc—:_:”’;:;‘,Jizk_"‘ Fig., 5. Base pressure behind
oSkl 42 P PReaEt v flat effset (dotted line —

LT e | Liorsﬁ‘s «calculation: o%/h =

=004 -contituous =S¢ Rhi-~ -

‘ A:, e 4. s ‘.- ~‘0 /'JJ‘J

LTe te ‘,21”‘2’ Osanesyqn z caleulation
g a nns13)  dccéording to the diffusion
YR, the Laver, thei it is cleamidel of! nindng“ 2688 /h = 0).

by 1@ n.'.-;._: ¢4 r t]ll 1= Bal KEY: (1) =1L %1}, 7(2)‘.

\\f - & - .] Kuptsov-b( Tagirov.
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the vel~eity discribur ™

The dispersion of a jet on the basic section depends only on
relafibnship of velocities (the parameter of cocurrence m) and for
all thc.ahgxg;gpumcrated probtbml proves.- -to berlgentical with the
1dentica1,yilﬁbMeter m hlth awucy up t *’o the length
of the|initial secthn.’ﬁ*}l ot actors - difference in densities,
1n1t1aL turhulence,utwishihg of- the Jet,. bounda.y-layer thickness,
acoustic effects, etc., -Jarfect bas“cally only the “length of the
initlad- section of the jet. ‘o dxample, for the subsonic vel-

ocities dispersion on the basic section satisfies the following
caleulated relationdhips “Lrioutlon J;}G_ olstained under the

nditiogs (potmts sre Kletanov daja frgm e deviations
1bu 'n;- 0‘:':‘ ’?‘ 1‘} (‘-'r -l._c.i.)-. ) - t ( 9 )
He 15 afspersio 'f{h 7. A B e <U2/'"'
= - 3 =
ere 00{ - $pe!’s On w e ‘m L“ 0] €lx‘ n‘:n-" )}\ rx OOr ]

o ?DI/VI‘“M(l ~<m') wish %2 2x'; where -x' = 01/2v1a!,,91/1l » =
7 0:0009,; .and (g, Dy vy —rthe level of turbulence; the diffusion
coefficient, and wp;lcm.i.?: of, the external ifiow respectiveldy; x, =
=-—ddﬁfor»n»--b1nnd" “thitdalﬂtubeﬂanoﬁilc‘oﬂllnloqtt’a d1 — the
qdlanetep\prp;herbnpe, °0 ~ithe diametar i -the jet ; end tRe.values
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The reliad data on the value of the it pation of
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of k can be approuximated by the dependences: k = kt(l - m), k
= 0,09 for m < 1 and k = kt(l - m),_kT = 0,06 for 1 <m < 2.
However, in the diffusion model, as in all semiemplrical
models, the cnaractenistics of mixing are used which are borrowed
from the experiment; this model does not make it possible to
disclos; the physical nature of the di:fusion of a'Jet and, coase-
quently, in principle it does not make it possible to theoretically
determine the dispersion of a jet., Furthermore, this model does
not provide a satisfactory descripticn™of the velocity field in
the examination of semibounded Jets 'and .the boungary. layer and 1s
completely unsuitable, Just as any. other seémiempirical models, for
the "closing" of the equation of .the con.ervation of..energy (with
the calculation of losses of total pressure)

Therefore, more promising (for the development of semiempirical
theories of the "old type") it seems to us, i1s another, so-called
vartex model. We note that recgntl* a deeper pengtration into the
vortex naturg or &qrbulen; flows with a transverse sh¢fc 1s
charqcteristic of many_;nygst%gatprs Llp 1]

Fignre 6g_oresents a diaapam of a proposed voptex model for
& free turbulent layer. The wave ampiltude of tle perturLg.iun
of a tanguntial velogcity discontinuity increases up to, the value
of the order of the radius of the vortex [c(t) A ], whereupon
the wave 1is rolled up into the vorter The nature of the change
in ¢ 1n the gourse of time 1s presented in Fig 6b; the simp’est
approxinc'iun of. the dependence c(t) 13 given.<,A more precise
approximation, taking into account nonlinearity according to‘
Landau [12], will not chaags the essence of subpequent reasonings.
on curve ¢ = ol (Fle, 6&b) 1t 18 poasible to nome two charac
teristic scales: the llfetine of the discontinuity tp and the time
of the vortex fermatlon T.ha » which satisfy the rollow*ng
relationships:




' piler=s | o T
1 -;- ln.’.»':)anq Yoo ¥, (10)
where AT 1s the increment of an increase in the disturbance wave
in the course of time in the coordinate system connected with the
‘wave. The transition to the corresponding scales of length in a

motionless coordinate system 1is evident' x = v 1 _ and e i &
= W Bus (v = the phase velocity of a wave of a "drlrt"-typ"
disturbance, ~ the amplitudh of the’ inItial dIsturbance ef th

discontinuity surface) TQe value of L Just as the scale ZB,

is a random function on the strength of which ‘the scale Tp is also
a random function We will outain its average value, subﬂtituting
the expression CO given in [12] through the Pluctuations of
velocity on the initial seetﬂon and averaging

IS 1 »
f _._i,, ~1 f - ~ - ]

[ 4 ’ L ’

u( /tx;.u““‘ ) (11)
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where Ax is the increment, of anLincreage in the disturbance wave
of the "drift" type., Experiments [16] shaw that the maximum level
of "nolses" under narmal.conditdons. does not exceced €, ~ €5 ™

= 3.

= Eogy = 0 25, s0. that xp/xQ.

. I r.l \ ‘.4._ ‘\- jf;E JT

Fig. 6. Vortex model (frﬂe layer‘of nikfn?)
1l — veloclty profile in a large vaorgex; 2 -+
velocity proftle in a-traee oﬁ-brelkdown; I e
increase in amplitude of perturbatien of the

discontijulty. surface; b - model approxi-
mation.
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The vortex as a single 1liquid volume (mole) is separated from
the remaining flow by an unstable discontinulty surface; for a
vortex there are two chnaracteristic scales: the lifetime of the

vortex r aqg the time of its bneakdgwn qp.' and*.gnnneqpondingly,
scales x g and B 1Y 0% p se (Vg = the speed of novement ot
the center of mass of the vortex). By virtue pt_qquitions (10)
t.he vortez formation occurs almost instantly, which is equivalent
to the ‘ﬂelastic collision of two 1iquid volumes. The laws of
conservation of moment, momentum and the position of the center
of mass for a vortex up to and after "collision" provide for a
free boundary layer (center of the disturbance wave lies on the
X-axisy sec Fig. fa): Lol -, -

>

¥ L | &

ol . 210 L %y .
[ e i wg e SR
- . I I' (_a)L i v.l T e (b)-_ (Persl g (o),
i " | — . ., .

(12)

where °cp = Py + p2/2, 11 is the radius of inertia of the vortex
and w 1s the angular velocity of the vortex.

For the near-wall layver' (center of vortex lies at distance
LB from wall):

Y.l (e), (13)

where Py and v, are respectively the density and the flow rate far

from the wall, Py = density near the wall, 12 — the momentum
thickness 1i: the boundary layer up to the formation of a large
vortex, a'd w - the angular velocity of the vortex.

From the law of conservation of energy it i1s also pocssible <o
determline total pressure losses in a large vortex and trace of
breakdown. From relationships (12) and (13) it can be seen that
In a free layer a large vortex moves practically without slipping
(the profile of longitudinal velocity takes the form shown on

Fig. 62), and in the boundary layer (since Zi ~ Zs >> 22) the




vortex moves with slippage, forming a laminar sublayer from below
and from above. The profile of the volumetric concentration in
this case coincides with the profile of longitudinal velocity
(Prandtl turbulence number in the vortex equals unit: Pra s 1
Fig. 7a).

Fig. 7. Diagram of mixing in a
large vortex and trace of break-
jsydown. la - the distribution of
" volumetric concentrations; 1b —
“the distribution of longitudinal
velocities; 2 — mathematical
expectation of intermediate com-
positions; 3 — field of instan-
*taneous concentrations.
KEY: (1) Large vortex; (2)
Trace of breakdown.

e {1, 18 L '-?'r Lree . v.ed :.'.‘u_._'._rﬂ.
i AtEAE |
= - Iy . ’

“lohe 'caseade breakdewn of 'a large” vortex inte' s seriea of fine
vortices with uniform and isotropic distribution (zero monent
relative to the center of mass ), provides the so-called trace of
breakdown (turbulent spot) of ‘the same scale 1, The problem of
the determination of the properties of the turbulent spot in many
‘ways 18’ 4dentten)’ to the problem of ‘the breakdown of turbulence
““behind u grid. Therefore, the mean-square rate of fluatuations
i the turbulent spot ¥4’ in ‘vime t uafter :the bremkdown of & large

"“ijortexX’ and the coefficient of mieroturbulent: viscosilry (diffuiion)
4N the ‘turbulent spot v
11, 13]:

tr

! z-DT'bdd‘Ub”baken irom the experiments

0 be

.. l’\ p¢ ;.“‘9, . i.i‘."".: tion
o

] '!."- “":'*4."1‘\'.‘4.‘" ) '”T,: it - Fc' (14)

n tn -

k?; — the average velocity of the motion of thé ‘tracé of “breakdown).
. s p % Llent N3¢ ‘Aa.] ha




The profile of the average concentration (temperature) in the
trace of breakdown is not reconstructed but contlinues to expand
: with time under the action of microturbulent gradient diffusion
with coefficlent D ’ The profile of longitudinal velocity can be
reconstructed so that acqoriing to the laws of conservation of the
quantity and“moment of momentum the upper part of the volume of a
large vortex which has broken down will move at the velocity of
. the upper flow (vp *VW3), ‘afd the lower — with the velocity of
lower flow (sz = V ¥ 1 e., the fleld of longitudinal velotities
after breakdown fh princible can réturﬁ ‘to the inifiai state
(curve ib on Ffé 7oY. “Phe’ averagé ‘profiles of concentration
(temperature) and veTocity at an arbitrary point of a turbulent
layer are determined by the type of the function p(l) — the densicy
of distrfbution of “the oﬂbﬂability 3? scates 7, and aiso by the
probabiffty of the adﬁearihce of a llrze vortex 1n an arbitrary
" cross °ectfon X ot'iaujfif dﬂ gy tﬁ@ piasaﬁifi Sfdéhe &ppear-
' e L trébe of breSR&ownhF Function P ( Re ) & forhﬁ (x,
ﬁeA)ﬁlwith small x 1is surficiently complex. However with an
increase in x, wheqp the'nunber P?ﬂ.' dul/v will become suffi-
clently large, and ‘the probability of the appearance of laminar

thesedfunctions take the rorm

prtS 1s sufficiently sinall
thermare, it 1s ppowed chel with Frinisstls s
P '/ vel 11 ' - ia ECae ! i 4 iy
| ve) y e . »-I.Jl)“-‘-—%:— T (15)
o th =) "m““-“h Jem Dww S e prwaryus
MO rivellees the flirwt oy right

