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AbiEoTauJ3Ts-llanaraercfi meTox petuemm TemoBblx K ~KHarwtecKKx awas CTpytfHblx 
TeseHU nyrer cBeaeHwi ~urJ@peHuwa.mHbrx ypaBKeHKd norpaHKrHor0 c.~oK H wmiBa- 
XHTHOMY )‘paBlieHHw, TMlJiOIIpOBO~HOCTH. &W¶BOJJHTCR @f’dWWCKOf? 06OCHOBaHle MeTOna, 

cBoAmeecfi K nepeKocy npouecca B @mmBiioe nmetiiioe npocTpaHcTB0, cBmb ~0T0p0r0 
C p~.‘IbHblM noneM TerieHnH 0npe~enfleTcK aa onbma no aaBmCHMOCTn CHOpOCTET Ha OCII 
CTpyK OT KOOpJ@iHaTX. 

ManaramcK peaynbTaTbt cneTuianbe0 nocTaBneKKbtx onbrroa no Kay9eKmo Ibexamarda 
cKexueHKK HeuaoTepKmecKKx crpyti CmmfaeKoro raaa. Peayxbram noKaabmaioT onpene- 
mnoutylo po.-rb rpaKeHTa n3oTnocTn noToKa mnynbca B nposeccax nepeHoca B Typ6y- 

JleHT?MX CTpyRX. 

(1) PHENOMENA of turbulent transfer in free flow 
of an incompressible liquid or compressible gas 
form the working basis for different technical 
devices. They are extremely important in fur- 
naces, stove techniques, industrial ventilation, etc. 
For this reason the experimental and theoretical 
study of heat, matter and impulse transfer pro- 
cesses in various jet flows is of considerable 
interest. 

Because of insufiicient development of the 
general theory of turbulent flow, different semi- 
empirical methods have become widely used in 
studying turbulent jets. One of these is the calcu- 
lation of free turbulent flow by substituting 
boundary layer differential equations for equa- 
tions of heat conductivity. This method, suggested 
several times in [l, 2, etc.], was widely developed 
in investigations carried out at the Institute of 
Energetics of the Academy of Science of the 
Kazakh S.S.R. and at the Kazakh State Uni- 
versity [3, 51. These investigations were con- 
centrated on such flows as submerged jets of a 
finite dimension, ets in concurrent and counter 
flows, etc. Considerable attention was paid to the 
study of the mixing mechanism in turbulent flow. 

(2) The method being developed for solving jet 
problems is connected with both the external 
resemblance of integral curves of velocity 
distribution in a jet and with temperature of a 
heat source in a solid. 

The. successful application of this method 
depends on the fuEllment of certain conditions. 
Firstly, the flow must depend on the right class of 
boundary layer problems (i.e. when the trans- 
verse velocity component is small compared 
with the longitudinal component, and the longi- 
tudinal transfer is small compared with the 
transverse transfer). Secondly, motion must take 
place well away from solid walls and be prac- 
tically isobaric (i.e. flow lines relatively straight). 
Thirdly, the initial impulse distribution (heat 
content), may be arbitrary and this is one of 
the significant advantages of this calculation 
scheme. 

Under these conditions the phenomenon of 
jet propagation, from the physical point of 
view, is reduced to level initial disturbances 
(impulse, heat flow, etc.). 

The jet propagation process is described by 
non-linear boundary layer differential equations. 
Although at a distance from the mouth the flow 
attains steady state, and motion and energy 
equations are reduced to ordinary differential 
equations, the transition to steady state 
motion will be non-linear and dependent on 
initial conditions. Let us assume that it is pos- 
sible to bring about the deformation of a 
real space (x, v) into a fictious space (I, 9) where 
the process of jet dispersion may be described 

by linear differential equations. 
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As further investigations showed, in jet 
problems it is sufbcient to deform only the 
longitudinal co-ordinate x. 

In this case heat and impulse transfer equa- 
tions in the new deformed space will take the 
form: 

au la -- 
( ) 

tiau 
arr =p& YG,’ (1) 

Here k = 0 and corresponds to a flat jet; k = 1’ 
to the axisymmetric jet; i = q; u = pu’ corres- 
ponds to the dynamic and i = 7; u = pucJT, 
to the heat problem. 