PBstimates according to a number of indirect experimental
observations and also according to some considerations which follow
e pom lfneartiheory. permit assuming ehttna and P ‘ére values of

2 al J'O" )O!"uer* .1 e. e 1 elf Wi I X5 * 99 r=a 8 .—." ) Sy
we obtain three relatignabips «=$ .t lhe Sresdtye
L '1 ney 47 'yh 8 - '|t|. ‘l’jl ="pu -‘.'J."-i. % = : . (158)

The function p(l) in type is (lfse-to a Maxwellian diéeribution,
it is elther proporticnal to the function of the increment of an
increase in the perturhatibnsjhr the "drift" type of jeavelength L




(i.e., p(l ) = A (a‘L) — a coefficlent of the order of unity;
prellminary estimates according to [161 &glve a = 0.3-0. 5), or 1t
is a function of this increment (dependiqg on the txpe or spectrum
of initiql perturbations) _The features of curve p(l) are such
thaf the greatest probability will be with scale l with the
increment close to Anax which decreases with an increase in the
microturhulent viscosity for the envelope A‘i (hl:; ,ﬂn -l)\‘f ) —
the curve of the 1ncrement for an infinitely;fine ﬂurface of a
tangential discontinuity (see Fig. 6¢c). By virtue of this ‘the
meah value of the scale T ] Z for a free iayer saviafies ‘the
following relationship.

. TP [ . ] i (16)
whereupon lm'l_ﬂ(:x)-/\oT = 250-290 - according to the data of [13];
‘Rey = Autﬁ¥1/M,ljs 380 - according to.data for processing '3olutions
{14] for the case n = i; m =~ 0 and the laminar Ghicitness :of the
v discont fnuity surface; Pﬁ = 0.5 adcording to ‘condicion (158); x  ~

'-1/Amax according to condicidnﬂ(llJ.’nIncvh#m4relaﬁiqnehjn. the
‘the dependence on ‘n is considerable only for the ifirat large
vortices (x < xpl); during subsequent formations of large vortices
from the traces of breakdown the value of n 13 glose to unity by

- virtue of: sufficient uniformity of the composition in the trace
(py = 0, = pcp)-'

¥
, 4

We will dwell now on the éhysicaliinterpretation of the
parameters of ‘a ‘diffusion model from the viewpoini of ‘the vertex
model 'The jscale of the width of the profile of concentration is
not ‘changed /from the breakdown of a large vortex and: i3 equal to
‘the '8dale ‘of ‘large vortlces, 3o that always-e % 7. Fhe .scale of
the field of longitudinal velocities changes with the breakdown
of the 'vorstex from seale I to seale lb'<<rT (l» - the scale of
‘vortices ‘in -the ‘trese of ‘brdakdown, rit is the lelle of (the thick-
‘lidds 'of 'tliémew ™™discontinuity surface"), so that

¥[Translator's note: cp = average].
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=P, - lpp;, = L,P, with '.. ff"i

3 e
and Pr = B, . 2P 0,3 with ! = |, (17)
o, =,

The degree of pnifoém}ty'éf mixing N is not the same, either:
within the limit (10 p/‘t8 << 1 ahd'lp << T) 1t 1s close to zero
and unicy respectiﬁely in a large vortex and trace of breakdown

(see Fig 17b), so that

NNl NP PN 205 it N, = L (18)

The average shift of the field of concentrations slong the
y'nuu-'.(numotev-q;) 1! up].a;neérbw the average stagnation of
the volumes of & more rapid flow; the shift of the field of longi-
tudinal velocities (parametcr a, ) 1s caused by the fact that the
centers of vortices y, and the segtgons of dilscontinuity dc not
lie on the X-axis;' fﬂe1n~mean if!Itqu Is determinedi by’ the
integral law of conservation of the impulse flow.

ie) he W ' et s W pm—e il ]

- In conclusion, let us uiumt«n the analytiecal possibilities
‘of the model with its agrecment with the experiment. The fleld
of' average velocities 1s determined by the relationsbh’p

Fa _ N i

Lo B J'_ m e )
AV -: -‘,,(1) e /'L" ity .:'.' pty)dl,, (19)
I e H e aa hie oKa
whepe 1 oo
—) r g

P () Y B ETYY _'”l-“’!— x. "’;-l:o.'.- :-""-'(”'

L by i

Axprat

b Suy)dlis the overall number of vortices which pass, through

cross section x Quring. illrinitely laie.e time t3 u.iﬂa,.u)dl ,_,__‘,'_-_ -

2I ry
[ 4 - r &
the time (relative).of the passage or a, vgrtcx w}ﬁl dxmension 21

through the cross, section x; u (y - ¥y,) — the profile of the
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longitudinal average velocity in a large vorteX‘ up = In the trace
of breakdown.

AR AP
A ki1 Ofly ¢
L% ok iy X PR

o

Fig. 8.1 Layer 'of miximg: experis
ments of Zhestkov and Albertson.
"(2&0 25.4 mm; v2 ‘= 4§ m/s; Bl W
3 0I5 yFuam 1n ordor ¢ t
EY;, (1) Calgulation; (2 ) Vclocity
1strivucion in the vortéx.

Pigure 8 preserts thé”ﬁeSulﬁqxof“ﬁhe ‘saléulation of the free
layer of mixing-.and the experimental -points [15]. -Figure 9 gives
rLhe experimental profile of the average velocity at the wall [10]

and Epe gimplest calcula?ed version of the model (absence of the

slippage ‘of the vortex with the natﬁnhm slippa‘e of the trace of
breakdown)

. 1
ke, (P & ) » ii 1y, 25, £, L

’ -... (1]

"v:l/: 3;[| —ol, w_)] I e e -

sneiiy)ofstyn lougiy ifinel ooy
FISTA] e N R B

Y

Tew, nyo 1280en/s; 3, = 0,603, 3 =6,3wu, Py = 0,67).

Fig 3. _Turbu.ent boundary

Jlayer SR A *Tb#htpnu' ‘sxper-
eH&O ult he m

KEY: (1) Calﬂulation' (2)

Discontinuity; (3) Large

vortex.




Consideration of the discontinuity (more precisely, the laminar
sublayers on the lower and uppers boundaries of the vortex and
trace of breakdown) provides profile u with the characteristic
inflection point which disappears with an increase in the disper-
sion of scéles ! Tor x.
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w-z26
STUDIES OF TURBULENT‘CONF!

OPEN FLOWS ACCOMPLISHED I
SNSTLIUXE'g?hﬁIDGOHEcghgé
OF THE ACADEMY. OF SCI| N S
-or Tm: uxmmwfs
¢ e wall and

T RoPovsieddy

(Kiev)

Review
om (17Y 4¢ 4. -~
ly.—-x" 1S 1440

In the Ih%ii*ute ‘of Hydﬂbmechéhibs d¢ the‘Academy of Sciences
AANY ofttHe kvatnidn SSH, ‘For @' rubiber of ‘Yeard Studies of turbu-
lert fibws Witn'a ‘fried "sur'i‘eﬂ:f‘ Hhd M i1 fery Pipes Wave been
acconﬁlishi'df and e o8 W L snia e Bk iddry Hayerare also
developing. [ Cor¥1ackarae dtthrviod As '$1yén £ Re experimental
‘§€ha1es. In connection with the fact that at the present time in
the USSR unfortunately, there is no susflclent practice in the
reiiable HEE BT A Mlicnds S e & hdt i Uredbndter "E¥pe for
dro"pb‘ing qllas’ dxulr'ci%g”t;)ﬂé ¥ud {48 the following were basically
used: 1) the method of visual study of a flow by means of the
1ntroduction,\into the flow,of swliggor liquid part iél¥s - indica-
tors with cinematographﬂé'phorography ‘¢f the flow and subsequent
statistical processing of the photographs (subsequently, we will
use for .it. the shovtened namen ¢ | phoﬁographic and clnsma method);
2) ona- and two-compohent véIOoity sensors based on the principle

of the dynamic effect of a flow on bodies introduced into it.
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The photographic method was developed in the USSR by M. A.
Velikanov, N. P. Zrelov, B. A. Fidman and I. K. Nikitin. I. K.
Nikitin [1] proposed using solid particles as 1ndicators — balls
from a mixture of paraffin with whiting that has ldentical volume
wecight to water, and defatted fine aluminum powder with particle
dimensions of 10-100 pu. Illumination during photography is
accomplished at spe¢ific t4jse im€ervals by a flash bulb with power
supply from a pulse generater. {With photographing in mutually
perpendicular planes, it is possible to obtain a three-dimensional
plcture of the flow.

In order to determine posuible errors with the photographic
method with the use of alum!num powdér as the indieators, E. V.
Zalutsky accomplished an analysis of the structure of turbulent
flows with a shift Oy the following scheme. Fbllowin" Tonsend
(2], the turbulent flow was considered as the Buperposit;un, on
the main flow, of simplest vortek structures of Cifferent scales
and intensities. Using Laufer's data Iﬁ]'%n the energy spectrum

cf a turbulent flow with a shift 1t was possiblp to obtain the
representation of scales and velocities of dif{erent vortices.

Then, having made use of Favre's works [4], it was possible to
determine the possible deviation of the trajectories of solid
particles of different dimensions from the traJectoriee of 1li,uld
particles.

The analysls showed that for condliticns under which laboratory
investigations of water flows with velocitles up to 1 m/s and
linear dimensions (depths) on the order of 0.3-0.5 m (which corre-
sponds to Reynolds numbers on the order of'1-105m5-105) are
usually aczomplished, with the use of aluminum powder it 1is
possible to catch vertex structures which also approach turbulence
for size and miecroscale.