The law of transformation of values of TV 
and Q(X) is not known in advance but may be 
obtained from comparison with experimental 
results, e.g. by comparing calculation and experi- 
mental data for the change along the axis of a jet. 

In a dynamic problem the co-ordinate r,(x) 

differs from the corresponding dependant rd(x) 
because of the difference in thickness of dynamic 
and thermal mixing regions. 

In the steady state region of motion proceed- 
ing from dimensionality for T,(X) and Q(X) we 
obtain : 

rd = cdx’, (2) 

7h = c*xz. (3) 

In this case the ratio 

Td cd 
-=--_=at 

lh Ch 

indicates the turbulent Prandtl number. As 
further investigation showed (Fig. l), the value 
ut determined by equation (4) coincides with the 
numerical value for the ordinary Prandtl 
number. 

Thus, in the steady state region as well as in 
the theoretical “mixing lengths’* it is necessary 
to determine only one experimental constant. 
The developed equivalent heat conductivity 
problem method makes it possible to calculate 
the continuous deformation of velocity and 
temperature pro&s with arbitrary initial distri- 
bution. 

Thus, we succeeded in solving a number of 
problems (e.g. jet of a finite dimension, a system 
of jets, etc.), whose solution by other methods 
is cumbersome or completely impossible. 

(3) Now let us consider problems of propaga- 
tion of submerged jets with a complicated initial 
velocity (temperature) distribution. 

Referring to [3-51, we shall dwell only on the 
following: 

Table 1 gives the basic types of jets investi- 
gated, initial conditions and formulae for cal- 
culating velocity and temperature fields 

I (a) t i I I 

Fro. 1. Dependence T(X) for jets investigated: 
(a) l-d+; 2-d/i-flat jet (pui = corm); 3-d- +*; 4-d/ir axisymmctrical jet (pui = con&; S--d/i,; 

6-d/i, axisymaxtrical jet { pu: H [I - (~/*o)]*l’}; 7iJ+, flat jet; 8-+d/~~-axisytnrnCticJLl jet (pti = CotlSt); 

9-+,/i,-axisymmctrical jet { pui = [I - (y"/ro)P17). 
(b) l-two conmmen t flat jets [(I&) = 21; 2,3.4,5-jet in a c0ILcurrent flow where 2-d\/i.j [(UU,/Uj) = 0.1431; 

3-d/i, ((k/U,) = 0.295); 4-46 Ku&G) = @I431 ; S--z/id [(u,/u,) = 0.2951; ~-+JQ for jet in concurrent flow. 
+ = T/e; R = x/e (e-is + width of nozzle for flat jet, diameter of nozzle for axisymrnctrical jet). 
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Tabk 1 

Kind of jet Initial conditions Solution Flow scheme 

Flat jet 

Two flat con- 
current jets of 
different velocity 

Two flat con- 
currentjetsat 
difbcnt distances 
from each other 

IYI < b; W)o = aJrlst; 

JYJ ’ b; 
m&~o= -ne 

0 - 

-Co <y <b*; (pay* =o; 
-4, <Y < 0; ti = (~62; 

0 < Y < 61; PUZ = (~a%; 
b,<y< w; pti =O. 

-co <y<z; pu”=o; 
-z <yid, puz=wnst; 
-d <y-cd; pug=o; 

d < y < z; pu’ =a const; 
z<y<ai; pis=o. 

Axisymmetrid jet 

Axisymmetricaf jet 

0 < y < r,; 

IYl ’ ro; 

lyi < rD; 

JY] > ro; 

Jet flowing from 
two concentric 
nozzles 

r2’z<y <r1; 
r, < y < 0; 

1~1 > r2; 

.x- -.- 

determined with the solution of equation (1). 
The symbols used here are as follows: 

or 

represent the dynamic or heat problem respec- 
tively; (p~e>~; (puc$l?& are initial values of 
impulse density flow and heat content; b$ is the 
nozzle half width for a flat jet flow.; ri is the 
nozzle radius for an axisymmetrical jet flow; 
L is the distance between nozzles for two Fiat jet 
flow. 

oxp (-4) dt 

is the error integral; v is the variable angle of 
integration for sources in a cylindrical system of 
co-ordinates. 