The advantages of the visual method are the absence of notice-
able distortions of flow, simplicity of equipment, the possibility
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of measurements in flows with a high intensity of turbulence, and
aIso the poudibilfty ‘of’ miktng measurements fnithe Ymmediate
ppoximity of the warfb. "ifne ‘matndéficlency 6fthe ‘method — the
laborious prdcessing ‘of 'the ‘results. The quéstion of the'butona-
tion of the pbeeséIrélé?ﬁéhék?ésﬁiéé 3?’tﬂg'ﬁhbédgiaiﬁiévhethod
and dIrect input 0f informatién ifito’a computer thus fap 'does not
have a satisfac&dry soltttan Pafid "#+ “Should "de' the subject of

further reseaFch. ca the use of equation (%),
TR A ics can be re: 1f gasur e

‘a bal] tWO—combonOnt‘veiocity sénsSP {nvostagatedhin-deéaii in
‘the' Institutelof Hydromechanics of the AS of the Ukrainian SSR by
B. M Yegidis (5. A diagram of the instrument, which makes it
possible to simultaneous1y measure” two- Veldedty! components at one
‘point, 1s shown 1n P1g 1.7 'Tnvestizat ions? showed that the force
‘which aets on' the 'B&1171n ¢ norstationary” turbulent fiew differs
Trom that in a eorresponding statisonary ®ow as a result of: a)
ng virtual mass effect and b) the phenomenon of "hLydromechanical
ihiﬁ%?ﬁ" which possesses a vortex gzone behind the ball. Because
of the latter circumstance, with the acceleration of the flow the
neaistance-gpeff;ciegg of \he bal}‘}: rfﬁﬂf{??ll.lfls and with

deceleration ~ sreq;er than in a stationa;y rlow.

-,r‘> a8 :..
ey

i ll- h n-l|-h- —O

Pig. 1, Diagream ol o mm 3,
¢~ mutually perpendicular plates with wire
strain gauges glued on them; 3 -'GaT19 'which
perceive thc‘d /namie prenaureuof the flow.

Furthermore, as a result of some instability of the position
of the line of separation of the boundary-layer, betrind the sphere
the fluctuatior. of *he drag force 1s observed (and when a gradient
of average speed 1s present — also 1ift) even in a nonturbulent
external flow.




The intenslty of these apparent fluctuations of velocity
b=ing recorded by the instrument attalns 5-7% of the forward
velocity. Therefore, the ball sensor 1s recommended for use only
for studying comparatively large vortex structures in flows with
a high intensity of turbulence where the errors indicated above
will play a comparatively small role.

1. Studies of uniform flows in water condufits with smooth
and_rough walis, .One of the mest-important in practice is the
‘'stesdy flow in pipec and open @uets of constant cross section
uniform in the direction of main flow (uniform flow). The distri-
butteniewer the cross section of the averaged (for time) velocities
for the simplest flows of such & type (circular pipe, wide rec-
tangular dellvery duct) has been atudied in sufficient detall, and
‘the ‘turbulent ‘st rudture — ¢onBidoPably 1e88: The velocity field
‘near a $011d wall 18 4lso fnsuffiéientlyiinvestigated, especizlly
* inche saserof reugh-wallssurbulense in uasteady flovae in
risem with stesdy fl=ss even w aret S | oeal
»The detailed investigations in ‘eonfined and openducts of
L Irdctangular icross ‘scetion were lexeeutod under the gutdance of
I. K. Nikitin over a wide Prangs of ‘ehange iA the Reynol@s numbers
and 'roughness of the walls. These studiec 'made it paessiblc "
~obtain the distribut lon 0L average velodit1es, sfngle-point moments
for ‘the 'components ‘of the fluetuatioens of 'vel eity ‘and, 8n a number
of cases - also two~-point correlations and one-dimensional energy
spectra of the fluctuations of velocity.
For the processing and théorecical explanation of the rcsults
‘of che experiments, I. K. NiKitin propesed using a linear ~
' parameter = 'the thickness of 'the 'wall layer 6; with &3d of which
‘We ‘managed (Lo ‘obtain @ "twoslayered® distribution curve of
velocitles, general for the cases of smooth, "slightly rough,"
and completsly 'rough ‘walls, and ‘& gemeral law Gf recistance for
‘all cases. ' “Me physical coneéption of 'I. K., Nikitin consists in
 the following. In ‘rough chanmels; ‘simflar "to ‘smooth ones, there

- & a T —
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is & region, 1n which the spe.iric properties of a flow whieh
flows around the proJections of roughn»ss are ‘exhivited. The:
unique strucﬁure of vorticeﬁ, caused by the detached 'flow around

in the
the ron§hnesa elements, creates spéctuie edditional "viseostty "

whoge‘fffeut diaappears only fat'’a lpecirlc‘distanae fromthe
apexes of the proJecflons of” %dughnessb ‘Purthesmore ;L€ we perform

e r’Y"‘

a three-dimensional aﬁefaging 0fthe! longihudﬁnativelooity compo-
nengs ,betwecen the proJecfiona of roughness, then the distribution
_along the vertical ‘of such "averaged velrcitimg®-turns out to be

‘similar t° ghe,ilnear (analogy with linear’velccity ddstr:bution
in a viscous sublager) d me ' ; _

€S8 4'-1! > 3 o; t‘
The presentegogonsidgrégiéﬁé al1%wed' 15°K. M k#tin to propose

the folloying formu}p,~,for thq,diatribution ~{ average velocitles

along the vertféal of ‘@ plane turbudent “tiow 1)

(1.1)

41

tog tr % 3&“;&17,15-05“ 3

udi A0 irlllVQPIO :1rtct U, = ja

Where ﬁ-‘ 1% the ‘dvereged velocity at. t‘-bt ‘given point .Lu.'.-- dynamic
velocity, y - distance from the wall; § — the thickness of the

Watl ! la‘y't"x', 'for ‘a’ 8moot W wall ‘egual to ithe YhickRas3. 0f the viscous
sublayer and “Por’a dompletdly raugh, Wall o~ eqqal (k@ the average
théight 5f ‘the! projé&tions orlreughness.l - . .

e [ tran rerse 14 sion

“Por a“slightly rough'chanap““*tne boyndary ef, ;ne,wail layer
paEses‘highar than the projections of roughness..  Ine cgrvp,pro-
vides?Pa Smoothdcoupltng withlthen straight line of. )elocity.dis-
tr1b0t18n®Tn? che SUblaYert t!(@his-ds discussed in gre ter detall
in the report of I. K. Nikitin ccntained in this collection.)
Some Qinuieney i, tha cvrve 13 its "two layer quality" and
velcclity g.ddient diffcrnnt Irom zero on tue axis of' flow (ar the

free supface "of an open duct).

el note fhEt Yobu lagrdemént with the idaba ,@f MURErQUS experi-
ments conducfed A the!'Invtitute 'of rlydromeehanics of the Academy
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of Sciences of the Ukrginian SSR}sas shown by the curve of Pal
Shin-1 [6], sultable for the entire f1. w4 in a smooth channel
including the viscous sublayer (single-layer scheme). However,
unfortunate Y, the coerficients which enter this formula depend
on the Reynolas number in a sufficiently complex manner.

'ﬁév1ng ~urficient1y precise distribution curve of average
velocities gnd knowing the law of reslstance, it is possible to
.calcuiate the Reynolis stress of friction EI*E at any point
according ta the depth of the plare flow and to compleiely examine
the energy bs]ance cf avéraged motion. In particuiar, 1t™1s
possible to rind'the depth distribution of the' rate of the gener-
"'at18n of the’energy of turbulenee and’ encrgy 1ogses of the aversz-od
motioﬁ for aifferent’ Reynolds numbers and walls of aiffer nt
roughhess [7]. The-iesults of one such calculation are shown on
Fig.r2, on which the distance from tho wall is lald off along tie
ordindte rererrM to the half-widts h' of the chennel. ' It i
interésttfg t‘b note that in a smooth clnri'u‘t ‘the' generation of

“turbulence ana’ viscous’ disstpation (1.€%, what'4h hydrauldcs is

customarily cailéd the energy Ibiheu%*ibrconcdnhruzdﬂ in'e rela-

tively” thin regirn ‘at the ule while for rough wa!ls this region
' embraces a coh..i‘d‘e‘ra'bﬂ m:' M o? t'he flow.

¢

As & result of the generalization of the experimental data,
I. K. Nikitin proposed empirical formulas for determining the
“distribution In tMe' piane flow of 1dngitudiral and vept ical mear
Vsquare rluctuating velocities l.h and Y.}, referred to u, [1].
With the ald ‘of these formuiad it is poslible, with 'some degree
of approximation to find the distribution along the ‘vertical of
the averaged value of ‘the kinetic ‘enérgy 'of turbulende J., If we,
further take the well-known expression v” 1y 'Por 'the doerficient
of turbulent viscosity, then hemce it 1s possible to -aldilate
the’distribution for the cross secﬁfon ofiteaié i Such an

tained in this collection).




ntig T?“?"Vﬂ .,  Fig. 2. 1lntegral curve
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{ i © the total losses of energy of
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The SUfliuienLLJ Q'orloe knowledgq of tn law of resis tanue
and, dibtPJQH}FOﬂ oL ve%ocity and the k1n°tlc enorbs of turoulen0€
"mnkqp 1t poaaib%s ta. FalcuL“Qe with "oq- epprox1m4§¢on hc distri-
butioq_om»r thg,grqs sectlaon (cxcluding the Jottcm rpplon\ of the
\rate q; q;sqiqation of cnquy\or“»urbuxence £ and corrospondinbly
the valu%“pt the scale of dissg ipation,A l,[8] qu this it 1s
_possible to use the Lormqlq N O that wi ; - RE

l
1:Y t1 shale L ¢ ""':=:e'f6fzf. bri?- nd (1.2)
.t : »
Theé exper fmedtal value of coeffrcient C, was found by applying the
equation of bilanC( of 1luctuating energy to that potnt of fiow
tn whlch from rough gotfmafgé"thu dlfiusion of *hé energy of
‘turbulencé‘is £bsent and he digbipation ofﬁgarbu]ent energy is
Lquaﬁ to 1ts generatioﬁ. ThUb the value Cl = 0 077 vas obtained

uufficiently élose to those found by other authors.

With the use of sueh bnlcul&tions the distributionf the
amount of velocity of disiﬂpa;ion waz obtained for the cross
sec'lun and 'hc 1HF V2 lut» of the scale of the disslpation AA and

v »-__-vv

aieculmticon " L fox U the formula
The graph of the dimenifionless scale

oy (1.3)
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is given in Fig. 3 (here h is the half-widtn of the duct, u, -
dynamic velocity). The comparison of the calculations with the
direct measurements of the sgqlé oﬁ df¥sgipation made by D. Laufer
tn a flat duét wiﬁh'sﬁod£h déi16'ggvé.sgﬁisfactory agreement .

2 - 3 f on

P1g. 3 "Graph “of dimension-
iess Kolmogorov“ scale n'

I. K. Nikitin used the data on the velocity distribution and
value of the friction dreg ‘An'a wuniform ‘flow obtainéd by him for
~the ealeulation of the turbulent boundary. layer on a flat plate
“with, a rough surface;, and ‘also for the cdlculation @f ‘the boundary-
- -layer! and: heat-mass transfer: thriough: a ‘frée water surface covered
witmwwer [9, A0fsuld man that in the region 2fh P ;
he ene f turbuleiime is finite, the 4! gin T3¢ of
2. " Studies of monuatferm turbulent flows. ¢ If lthe structure
of uniform turbulent flows: aid the laws of résistancc !In' vihem are
investigated sufficiently well at' the: present time, then ronuni-
-form’ turbulent flows. (to whiteh, for example, pertain the flow in
.diffusers  and> convergiig nozgles 'of pressure systems, flows with
.edrves’ dbf backwater effect and fall-offs in open ducts and others)
are studied very little in this respect.

P ‘F n -l - 'Y (7)

The studles of nonuhirorm flows 1In open chutes were accom=-
plished in the Institute of. Hydromechenics the WS o the
.Ukrainian SSR by E. V. 'Zalutskiy with she aid ©f ithe photographic
methodV[1ML . The experiments were preceded by an analysis of
possible systematic errors connected with the use of this method
for three-dimensional-nonuniform flows and the detcermination of
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necessary correctiors. The dlstribution of the averaged and
fluctuating velocities in open flows which exoand and narrow along
the length under COQstiOﬂ. of the flow close to plane-parallel
was further investigated. Thesangle of;divergence and convergen:e
comprised approximately e ana the value ox the Reynt.os number
thanged within limitq of )0&0-20,000.. The rosults\o‘ experiments
in the form of the cnnrgy~diatr1bution curves sof turbulence .

referred to the square of the average velocity for cross seetion
are shown on Fig. 4.

J;‘ ! I 7 3 i
£l o o NS T Plg. 00" THE"Silrgy dtartbu-
I -‘h- L DOk N .‘.. *' ‘-‘.n or lﬂﬂ’-l-.lt‘.-lﬂ'n '1J-ﬁ‘|_.
I ' t‘. el | i" .|.‘|."| " Ehe -'H:f"!rll-'l..l FJ*—" a .n flinl=
5a hat 7 Form TicW IN ampith IR) mne
| ol S L e eugk (o) elaeiwia (4 =4te
LT 1 r
CRpeln gy \\a neags of projesiia o
s Syl e o) ,J, . dfrferent «
31 3CKER piEe: d!& fla,
a B p ¥ =
CIE .,,‘lr 'n_r.l,,‘ Dn
N
1 k#pp the central region of flow (nucxei) an already well-known

-v—-lﬂld

rqsult was obta;ngﬁ_ with ac.eleration of the fIbw the d*agram

of average veloq}ties becomes more complete"ﬁnd with'decelerdtioq -
completeness of the cidgram§ decreases. However detafied
photogggphang the distrlbutlon ourvg of velocities %icse to the

Jbatton §howeq thaf the velocity gradlent expiessed 1n the corre-
sponding dimensioniess quantities not onf§ doés not increase with
acceleration but eveq dgcreases.

W ine

A studs of fluctuating velocitics showed the fOllOW¢hb

2514l

(Fig, 4) In the wall region no- uonsiderable dirference between

alcilitigqne. of
fluctuating veloc1t1~ g _and RS 'Y the’cas es ¢t dRiform and

nonuniform flows wau observ : the flow rapidly "adap'ed iteelf" b
to new conditiops, In thg nucleus of the flow, with tie  acceler-

ation of f}ow a pronounced decreaue 1n the level of'turbulence

PR s
-

Y
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(relavions | and | ) was observed in comparison with the lovel
tor a uniforn flow, and with deceleraticn - an increase in this value.

Aecording to-data of the fnvestigations, the energy balancc
of the averaged motion in a nonuniform flc s was calculated and the
rcoefficients of resistance’ 63 and energy’losses A were determined.
bt ,us notethat in.avmonuniform flow, unlike a uniform flow,
these values do not coincide basically because of the gradient of
normal turculeat¢(Reynolds) stresses. )

‘The results of the caleculations led to ‘somewhat paradox!. al
conelusions. 'The coefflctients caf,!hditstddcdf'dj and energy l:sses
A both:in a decelerating as well '@s .in 'an accelerating ' flow prove
%o beless than under 0nvre%oonding conditlions in a uniforia flow.
This conclusion correlates with the data rresented above about the
reduction in q,q ve@bcliv-;qﬂdiont cﬁpse to the bottoM!in an
accelerating fldw. Physically this phenomenon can be explained by
Lhe fact «;rut 1n rnmhrwﬁmuw%tmlaverage level of

turbulenc'e‘ ;;or thp croiﬁ.septim is wmhlsh iqim‘, than in a
Bpi.ox'm flow, the ma._:.n o OUEEF of :pyqfa#;ic J‘om .thweration
of tur-bu%en,ce ujuz (dulfdﬂﬁ).. 3 deg.rmgu&_t . & deorease dn uju’

and in a deceleraﬁing flow = decreases due to a degrqase in the
=3
velécit&‘ﬁhaﬁiéhi aii /dx 1n that part of the, flowﬂ_ynpqe wraf

._f‘l-
“has a sﬁgﬁificant valué{ ' I _f !

“"r'_ ||“ fﬁf.\ l-c...1 - I - ',‘ -

ad Thb'ﬁré%eﬁ%edwEbhéiderations are purecly qualltative. The

studies ox uhese 1nterest1ng cases of flow in the Inst}tute of
wiEEe ! &

Hydromechuhico of the RS of”the Ukrainian é SR cbntinue

2D r t 4 '.“ll'l- SEFr: sgiee : . Q"I il

3' Studies of nbnﬂit’loﬁ‘*&"ﬁurbgl‘ent W’ows 1n de’lwery
‘pipes end op@ﬁ'incts." Bhe LaTNiToR o P number of praetical
éroblefél of great interest are nonstationary turbulent flouws in
which the average statistical characten}stics of the rlow are a
function of timgﬁeraﬁGQM?;"E&Qﬂﬂ&h“ol-oueh problems"are unsteady

motion in open channels and pressure systems and calculations
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f a vurbulent boundary layer and reslstances during the unsteady
notion of a bpdy in a liquid.

Elpst. of al:, It 1s necessary to determine the possible methods
or studying such flows, If the time scale of change in the
averaged chardcteribrico gf a. turbulent Tlow is considcrab]y
_greater than the corrcsponding charaoteristic scale of Tluctuations
of velocity, then the averaging operation does not cause diPTi-
pulties Dirrerent approximate methods of ihe arnisais of nén-
otationary random functions were proposed by A N Patrashev (12)

ang V., o..Pugpchev 1. -

As is knpwn, *he only strict method oL obtdiniug the charac-
teristics of turbulent flow -in tﬁe most genexal ‘zase 1s’ the method
of stptiﬁtical averegipg or averaging on enbemble.( In the works
of thpilnstitu;e of H;dromechanics of the AS %f the Ukrainian SSR
Lan, experimepta} methpd which correspondu in theory ‘to staftstlcai
averagling was also developed The experiment was repeated many
times under invariable 1ni§iah anduboundary conditions and, in a
certain phase of flow’ (time coordinate) photography of ghe flow

pWas condnexqp with, a S“ff1°1eﬁt}% ﬁﬂ?ll exposure. Thus, for each

.&ipe ccogdinape 1t wgs p%Fsible to og%ain a suffiuiently long

ptatistical ser;eq of th t;vaiue.s of the interestiné qdéﬂtiﬁies.

A

£ = 2 AP

= e > e W i - =il
Detailed studies of three cases of flow were accomplished by

the described methodf.ll) discogtinuous wave ir an open flow, 2)

smoothly changing unste8idy “stream ‘in arl) dpen flow 3) unsteady
kN i3

motion in a QQliyory pige{‘ ~ 1

Extremely curious results were obtained by Ye. V. Yeremenko
‘during the 'study of 'the dissontinuous wave wbigh Ls faormed in an
‘open /duet withithe ;sudden opening of the.cate [ik]., Apwcpos the

‘Ustrueturdof ‘such (a ,waveg different opiniens have been.volced in
literatureii 1) the 'flow is. aceo-plishgd agaerding te a pattern
of ‘two layers, uhopeupon the uapq; Lgyep mgyes,ognsiderably

the foll > ’ -

w i he TXr. ~ P & - i
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faster than the lower with the formation of an interface between
them, 2) the surface layer leaking in " xtrudes" the 1liquid ahead

of 1tsel£ and forces the flqn-lo Move accelerated along its e-tire
depth.

5

The results of the detailed experimental studies; of this case
of flow in the form of curves of the change of tLe components of
aveérage velocity and moments of fluctuating velocities for diffep-
ent. cross sections of flow are shown on Fig. 5. As 1s evident, in
actualdty thc !‘loy. according rq the ’t*&,e‘h ®n water" diagram is
very clearly ?ealized whereupon' th@ separation boundary 1s the
intense source of powerful rluctuations of veloelty. Therefore,
one ought ;" in essence, to wp?'oach“ﬂIHb“trﬂyﬁ'@-‘—‘b&me'h mot ion
from the positions of the theery; of free turbulent flows, which
up to now, has not been dones

ad

[y ey

The studies of a smootﬁiy changing unsteady turb: low in

en open channel by the method described above were.peri.iaed by
Ae No Shabrin [15].  The results of tnese Mes in.s me, respects
are analogous to the. results given above for, nenuniform motion.
- It was precisely. l.ere that the. phenomenon of the. 'dneptda of
burbulcnce' was observed, 1.e., the la.“j,pg-_ of & change in the
level of turbulence behind, a change dn the veloelties o1 tie
‘averaged flow. | The diagram of the averaged velocitles changed
ecmparatively little.

The wnatea@ fiow in vpen chggpil?‘.% distinguished) by great
complexity: both local and convection accelerations take place,
idn which regerd, often of different signa. «Fupthermore, in the
procese of flow the) 'low geemetry (Jn@q.aqnfaqe)_gnpngqs. In
(rorder to investigate this phenomanon in @ puper form, 1t was
. decided to pose the experimental studles of unateady flows which
are ascgipraﬁed:ang decelerated with time 1n a rectanguiar delivery
duct under conditiohs close to the conditions of a plane flow.
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Such studles are being accomplished in the Institute of Hydro-
mechantes of—-ghae. AS of the Ukrainian SSR by S. B. Markov. They
are-sslll gqfinished, but some results have alreacy been obtained.