In the cases considered the. experimental flow 
investigation was carried out on special stands, 
attention being centred mainly on obtaining a 
detailed picture of flow on the basis of ana&sis of 
velocity and temperature fields. For the theo- 
retical solution hydrodynamic and hydrostatic 
integrators were widely used, application of this 
method to the solution of jet problems is 
described in [6, 71. 

Regime and geometrical characteristics of the 
flows investigated are given in Table 2. 
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Tub/e 2 

rl&) rr@o) u1 ut UIlU, Zl(mw 

Kind of flow (mm) (mm) (m/s) (m/s) &.k,,,) 
-- 
Flat jet 

Two flat concurrent jets 
of difkcnt velocity 

Two flat concurrent jets 
at diffcrutt distances 
from each other 

Axisymmetrical jet with 
uniform initial velocity 
distribution 

Axisymmetrical jet with 
titial velocity d&i- 
bution of type 

Axisymmetric%l jet flow- 
ing from two con- 
centric nozzles 

84 

10 

7.0 

5-O 

6.3 

2@75 39.25 
20.75 39.25 
20.75 39.25 
20-75 53.0 
20.75 53Q 
20.75 534 
20.75 67.0 
%75 67.0 
20.75 67.0 
2.0 6.75 
2.0 6.75 
2.0 6.75 

- 

10 

7.0 

- 

39.0 - - 

77.6; 74.3; 38.8; 265; 0.5; 2.0; 
35.0; 15.2 17.5; 304 2.8 

80.8 80.0 1 

60-o - - 

40-o - - 

- - 1.0 
20 
3.0 
1.0 
2.0 
3.0 
1.0 

::; 
I.0 
2 
3 

- N-15” 

0 - 

34.8 
25.5 
17.5 
3.5 

20-25” 

- 20-25° 

Figure 1 shows dependants T&X) and Q(X) for 
the flow cases investigated. Velocity aud tem- 
perature pro&s in trausverse sections of the 
jets were calculated by these dependents. The 
calcuWion aud experimental data are in good 
agreement. 

(4) The application of the developed calcuha- 
tion method of jet problems to complicated 
turbulent flows, in p&cuhu, to a jet propagating 
in a concurrent flow is of considerable interest. 

A detail& discus&on of this problem is given 
in [g]. It is worthwhile to note that because of 
linearity and uniformity of equation (1) it may 
be easily w for motion of a surround- 
ing medium with a constant velocity. In this 
case value u in equation (1) should mean 

a - (pS)f or p~,,At for dynamic and heat 
zobkms mspectiveiy. Here (pu3, is the vaiue of 
impulse density flow in a surrounding flow. 

Although formally the complicated flow 
problem is reduced to corresponding problems 
for a submerged jet, difkenccs in boundary 
conditions leading to boundary distortions, etc. 
inkence the type of dependent values 7n and T( 
upon x (Fig. lb). Otherwise the solution of the 
problem is exactiy the same as the solution for 
the submerged jet under equal initial conditions 
(see Table 1). 

The distribution of a slightly heated jet in a 
concurrent uniform flow was investigated ex- 
perimentally. Regime and geometrical charac- 
teristics of the 5ow investigated are given in 
Table 3. 

Dependents T&z) and 7&) obtained in an 
analogous way to that described above are 
shown in Fig. l(b). Comparison of the experi- 
mental and calculation data obtained for im- 
@se and temperature flow density distribution 



TRANSFER PROCESSES IN A FREE (JET) TURBULENT BOUNDARY LAYER 115 

Table 3 

do jet do jet 
(mm) (m/s) 

20 60 

20 42 

20 42 

20 42 

UI Q 
(m/s) 

--m AT, jet 
h W 

0 0 20-25 

6 0.143 20-25 

124 0295 20-25 

15.8 0.380 20-25 

in transverse jet sections (Fig. 2) showed their 
satisfactory convergence. 

(5) Another type of complicated turbulent 
flow studied is the jet propagation in a counter 
uniform flow. Such flows are often met in prac- 
tice, and apparently may find a wide application 
as aerodynamic frame stabilizers [9, lo]. 

While referring for details to [9, 11,12,13] we 
noted the following. 