Toel'studies were acconplj;hed 1' a tube wtth a cross suction
of 10 x 38 cm. The flow rates changed within linits nr frox .16
to 0.72 m/s with acceleration on the order of 0.1 m/s- 3 the naximum
valtie of Reynolds number was 72,000. The results of the expert
ments showed that w;th acceleratlon of the flow dm the mass of the
flow tho LompleténeSb of th ve]ocity Lurve inereases: 1The rcverse
“plctdre Is observed during the deceleration; ef the flow, The
’mnasuremunt of fluctuating vglocities also showed in this case the

,gging of the change in intenaity ef fluctuations behind a change
i the field of averabed flow rates.
AR H (1F)

4. Approaches to calculltions of nonuniform and unsteady
turbulent flows A semiqppirxpal,pgt“qd,ugqn;chg us@iof & systcm
of Reynolds equations and the equation of the balance oi turbulen-
(nezgy was used for the calculation of the field of averaged and
fluctuating velocitiop Lﬁ‘nonunirgrg apd unsteady flows. This
method was ou.cessfully used by A. S, Monin, I. Rotta, G. S.
;lushxo, and V. B, Le ig_ for the calculatdon of uniform flows and
flows in tpe turbulent houndary layer. As is known, the basic
1dea of the methbd consists of the closure of a system of equations
by using a ,Series, (of approximate dependences for determining
turbuleént vlscosity and tpgd}ssi;mon ¢f energy and diffusian
terms in the equdtiog for the balance of enmergy. Such basic
approximatlrg dependences are:

a) the expression glven above-for the coefficlent of turb.lent
viscosity:

.V? ;”'7“ i th - { (I‘ol)

b) the cxpression: {or the ‘dissipation of the energy of
turbulence:




g:.’:\'{"‘q_-.(.‘li“| (u'a)

?‘. ity wapr pmmaleely fzmm labal 17 i sHiei LW WpEPLlBeiliag v
Ak ."wpiis_'}hgx gend,&q¥’fﬁm§ to swall Reynolds mumbers, and the

) biuiﬁiiﬁb large; with sufficlently large Reynclds numbers the
addend can be disregarded and then we will obtain expression (1. °),

-

B teled el af shoheaie camtstema [ \7)] aml (48) ere

b piveq ll |ﬁ)iﬁnﬁﬂﬁsmp"rﬂeﬂmﬁfﬁ of the energy of turbu-

]
. Lemeg; considering,Lbak, sransier, ol tig,enspgy, ofs urbulence. In 2
: ' transverse gircstion ds gradient. ype diffusion, db.ds possivic i
‘Er?iiit‘iﬂd$£‘¥iiﬁ‘1£§¥ms by the dependence
- J g i) - "_\":I'I;'.. (uc3)
o I.“'{‘*f""i’ ]
- a9
Furthermonﬂr to have an expresslion for scale
.. As 1s known, G. S. lushko [16], on the strength of a series
9f apaginsnial. daia, obiaiued, ton, ! 4 auikedanidy consiex
win, PRSP EE e iiataO B0 APadding) -0 i 0, o
s SRS =A  Bsa wer of 118) 3Ae Jattar osmdi)icws are
P gsed Thus, a closed system of equations 1s obtained with some
empirical coefficients for finding the components of averaged
veloclity and’ the kimetlc enerey O .surbullesge. This procedure
was improved somewhat by Ye. V. Yeremenko and is used for “he
wheem 1304 8kl o0 e300 ERANC A" SANGARE " LONS o Ll ridpintRRR #5Q aclivery
. ducts, the flow ln which is close Lo plane. . - = o1
frem sberi .
Using, the experlimental data of 1, K. Nikltin and the curve of
- Pal Saih-i which provide good agreementsiwlith ue experdncrntal
| .~ data elose to the axis of a plapc-couidned flow op elose to the
, - free surface of an open flow, the disiributlon of scale ! over
' § i EEgE ilt’-ﬂe'cr'%ki;ﬁe%ieamaihﬁf;ﬂsd'-Hh-ti'l af the ey =i
. LA g P . T siial (T " E. i 'f ‘1. L
sessisedy | &}plyﬁj&iﬂsl}wﬁq that with sgp;ic_fegiry ;_.qge Mnoldg nurbers

-y ghelqistgigutiqn of - ;g@le.l-sswos.dgpQHQLQQ on(this number.
.. Furthermore, ualike Ghe data 0f G S, Clushks, on approsching the

= MLy [ ‘_‘l;g:':fl.ln : e Fald I'Illtii_l i of . ;10 .
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axis of flow (or the free surface of an open flow) the value of ¢

does not decrease, but it increases monotonically =z it apprcaches

a constant ;alue.
r ik |

_-:!f:.r!:,

bide't‘atﬂo'ﬁ or the, dU‘!‘usion.of th
-—pres.,urt. A‘s is known, th&,flqct
point of . tlu.w is detemingﬁ by the

' ‘tu(g;‘o'xs of
| P &xre-at a glven

oEﬂry fleld 1 the entire

}_flow and is~expre§§ed thrpugb -thia ﬁhc %ro madiabattc
;quation Consequently, the diff he kinet aenergy of
“turbule nci]and{the diffusion Qf th gy of .the pressure luc-

“tuations are different phenomena. The data of D. LAugfr and

I. K. Nikitin show thast the nature of a change in the;:- values
over a cross sectjon is ?ly different, a# I_Qrder of
magnitude they dre closca Qg_g,g.gh other; therefo gect of the
] difrusion of ,bressure’env;;gy 15 ge
-L ' ,,i_ S |«~ Y ';I .-'..-',-—-; 'a"

| | Yp v.. \’eremenko ut}m f jecnngat s the

I‘,luotuutions ‘of pressure'and Velog

ki - e ot an e netjmn for
the value of the diffusion of enexgy through thengr feniox‘.

avev&gcd ,we%&;ix.y .md dist.'!‘:m'ﬁst.'.loq of iscpl ve sr s.section
'.and.. oompe-sed ‘& clo..ed .zyster OP eq imke "1t. Possilble
[- to pcrtom ca;&oula-eiom or nommi nete 12 rbu]&ng flows.

The. cal-ula, fons were z.a ricd"dut {, tﬁ nd Por the case of a
pressu"e plane I'low and sauisf]a.ptory ‘ﬁ“’h !hp e;p iments
ot S BL Har"k‘bv was |obgalined (,sge\_‘?g_m,qf Ye. ¥. r)’&;*enenlto

r&‘,rlitzinedl in thib collt.r:tion‘).. E iz =t o :} s -
e RN W oo i L
K IL a,ppuars that this meth’od q* be unad uc*essgi,),'lyffo'r- the
calculations of unateady and nonuniform open flows andg

1 L]

particular, 1t will make 1t possible to obiain sut‘fi‘.gﬂtgy:

~reclse data on resistances with these forms of notion. ‘; ©
~ I

5. Studies of the structure of turbulent flows q%tl !:er-

faces., In connection with the solution of the practfec#l ’br lem —
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Scr e e on et

the expansion of the flow which 1issues from the opening of a
sipucture’y — with the' add of the protograpric method and of a
dynamie sensor the: strueture of Much & flow was investigeted in
Aetn1l 4n the area of the interface bet\k‘en & fopwerd movwing Jat
an:j the closed vortex regions mr‘;n& 16, . Thas caue daliers
rrom the usual ‘turbulent jet. by the offect-of the bottom and the
v'alls whtc-h res‘tri‘c‘b ‘the low (bhc mdﬁnenam mdu.em)

» o wnd = -~
)i

tiomiry pr

‘M5 a result of ‘the studios, a *Ime‘auo-ums Qf--.emmul
material ‘has been ecounuldted labout ‘the values of £lUGLUAbINgG - |
velocities and thels sing)espoint covericnges [17). The expasi-
ménts showed ‘an inerease ‘dn the intensity of turbulense im pro-
portion to thé flow nmxdon'" “Phe mexdnumeof Gupbulent tangenti:l
‘stvesd fs v3ted timedlately elose (to thec intcrface whewe  Lie
greatest gradient of the averaged veloclitles and the maximum value
of thé velseity ridctustions éeeur.’ The interfaccs;betwcen the
forward ‘Moving 18quid end “che .voptex 8ones ‘are a powerfui source

‘af ‘curbulence of Plowl “GPeat fluctdasiens of veloedty end prescurc

cause EéngiaeFé_ﬁie‘ dyramie load: oa'thcostructuret englosing the
Flow, and they ‘alse shaPply’increasélthe capability of the flow
to wash out the grownd: behdnd . &he structure,

that

L

the basi f :xperimental curves of fluctua )
clocity recorded by ‘the sengory the autocorrel wtion dwiekdons of

‘Yhe fluctndtions »f vejoe fty Were vonstructed s Dy means of ‘helr

trarsformatdon = Prénuenc y Wpestve . fhe mutocopre kabdon JSuuct

T the rapior ot 'the 1nt arfude olose to thic opening has the .

dxpredsed’’ e racker 0 © % thuso 1G wien.a-ﬁﬁonua&py agplitude.and
onlv ‘at ‘a2 .).Jrficiems “dMis Siliee M PomMfidlets takes the form charac
ristic for the correlation of the random variables.

In ac-cordance with the afqresaid ah.nt eorrelabion functlio
the ‘spe ct:ral curve (dependence of upltvuu on frequendy ) @lrsc
behind the" opening has & pronounced maximum in.a specafic frequenc

£ st

““region, W‘*ich telle ot' the pe!'!.odie oeparatiou of mq.vp ch
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> de tii® cuFve e -.q___ﬂ_:_ Vi he

Yt pman ‘s trvaet ‘type). TIn propertion te the di:=tange fror the
6‘6}5%!"&&, ‘the maximums are alleviated, moving into the regilon o
lnwé"' ":cqué:xcfcs“ and ﬁe‘-i'p'mrMe take:s arform usual o:
“Furbiutent rlows Citnis ¢e118 about the gradual tvansition frou
regular perturbations to a purely random turtulent structure.
of turbulemie presested in Fis 23 im

. 'Studies -5f turbulent flows which carry sodtd particie:.
For 2 nurrSer*'nt yéars ' in'the Tnstitute of Hyiromechanics of -
s ar tﬁe*B’Efafnian‘sﬂ-ixpif'tmﬂul ‘studies vercigondueted o h.
Ktnamatie strﬁ~tﬁﬂé”aﬁd‘d§hﬂiio ‘eharacteristics of flows..h ' -k
"arr§ "uspendéd sSlﬁ‘ﬁﬁtﬂles”in*ee'npantﬁvelwlw Qquantities
(c58R Th¢5 BsEBF"PRTuAeINIs’ 1n the relative value of the

of turbulense in ]

an Cu_p" lL Ty 5 u ! N - I

Th?*itud&es*ﬂere"conﬁu‘ém over o wide range of ehenge In thic
" Baste paréhf!rwwﬁi’éh ‘eharaeterize the' Tlow. ! The ifameve = of
"’"ﬁ&'uits chahEednf!'an 100" to' 500" mm, the "low rate < Coom tho
ninimuﬁx te 8 m’sﬁ'w stzc’ of paArticles -- from 0.1 to 40 mm, a:°d
the density of solid material — from 1.4 to 4.5 t/rr3 Sand, ccuil,
r-avel atte’ products’ From’ inon-<ore comb fnes Jletes ;) wera used o

"fhe'inatehm'bbing transported. Very great ‘eypir:sental wmater - |

"“' be e“én Ao cumu lated witen wti13 requizies ‘Yheosetical interpre-

% tion 4 We xfi.'_} )Hw_elf heve '\f’ery briefly ‘or ‘sons alrthe frrosults
118 ‘1;’] - | B - I ' nec =4 3 s

Hignly-dutiraten ‘Suspens fon-darrydng Tlow: ape Ghapaetc:! c .
Ly Ereat A {Formisy An $he @ sERibut lon of thewconeentration
of soffd 'p;{‘xfticffe‘f“-szong tne vertical. The
gAnif‘Dq_x:#..lty increases with a decrease in the average

degree -~ hls no -
vell c vy and
with an increase In the size and density of the parti-les.

'l‘lpe 12 2TEs. vuneentra..ior. ol aoltd.,,patt},cles AT the lower layers
the lpx'izom;al ﬂ.ow leads to a dc(,xnaqe in thc vc;ocity cf
c.,aon in Lhe es¥ dayers; -

nwaged 1cngIt‘udinal ve’ocitieo &ong- the -vertlf'u becomes
4bymmetric, the maximum vexo;ity la u1fuafed bfghe" tnan the
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geometrical axis of the flow. With identical average velocity

@}deqnccl-ﬁlowatn— d‘w smandsaun velocity and

h.lfl.":i il g, SR
L E‘.u‘ eater th f
'—- lrso— L 1-«-;1%5'1 Vil i qr . ' - o
~!§:gA¥aEe :T_'pﬁg,'t e solid couponentp ’é‘p}r;;ggtly affect the

ki nemrt 1c- flov struc turd.

-“" 3 LI

x) -"' .08 B »

The resistance to thq}nntion of, § suspengion~carrying flow
1n al;.qgses w;s conaidarahLJ ‘rqgﬁqr,;han for pure water and, as
a Pulf ‘1t ipcreqch WitH dn incvease. in’ ghe Teencentration.
, tie latter was obscrwed to a-definite ldmit. With
3 of motion simi ' cal veloclities,
ticles begins, resistance can decrease

with an increase in concentration and, besides, rather considerably.
With an increase in the size of the particles the resistance
increases, however, only to a definite limit, after which it stops,
dependingon size.

The measurement of the fluctuation motlion characteristics of
liquid and snlid particles showed that the energy of turbulence of
liquid particles in the middle part of the flow proves to be
greater than in the flow of a homogeneous liquid, and only close
to the lower wall of the pipe, in the region of an extremely con-
slderable concentration of solid particles, is a decrease in the
energy of turbulence observed. On the average, over the cross

section the energy of turbulence not only does not decrease, as is
frequently accepted, but 1t increases rather consliderably. This
is discussed in greater detail in the report of N. A. Silin and

V. F. Ocheret'ko (see this collectlion).
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- On the firee surface of the flow the fluctuation of pressure
is taken as equal to szero:

e P Um—————— y

=0 N ¢ 7 B

wuumummnuumumummn

. Waves on the swrface of the water.'

umm.wmuwumm

-omm.umummammuw»n
simpler one - uniform:

opjoy = 0. (%)

WiLk suen & boundary condition equation (1) was investigated
for the fizet time, apparently, by Kraichnan in 1956 [2].

The possibility of the replacement of condition (2) by
relationship (4) can be substantiated, for example, by Townsend's
estimates ([13],p. 275), according to which in the boundary layer

< O b ~ 3%, COp/AP gm0,

30 that the fluctuation gradient of the pressure at the wall along
the flow 1s considerably greater than across the flow.

If we sssume that the turbuleat perturbations at the wall are
planar, then, using the theory developed in [4], we obtain:

'The recording of the boundary condi.ion taking into account

the action of rm and also some other possible boundary conditions
are given in [1).

P i
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coopays = 10 5 0

<(u)’;-‘n.§nu-(huf). :

mnc(o.nuu-mm function of frequency w and wave
number s A T )..uwmmnt
«mm stress on the wall, and ” ./v,:) « (i) = the spectrum
of the tangential stress on the wall (the asterisk sbove signifies
& Fourier transform, the line above the varisble - a complex

|
}
|
3
conjugate value). ]

Using the empirical data on the speccrum of the tangentisl
stress on the wall, it 1 possible to ascertain that ¢ FokaP thee <
€ (s ) , and condition (4) becomes even more reliable.

2. In the plane flow with & free surface and siightly
changing depth, the solution of equation (1) with boundary condi-
tions (3) and (4) for peints on the bottom of the flow has the
following form [5]):

mq--iﬁj_éc.ww s (5)

The function of weight

ac..-*bs;is;_ (6)

decreases rapidly with withdrawal from the point of bottom in

questior (y = =1, n = <l; x = 358 = 0) into the depth of the
flow (0>n>-1).‘oumr¢ (€>2C) or upwa 1 (§ < 0) along the
flow (Pig. 1).°!

'In formulas (5)=(7) the depth of flow is taken as equal to
uniiy; azes y and n are directed upward, the reference point -
at the surface of the water,

{
a
|
i
i
|
*.3
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n.o 3. ".o 2.

The longitudinal spectrum of the fluctuations of pressure on
mmmwcmrmmnnumumumum
uutual longitudinal spectrum of the kinematie function in diffepent
layers of flow l’(o. AN, n') 18 known:

50 =G - gk 1 i&hsm-whw- (n

Further calculations of integral (7) can be accomplished by
using experimental data and plausible hypotheses on the structure
of the kinematic function. The results of such a semi-empirical
calculation of the pressure spectrum agree with the data of dirrct
measurements [6).

3. Vor hydrsulic engineering practice more interesting is
the case of sharply nonuniform motion. Just as in a uniform flow,
the Basic Girficulty which impedes the theoretical caleulation
consists of the insufficient study of the velogity field. In
connection with this, it 1s necessary to use the approzimate
Pepresentations whieh rest on indirect obszrvations, compering
the results of the calculations with the data of the diprect
heasurements of pressure fluctuations,
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The calculation of ppessure fluctustions on the boundary of
the flow with the presence of an interface and narvoy "sone of mix-
ing" with incpeased eddying (Pig. 2) can be simplified, assuming
the dispersion of hte kinemstic fumetion nomnsero only within the
limits of thir "sone of mixzing."

The use of this condition leads to the following relationship
for the space-time correlation of pressure on the bottom of the
flow:

Rz a5 ) PN 3
-§rimennownsar.naa. (8)

Here b is the width of the "zone of mixing," G(x, §) - the value
of the "m' function in the "gone of m" "“. ". $) -
the longitudinal time correlation of the kinematic funetion in the
"zone of mixing."

Further calculations with the unchanged form of the correla-
tions of the kinematic function Ry lead to different results
depending on whether the weight function aleong the layer of mizing
changes slowly or rapidly. If the zone of mixing is situated at
the surface and the weight function changes relatively slowly
(Pig. 28), then the space-time correlztion of the pressurs
fluctuations on the bottom differs significantly from the correla-
tion of the kinematic function. Specificslly, if the proper
"frozen turbulence” is traced ip the kinemetic function, then in
the pressupe fluctustions on the bottom it may not appear in
practicge.

If, on the contrary, the weight function changes rapidly
along the length of the zone of mixing (Pig. 2b), then all
features of the kinematic function are brightly reflected in the
properties of the pressure fluctuations on the bottom.
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This conclusion was confirmed, in particular, in experiments
on a special high-pressure unit created by the Scientific Research -
Department of the All-Union Planning, Surveying, and Seientific '
Research Institute im. 8. Ya. Zhuk (NIS) in the territory of the
[strinskiy hydpaulic power system.

o

Figure 3 shows a diagram of this unit (b) and a diagram of the
model of the spillway (a) on which the distpibution of the
correlations and standards of the ppessure fluctuations in the
breakaway zone was studied.

Figure § gives the results of the measurements of the correla-
ticrs of the pressure fluctuations on the celling of the spillway
with difTerent locations of the base measuring point. As can be :
seen from Fig. 4, for the different points shown by different . ?
designations (besides triangles), a high correlation is observed ]
at great distances between points. This means the presence, in the &
pressure system in question, of long-wave fluctustions not
directly connected with turbulence. It was possible to suppress
these fluctuaticns to some measure having constructed a pneumatic
Surge Lank before the exit gate of the system. The correlation
of pressure at far distances in this case was substantially
reluced (triangles on Pig. 4).
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"i:. 5. Listribution of averaged pressures 9—1-?59-
on the celling of spillway in the breakaway zone.
KEY: (1) Water column.
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T and 18 $he pewesnce
of cavitation ﬂ% -9 = 0.31).

S Ul gl Gagespe

The pressure fluctuations on the ceiling of the spilliway
were studied at different absolute pressures in a flow [with
different cavitation numbers ¢ = (" --;5) o % In this cese 1t
Was detected that in proportion to a decrease in @, beginning with
Some value of 1it, the standard of the pressure fluctuations first
sharply increases and then falls rapidly (Pigs. 5 and 6). An
analogous effect was recently described by Naudascher and
Locher [7]. This s explained by the qualitative change in the
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structure of the luctuations. Under conditions of the experiment
with cavitation numbers less than 0.5 the intense liberstion of
alr frcm the flow began (internal aeration of the flow). ‘The
amplitude of the pressure fluctuations in this case sharply
Inereased. It was possible to note the appearance of high~frequency
"luctuations directly on the osecillogram. A further reduction in
the cavitaticn number causes a decpeare in the standard of fluctus-
tions vecause of the "cutting off" of declines lower than th2
cavitation threshold. In this case, however, the form of the
spectrum of the pressure fluctuations is sharply changed = the
“pectrur is shifted in the direction of higher frequencies (Pig. 7).
Wilh respect to the effect on the structursl ¢lements, this change
ir tue spectrum can be considerably mope important than some

Y0 vase in the standari of fluctuations. Actuslly, the stresses
i the plate which comprise part of the boundary of the fiow and
40 the natural vibration freguency of about 200 Hg, with Lhe
presence of a cavitizing flow, were approximately 2.5 times greater
than in the absence of suvitation (with the recaloulation or the
experimental data on the very same dynamic pressurs). Analysis

vl the osclilograms shows that these changes are connected sainly
w!th the excitation of the high=frequency natural oseillations

©f construction (the resonant build-up of the construction).

lhese effects are frequently the direct cause of the fallure
the facings of construction under the setion of a cavitizing

Piow.
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TURBULENT FLOWS 1§ JETS MNP PuCTS
TURBULENT JETS

G. N. Abramovich

(Moscow)

Review

It 1s necessary to deal with turbulent jets of liquid, gas and
a non-single phase medium in many areas of technology: aviation,
rocketry, energy, metallurgical, ventilation, and others. In
connection with this, in the USSR and abroad many works are being
conducted which are devoted to the study of the turbulent jets and
all pos:ible jet apparatuses.