The type of flow considered has some 
peculiarities which make it different to ordinary 
problems of boundary layer theory. In particular, 
in such a flow there is a considerable static 
pressure gradient (up to 30 per c4mt from the 
initial jet head velocity) both in its longitudinal 
and transverse directions. In addition, the 

transverse velocity component which at the 
end of the jet greatly exceeds the longitudinal 
component becomes a considerable value. 

Hence, the calculation carried out by the 
method of substitution of the equivalent heat 
conductivity problem in this case gives only a 
correct qualitative flow picture (presence of 
zero surface velocities, closed circulation zones, 
etc.) but does not give any satisfactory quantita- 
tive agreement with experiment. In the work 
carried out, fields of static pressure, velocity 
and excessive temperature (above the sur- 
rounding flow) at different values of the basic 
;;&Fnter m = (u,/u~,) were experimentally 

Regime and geometrical characteristics found 
in experiments when studying a flat counter jet 
are listed in Table 4. 

(6) The investigation of heat and mass 
transfer, etc. in a jet is of considerable interest 
for studying flows. In a number of works 
(see, e.g. Ref. 6) it was assumed that impulse 
flow density gradient pus plays a determinative 
role in transfer processes. To verify this assump- 
tion special experiments were carried out in 
which the attenuation of a compressed gas 

FIG. 2. Comparison of experimental and calculation results on impulse 5ow density distribution and heat con- 
in tratlsverse Eections of jet propagatin8 in wmcwtent 5ow: l-x&, = 2; 2-x/do - 7; 3-x/4 - 10; 

4-x/d,, = 15; O-experiment; - calculation on a hydrogenaator. 
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Table 4 

Nozzle 1 2 3 4 5 6 7 8 
width Regime 
(mm) m 0.2 0.25 0.3 0.35 0.40 o-45 0.5 0.6 

6 h 8.0 10-O 9-o 14-o 16-O 18.0 16.0; 25.0 20.0 
5405 40-O 40-O 300 400 40.0 40-o 32.0; 500 33.3 

12 ur 8.0 9.0 10.0; 160; 25-O 20.0 
u09 20-O; 32.0; 50.0 33.3 

16 Uf 9.0 16.0 18.0 1QO; 16.0; 25.0; 30-O 20-o 
so 30.0 22.0 40.0 22.0 40.0 20.0; 12.0; 32.0; 22.5; 29.5; 5&O; 60.0 12.0 33.3 

22-O; 36-O 18.0 
36.0 

Table 5 

Jet CoWJrrent flow Relatioo 

To(“K) 

320 

600 

900 

& 
17-60 

24-87 

30-105 

PO4 
2 

(mm water 
columtl) 

16200 

16-200 

16-200 

To OK 
flow 

300 

300 

300 

(2) 
O-29.5 

O-29.5 

O-29-5 

p& 

(olm2water 
column) 

O-48 

O-48 

O-48 

To (PUP) 
‘T; = Iv 2 = rnf 

OO=m 

1.08 O-l.67 &3 

2.0 O-1.22 O-3 

3.0 O-l.0 O-3 

propagating in a concurrent uniform flow was 
investigated. 

Limits of the change of parameters of a jet 
and flow as well as their relations are given in 
Table 5. 

As a basic value characterizing transfer 
intensity in a jet, the relation of temperature 
exceeding the surrounding flow at a f?xed point 
on the axis of the jet to initial temperature 
of the jet (dT,,,/&‘,) was chosen. 

The change of this relation at various ratios 
of jet and flow dynamic heads gives a vivid 
representation of transfer intensity in a jet. 

Figure 3 shows the change of this relation 
depending on the parameter m (see Table 5) for 
the greatest parameter value w = 3 obtained in 
our experiments. As is seen from this figure, the 
maximum value of (4 T&U’& and, conse- 
quently, the minimal mixing practically coincide 
with the value m = 1 (at equal values of dynamic 

heads in a jet). Relation of velocity values 
(z&J and mass velocity (pu)&u),, are also 
given for comparison along the abscissa axis. 

As is seen from this figure, at equal velocity 
values in the jet and the flow or at those of the 
mass velocity the mixing intensity is noticeably 
higher than at equal values of the dynamic 
heads. 

The experimental results obtained confirm the 
assumption about the determinative role of the 
impulse flow density gradient in transfer pro- 
cesses and also substantiated the choice of 
impulse flow density, heat content, etc. 

(7) In obtaining transfer processes in turbulent 
jets, the so-&led turbulent Prandtl number ut 
determined as the relation of turbulent impulse 
and heat transfer coefficients [ut = (+/an)] plays 
a sign&ant role. 

Knowing the above mentioned number allows 
the calculation of a heat problem by known 
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FIG. 3. Dependence AT,/AT, on (pi?)&& [as well as on I&U: and (p~)~/(&)lu - xldo s 25; 
x-x/d,=S;O--x/d,=l.5. 

results obtained ~~~ti~y or ex~~~y 
for a dynamic problem. 

As is known from the literature, the number 
at has the value 4-72-0-75 in free turbulent 
jets. However, the determination of this number 
was carried out in a great majority of the 
cases with an air motion where this number is near 
to the physical meaning of the Prandtl number 
[C = (+z) = 0,721. 

In this direction special experiments for 
determining ut in submerged axisymmetrical 
slightly heated turbulent jets of high viscosity 
at the physical Prandtl number of -108 (trans- 
former oil) were carried out at the Institute of 
Encrgetics of the Academy of Science of the 
Kaxakh S.S.R. Fields of the dynamic head and 
temperature in various jet sections were studied 
in the experiments. 

To ‘determine ct the relation between tem- 
perature dis~bu~on and velocity dis~bution 
was used from the known free turbulence theory 

(5) 

The value ut determined from experimental 
data with the help of formula (5) proved to be 
0.72 and constant along the jet section. 

Thus, value uI is confirmed as a purely hydro- 
dynamic characteristic of the flow and does not 
depend upon the physical properties of the liquid. 
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Abdraet-The method of solution of heat and dynamic problems for jet flows is given by means of 
reduction of boundary layer dilierential equations to an equivalent heat conduction equ+tion. A 
physical substantiation of the method is presented, reduced to the transfer of the process into a 
fictitious linear space, the connexion of which with the real field of a flow is determined experimentally 
according to the dependence of the velocity at the axis of the jet on the co-ordinate. 

Results of special cxperhats on studying the +ing mechanism of non-isothermal jets of a com- 
pressible gas are adduced. They show the daenrunative role of the impulse flow density gradient for 

transfer processes in turbulent jets. 

R&sum&Cet article pr&scnte une m&hode de ttsolution des probltmes dynamique et thermique dam 
les jets, elle con&e A r&&ire les @ations diff&rentielles de la couche limite en une iquation de con- 
duction thermique &uivalente. 

L’auteur donne une v&ilication physique de la m&l&e en transposant son probl&me dam un espace 
lintaire &if. La relation entre cet espace et le champ r&l de 1’6coulement est d&ermi& expiri- 
men-t d’apr&s la dcpendance de la vitesse axiale du jet sur l’autre coordonnte. 

Les rtsultats d’m particuli&res sur le m&a&me du m4ange de jets non-isothermes de gaz 
compressible sent p&se&s. Ils montrent le r&e d&enuinan t du gradient de den&C sur les phCnomtnes 

de transport dans les jets turbulents. 

zupacabrape_Als Lasungsmethode wiirmtechnischer und dynamischer Probleme des turbulen- 
ten Frcistroms wird tine Verklhzung der Diffexentialgleich~ der Grenzschicht in &quivalente 
Gleichungcn Nr W&r&eitung angegeben. Urn die physikalischc Giiltigkeit der Methode zu beweisen, 
wird der Prozess in einen flhiven linearen Raum iibertmgen und die Verbindung mit dem wirklichen 
Str&n~feld -lI hergestellt ; dabei soll die Geschwindigkeit in der A&se von der Koordi- 
nate abh&ngen. 

Die Ergebnisse spezieller Versuche iiber den Mischmechanismus nicht-isothermer Strahlen eines 
kompressiblen Gases sind angegeben. Sie zeigen den massgebenden Einfluss des Gradienten der 

Impulsstromdichte auf ~gsvo~ im turbulenten Freistrom. 