It does not appear possible to make any complete survey of the
most important woriss on turbulent Jets in one report. But there is
no need for this either, since many problems of this fleld (jets
of a noncompressible ligquid, numerous applicatiors cof the theory
of jets, and others) are examined in detail in monographs [1-3)
as well as in well-known books and articles. Therefore, the report
gives a survey of works only on turbulent Jets or variable density
which recently acquired an especially important “ignificance tut
are still issufficiently studied.

T™he first work on the theory of the turbulent jJet of a
cospressible gas was published in 1939 [8). In this work, obtalne:

™
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¢ the general ecuatlons of motion, energy and continuity 1s the
tem ¢f FTeynolas equations for the turbulent flow of variable
4#a5it; (the terms reflecting the effect of molecular viscosity
#-re dlsregaprded). The transformation of equations is conducted
‘6. tne usual way, whereupon each of the variable values (components <
S veloelty, density, temperature, pressure) 1is replaced by the
omoof 1ts value average for time and the fluctuating addition so
{n averaging for the fina! time interval the latter equals
wro. To simplify the equations, moments of the third order are
sJeecel and the terms which contain the derivatives of the

T

frucienting values aleng the axis parallel to the flow which are !
paov o cumnoricon with the derivatives of tne same values ilong
i fre trensverse axls are disregarded. Furtherwmore, in accordarce
b STt frandtl's well-known ideas, the fluctuating values are expressed

i the mixing length and the gradients of average values
' (' = v~ /3y, LT - laT/3y, ete.).

e obtained Heynolds equations in the general form are not
F intvgrated; therefore the analytical solution is given for the case
o7 relatively small compressibility effect (the jet veloeity is
to0s Lhan the speed of scund, the relative value of the d1fference
‘o the vemperatures in the Jet and in the environment A‘l'o/'l. is not |
thin 20%). In this case, the compressibility effect is
! reed with the use of one small parameter (5 = ATO/T,,). on the
valus ¢f which the form of the jet boundary layer and the

< cbutlion of the velcelty, temperature, and density in its cross
! ‘epenus .

T A Ry

“o1re a new analytical solution of the problem (:) was
STishe s, vauid Jor a large degree of compressibility of gas; in
1 iticn the “ystem of equations 1s simplified by the use of
o rledt 'l method of averaging parameters in which, unlike the
oerided avove, the density fluctuation of the current is
“he products of the gas density times the veloeity, for
pai' - 13gu/3y: a combined value (instead of the
it i af =locity).
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In both deseribed methods for the calculation of the turbulent

Jet of a compressible gas, the equation of state for a perfect gas ]
" u.dc |

e M e % Pige 3. Digemetenlese mtuu |
[ A . ks BN ououtn ;

* 23 2% :, '.;' ". sections o
" S8 g o . _"._'-.;7 ot ek ,.‘.

= e i i :'::-'-_.'3 !“l' Ofibmull
l/.’ i 't i eross section of the Jet).

w4 T gs EEY: (1) Caleulation.

In 1961, . A. Golubev [6] developed the theory of the turbulen:
Jet in cthe case of very high gas temperature taking into account In o
the special form of the equation of state such factors as the =
' dissociatior and lonization of the gas; whereupon for & nusber of
specific cases he managed to obtain the analytical solution of the H
} system of equations. V. A. Golubev's experiments carried out with o
the plasma jJet of water vapor flowing out into the air at temperature: |
of the latter up to 2+10'°K confirm the theoretical solution j
obtained by him, which can be judged from Pig. 1, on which the !
L experisvental points and the calculated distribution curves of
temperature in submerged streams of air and plasma are plotted.

i state of Freon-22 at different
(1) i | i‘ ' 1 N :;!.”rﬁ‘)w;:nom atm
2 H
& &k -1 M1 h (2) Molar freedom 5! Preon-2?2
1 in wixture with nitrogen.

g5 o E Fig. 2. Curves of the critical
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In 1961, on the strength of the same positions, V. 1. Bakulev
leveloped the theory of the turbulent jct of a eryogenic substance
(fy 71 which flows out into the same medium, but which remains in
@ gascous state. The suthor selected the analytical form of the
=quation of state whieh is in #°00d agreement with the tabular data
2 the thermodynamic caleulation and suitsble for a 885 over a wide
range of conditions from the temperature of ligquefaction to several

Lundred degrees.

Rt Pig. 3. Profile cof the
& ¢_pressure in a

M et of m.” which
selea e ows out into gaseous

nitrogen with K. A,

1] e e

= (the circle denotes
rimental data).
= M ¢ (1) Caleculation.

The experimental data obtained by V. I. Bakulev, I. S. Makarov
id B. G. Knhudenko [7] for a jJet of liquid nitrogen which flows out

‘ntc a space filled with gaseous nitrogen at a temperature of

£0=420°K and pressure higher than eritical confirmed the theoretical

‘aiculations of V. I. Bakulev (see dot-dash curve on Pig. 1 and the
c.rresponding experimental points). It should be noted that at

iwercritical pressures in these experiments, the liquid nitrogen

‘ehaved like a gas (in view of the absence of surface tensjon) and

)

-t¢ “ixing with the surrounding heated nitrogen bore the same

‘iaracteér as in a single-phase medium.

rertion

In 1967, K. A. Malinovskiy [8) refined V. I. Bakulev's theory

‘aiine into aleount that the phase state of the substance 1is

etermired not only by pressure but also by temperature, and he
@tonete dlagrams of the state of the mixture of nitrogen and
'=2¢; cuch a diagram 1s given in Pig. 2 (the parameter for such
e 15 temperaturc expressed iIn degrees centigrade). In the
«ying within each given curve the substance ‘s in a two-phased
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state (wet steam), outside the curve - in a oiiclo-phm state (1in
the lower portion of the diagrem - gas, in the upper - ligquid).

K. A. Malinovskiy selected the analytical expression for the
equation of state of Freon-22 similar in form to the equation used
by V. I. Bakulev for nitrogen and air and conducted sn experimental
study of the propagation of the cryogenic jet of Preon-22 in an
atmosphere of gaseous nitrogen, whereupon the basic experiments were
posed with a supereritical state of Fireon-22 when the mizture of this
gas with gaseous nitrogen did not ccntain drops of Preon-22.

Using the same equations of motion and energy which were used
by V. I. Bakulev and his equation of state, K. A. Malinovskiy
calculated the fields of dynamic pressure in a cryogenic jet of
Freon-22 which mizes with motionless gaseous nitrogen. The results
of the calculation and experiment agree with each other satisfacto-
rily, which is evidenced by Pig. 3.

It 1s interesting to note that a considerable increase in the
width of the zone of the mixing of the initial section of the jet
with an increase in the relation of densities in the external flow
and in the jet (n = ’u”o)' which is evident in Pig. 1 follows
from theoretical calculations. It is not at all necessary to change
Tollmin's constant of turbulence a which is introduced to bring
experimental and theoretical profiles into conformity with the
transition from a cryogenic jet to an isothermal air jet (a = 0.09)
and only in the case of the plasma jet does it increase somewhat
(a = 0.14); from this, it follows that in the theory of a plasme
turbulent jet the compressibility effect is a little "under-
considered.”

In recent years, experimental and theoretical calculation work
has been conducted on turbulent mixing with subsonic velocities
of heterogeneous jets composed of the following pairs of gases:
helium - air, carbon dioxide - air, heated air - ccld air, Freon-z2 -
air. Tie effect of the relationship of welocities, densities,

77

e . e it A i i

s

i v il R S ol s i

PURCRY TSRt SN

M




T T TN R

-

‘ﬁw’*

“emperature, and also initial conditions (degpee of turbulence,
relative thickness of the wall boundary layer before the beginning
of mixing) on the development of the zone of mixing of the Jet

and of the eocurrent flow was explained. The work was carried out
£y 0. V. Yakovievskiy,I. P. Smirnova, A. N. Sekundov, and S. Yu.
“racheninnikov under the direction of G. N. Abramovich [9, 10].

- *hileren photographs were obtalned of the Jets being mixed, from
#hlen 1t can be seen that im general the zone of the mixing of

“ae Jets consists of three reglonc.

in the fipst, adjacent to the nozzle, the flow bears the nature
2% a lariner flow (with the laminar boundery layer on the nozzle
wllo g in the second regular vortices are formed whose size {3
©oarsradle with the thickness the zone of mixing, in which regard
“ue vortices inerease in the direction of iow; in the third,
''¢ turbulent flow regime is established (large vortices disintegrate
{uto finer ones which move ehaotically in the zone of mixing).
Kith an inerease in Reynolds number (Re = u,d/v, where u, is the
v.1oeity at the beginning of the jet, d - the diamete * of the
‘nitial cross seetion, v - the kinematic viscosity) the first and
e nd regions are reduced; when Re = 107 the length of the wave
voclon (In the submerged Jet) 2xceeds three diameters of the jet,
“he length of the region of pegular vortices comprises several jet
" ameters; when Re 3 10" the length of the first region decreases
+¢5=9.5 d, and the second region - to 1.0-1.5 4.

“lvure 4 presents photographs of a jet of carbon diox.de which
propagated in stationary air with two values of Reynolds nuwbers
valculatea according to the initial diameter of the jet (b‘ - 2-103,
ite, ® 5-103); with tne compariscn of these photogrephs reduction
‘1. Lhe wave and vortex regions 1s distinetly evident with an 1
irev.uce in the value .f Re.

e

li. the inolcated work it has been established that the profiles
4 tie girm-nsionless excess values of weloeity, temperature, and
surity concentration are universal and can be expressed by the
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very same curve (Pig. 5). At the same time, it was clarified that
the diffusion, thermal, and dynamic zones of turbulent mixing have
a different thickness. If we take as the scale of thickness the

distance from the axis (or the inner boundary of the mixing zone -
for the initial section) to the place in which excess veloecity

(or correspondingly excess temperature, or excess concentration) is
half that on the axis and designate 1t by r (for veloeity), r (for
temperature) and r‘(tor concentration), the relationshin of these
thicknesses does not depend on relationship of the velocities but
changes with the relationship of densities on the axis (or on the
inner boundary - for the initial section) and on the outer boundary
of the mixing zone:

i :‘ i

These relations whose graphs are shown in Fig. 6, are sultable
both for the main and for “hc initial section of the jets. In some
works it 1s pointed out that instead of the universal distpribution
curve of veloecity and temperature (or concentration) it 1s convenient
to use the wniversal profile of dynamic pressure. The described
experiments show that under conditions of a jet of variable density
this hypothesis 13 not justified. The data of Sh. A. Yershin and
L. P. Yarin definitely show that in the combustion flame (submerged
Jet of burning gas) the universality of the veloecity profile is
observed, and the dimensionless profiles of dynamic pressure with
combustion and without combustion substantially differ from each
other.

The same result is obtained from a study of heterogeneous jets;
on Filg. 7 1s plotted the profile of dynamic pressure obtained in the
zone of mixing of a jJet of Freon-12 with an air current with the
relationship of dynamic pressures of two flows close to unity
(onf/ou: z 8/7). Nonmonotony of the curve of distribution of
dynamic pressures is explained by the fact that the profile of the
concentration in the transverse cross-secticn of the jet (and,
consequently, of the density) turned out t) be w!der than the
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velcelty profile. If, from the measured profiles of dynamic
pressure and density we construct the velocity profile, it proves
to be monotonic and corresponds to the curves presented in Pig. 5.

The thickness of the zone of mixing of the initial sectlon of
tne Jet, as the experimental data show, in general depends both on
the relationship of m veloeities and on the relationship of n
densities in the external flow and in the jet. However, if the
Jet and the external flow have the very came velocity (m = 1), the
¢ffect of n on the dimensionless thickness of the jet b~ = b/x
practically ceases; the greatest compressibility effect !s exhlbitel
in trhe submerged jet, 1.e. with m = 0 (Fig. 8).

The curve of the change, along the length of the jet, of the
excess values of velocity and of the welght concentration (in
logarithmic scale) with different relationships of veloecities
me= "H’“O in the external flow and in the initial sectlon for 2
Jet of Preon-12 which is propagated in the airflow are depicted in
Figs. 9 and 10. It is characteristic that for each of these values
(Aug and c-) the very same picture of “attenuation” is obtalned.

n the basic section, the curves of drop in the corresponding value
(in logarithmic scale) are practically parallel; the origin of the
main section in each case can be considered the point of intersection
of this curve with the line of the initial value of the corresponding
gquantlty (for example, AE- ® (u - u,)/(ug - ug) = 1), in which
regard tne abscissa of thls point x depends on values m = u“/uo and
ns= °H/°o' ‘

Tne experiments showed that the dimensionless arscissa of the
origin of the main section in * x /1 and the end of the initial
section I = 1/d have maximur values with identical velocities in
tre jet and in the cocurrent flow (m = 1) but decrease with an
inerease the density ratios in the cocurrent flow and in the jet
(rig. 11).
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Pig. 4. Schlieren photograph of a jet of carbon di
nfch flows out into the air with two values of -;313

r.
KEY: (1) Jet of CO, in the air. QRAPHIC NOT REPRODUCIBLE .

Fig. 5. Calculated profiles
of the dimensionless excess -
-values of velocities taken
from different theoretical
works, and the region (shaded)
of the experimental values of
dimensionless excess values
of velocity, temperature and
impurity concentration in
heterogeneous jets:

1-0.5(1+ cos 3¢,
2 - exp (-cﬁ n ”i/
3- 01 - (0.4 g2

Pig. 6. The relation of
ratios of thicknesses of
diffusion and thermal (o,,,).

as vell as dynamic and thermal
(!w) boundary layers cf a

hete neous jet (curves are
drawn experimental points
for different relationships
of velocities m in jets being
mixed).
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Fig. 7. Profile of ic
ressure in the

ayer of a jet of 12
which 1s propagated in the
coeurront flow of air (r, -

radius of the inner boundary .
of the mixing zone, r, -

radius of the outer boundary).
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! Fig. 8, Pig. 9.

_i Pig. 8. The dependence of the relative thickness

of & Jet boundary layer on the density ratio in :
[ the cocurrent flow and jet with m = 0 (submerged ]
Jet) and m = 1.

Pig. 9. Change in dimensionless excess veloecity
along the axis of a jet of Freon-~12 which is
propagated in the cocurrent flow of air with
m= var (n = 0.27).

Pig. 10. Change in the
dimensionless wolm
concentration of on=22
alcng the axis of a jet
which i# propagated in tke
cocurrent flow of air with
m= var (n= 0.27).
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Dependence of the length of the initial
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Pig. 12,

section of a heterogeneous jet on ratio of
velocities in the cocurrent flow and in a Jjet
with the density pratios: 1 - n=0.,27; 2 -0+ 1;

, -ne 1.250
Pig. 12. Change in dimensionless values of exgess
temperature .gas concentration in the air along

' the axis of a heterogeneous jet (depending on the
‘ presented length) in two cas®s:
» flow is contained in a duct of constant cross
section (1) or it 1s a submerged jet (2).

Fig. 13. Change in the
degree of turbulence

Curves of attenuation of the values: 1

{ 19
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along the cross section
of a heterogeneous Jet
which is propagated in
a cocurrent flow in 2
duct (1) and in a free
Jet (2): ¢ - degree of
turbulence, r - the
current radius, R - the
;‘“iul of the internal
et.
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along the length of the jJets for different pairs of gases which
constitute a jet and the external flow can be expressed with the
ald of the fcllowing monomials:
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AT:,‘ - ".)..‘o A ?.4 L ‘ﬂ."o
ﬁ- - (3’).... ”- - m...o a

wiere x® = x/x_, and the exponent ky 1s a value close to unity (for
weleht concentration k, 3 1, for temperature kp 3 1.3; for velouity
tae exponent turned out to be variable in the range 0.85 < g & 1.25
“ith an increase in n from 0.27 to 7.2). The presented values of

#, correspond to the case of the propagation of a turbulent jet

in a cocurrent flow limited by solid walls (in a tube of sonstant
cross-seetion) and not subjected to preliminary artificlal agitation.

/. different plcture 13 observed with the spreading of the jet

#thin a coaxlal Jet of larger diameter which has a free outer

indary. In this case the high degree of turbulence in the zone
of mixing of the external Jet with the surrounding air is the
source of the perturbations which are transmitted in a transverse
ilrection, peaching the internal jet, and they intensify its mixing
with the surrounding flow. For comparison, Pig. 12 gives attenuation
rurves of weight concentpation °n along the axis of the internal
det (helium in the alr) and excess temperature A m (81F 1n the alr),
taten in two cases: the upper curve - with a cocurrent flow
contalned in a duet of constant cross seetion; lower curve - with
4 external flow with a free boundary (submerged jet). Pigure 13
irp'ots distrlbution curves, in both cases, of the degree of
“urtuleree aeross the cross section of the flow: on the lower
curve corresponding to the flow in the duct, seen in the rise
‘i the .egree of turbulence In the zone of the mixing of the internal
fet on the upper curve (cocurrent flow - the submerged jJev) and the
lvpree of turbulence alove and It can be seen that 1t 1s given
t7 aeticn from without, in which pegard in the zone of mixing of
t+ro internal Jet thereis no "Lurst" of the degree of turbulence.

Menograph [1] polnted cut one possible feature of the mixing
+ Jer with & cocurrent flow of considerably greater velocity

t. u”/uo >> 1), which cuncists in the faet that possessing a high
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"ejecting capability,”™ such a cocurrent flow intensely sucks in
particles from the internal jet and, if the gas flow rate in the
latter is insufficient for the "feedirg" of the cocurrent flow,
then directly behind that place where o~ internal jet "runs out,”
a zone of closed circulation is formed fyom which the "tprickle
feeding” of the external flow 1s accomplished and to which the
excess of the mass then returns. Experiments confirmed the correct-
ness of such a mixing scheme with m >> 1.

As an example, Fig. 14 presents the flow lines obtained in
an experiment with the mixing of an air jet with a cocurrent flow
of alr of the same temperature whose velocity exceeds by 27 times
the jet veloecity (u, = 100 m/s, uo 2 3.7 m/8). The bc:ndary of
the circulation zone is depicted by a continuous line; the boundary
of the reglon of reverse current is shown by the dotted line;
plotted on Fig. 14 are the experimental points from which the flow
lines are drawn.

The described special case of the formation of the internal
separation of the flow (not from the wall but with the presence of
a tangential velocity discontinuity), but already with supersonic
speed, was also encountered by American researchers [11), who work
under the guidance of A. Ferry, and about which the latter reported
in the USSR in the spring of 1966.

The turbulent Jet which 1s extended in a motionless medium
(submerged jet), captures (ejects) the particles of this medium
and because of this excites the general relatively slow movement
of the 1iquid (irrotational flow) toward its boundaries.

In the works of L. D. Landau and Ye. Afschitz [12], V. V.
Pavlovskiy[13], O. V. Yakovlevskiy and A. i. .ekundov [14] and
A. S. Ginevskiy [15] theoretical and experimental studies were
conducted of the irrotational flow of a submerged jet in the case
of a flat axially symmetrical jet and with different positions of
the outer boundaries of the medium embracing the Jjet.
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I.e theoretical solution of the problem of external
trrotational flow Ls obtained according to the diztribution of the
trancverse veloeity component on the jet boundary known from
calrulation. Three examples of irrotational flow outside the jet
ar- 11lustrated by Pigs., 15-17 taken from work [14]. Figure 15

i the flow line in the case of a plane jet which flows out
from « slot in the wall perpendicular to the jet direcction; a
c.aracteristic feature of this flow is the fact that th. directlion
of 1ts flow lines at the Jjet boundary 13 opposite to the jet

direction,

Fliure 16 presents che flow linez for an snalogouc case of
the o tflow of an axially symmetrical jet, Figure 17 cepiciz the
"1 'ines outside the axially symmetriecz’ jet flowing cut from e
iowzle Ints unlimited space (near the nozgzle exit thepe are no
«reiozing walls), The results of the thcoretical caleculations and
rizual=quantitative experiments (oatside the jet streams of smoke
e photographed which are arpanged along the flow line:) sgree
we !l with cach other. Knowledge of the flow which u:  ses outside
tic Jet 15 very essential to evaluate the aercdynamic forces whieh
42t on the bLodies arranged beyond the limits of the Jet. Por
example, in this way it 1s possible to determine the supplementary
aerodvraml e force which acts on a jet airplane dupring vertical takeoff
(vh> foree 1s caused by the intensc sucking-in of air to the jet
st ream which spreads ovepr the surface cf carth - Fig. 18),

In a number of technical devices (fummaces of boller units,

ombuction chamber of gas-turbine engines, vertical taiecff jol
4y orafs moving near the surfagce of ti.e earth, ventilation alr
cepesrs, cte.) 't 18 neeessary to deal with a turbulent jet beine
tlewn J0f Ly a luteral flov. The axis of such a Jet !5 distcrted,

yindar'=3 of & mixing zone ape asymmetric relative to the

o, and the law of veloclity change aslong the axi: differs

“jienntls from an anslogous law for the case of a Jet with a

Csal@t-1llne axia,




