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DESIGN OF SUBMERGED TURBULENT JETS OF GASES
OF DIFFERENT DENSITIES

V. A. Golubeyv UDC 532.525.2

We present results of a theoretical and experimental investigation of submerged gas jets in the
range of density variations (Pj/Pe = 0.05-10).

A large number of studies [1-9] have been devoted to an investigation of the features of the propagation
of submerged jets. Below, an attempt is made to generalize the available experimental data [2, 5, 8] for jets
of various densities and to calculate certain characteristics of such jets,

For construction of the graphs (Flg 1) we assumed the jets to be a point source placed at the pole with
initial momentum equal fo k (k u F.). The distance to the pole x, was found from the construction of the
profiles pu?, u, and AT or c at varmus Alstances from the nozzle at the x; —r plane following the drawing of
the straight lines passing through the points at which the velocity head, the velocity, and the excess tempera-
ture or concentration at each cross section of the jet attained half of their maximum (on the jet axis) value,
i.e., we constructed the straight lines rf,l_ 59 rh‘, 5, and ry 5, originating from a single point — the pole [5].

From Fig.1 we see that the width of the profiles pu®, u, and AT increase with decreasing density of the
jet and dimensionless profiles of the excess temperatures AT/ATy, and the concentrations ¢/cy coincide [5].
In this case with an accuracy that is acceptable in practice the velocity distribution over transverse cross sec-
tions of the indicated jets is described by the theoretical profile

u o rlx, \3/272
;m—w[1~(o.44 r:;j/xi) ] , )

and the distribution of the excess temperatures or concentrations is described by a profile which can be written
as

_°c _ 1_*(0‘44 Tr/xi 3/2 2. @)
ATy, Cm r0.5/'x1

In Eqgs. (1) and (2) the ratios of the half-maximum values of the transverse coordinates, the velocity and the

temperature, rk‘.5 and r’°]:5 to their limiting values r‘i‘ and rhm are the same for all jets:
re rT
02 =044, 35 =0.44. 3)
ri.
lim lim

The change in the coefficient of the half-width of the jet with respect to the velocity C;lf, =Ty, 5/ %1 and the
temperature C;r 5= r;r /%4 a8 a function of the relative density of the jet p_,/ Peare shown in Fig, 2, Inthis flgure '
we show the variation of the coefficient of the half-width of the jet with respect to the velocity head C0 5=T,, E/
X1.

The distribution of puz/pmum in cross sections of the isothermal jet of air pJ/pe =1,0 (Fig. )corres—
ponds to the theoretical profile obtained from Eq. (1):

S. Ordzhonikidze Moscow Aeronautics Institute. Translated from Inzhenerno-Fizicheskii Zhurnal, Vol,
36, No. 4, pp. 715-720, April, 1979, Original article submitted July 18, 1978,
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Fig. 1. Profiles of velocity heads pu’/ppu?, (points,
half shaded), velocities u/upy, (open figures) and tem-
peratures AT/ATm or ¢/cy, (filled figures) for jets of
various densities [solid curve) puz/pmulzn; dashed curve)
u/u,,; dot—dash curve) AT/AT;, — prediction]. Here
and below, see Table 1 for the notation of the experi-
mental points.
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TABLE 1, Process Parameters of the Jets

Working Pj Experimen= | :
;jg:?i:iumg of rj» mm £, mm Tel talpgoints According todata of
Freon 2,5 70145 3,2 1 151
Afr 5,0 50-150 1,0 2 12]
Helium 2,5 © 70-145 0,125 3 5]
Air 15 250500 0,067 4 [8]
Air 45 600--1600 1,0 5 Expt, of Triipel [1]
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Fig. 3. Dependence of length of ini-
tial section xe¢/rj, distance up to the
pole of the jet xp/rj , the interval A,
and the quantities x;¢/rj on the jet
density [black circles) — data of the
work of Kukes; solid curves) — cal-
culation],
pu? u \2
=[=-1 . 4
Omtly, ( U ) @

We should note that the ratio of the transverse coordinates of the jet, where the velocity head equals
half of the maximum value, to the coordinates with the half-value velocity rgl.s/rlol_ 5for the jets being con-
sidered does not change and equals 0.71 (Fig, 2).

The turbulent Prandtl numbers in cross sections of the indicated jets also are independent of the density
and equal 0.87 (Fig. 2). These numbers were determined as:
Pr,=r4 Jri . (5)
The determination of the exterior boundary of the jet based on the experimental data is connected with an
entire series of difficulties and leads to large errors. Taking this last fact into account, the exterior boundary

of the jet based on velocity rlllim and temperature r’ﬁm was determined according to the corresponding half-
width from Egs. (3).

On the basis of the data obtained in this way we found the expansion coefficients of the fundamental sec-
tions of the jet according to velocity
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In order to determine the expansion coefficient of the jet C = Cll as a function of its density we can
recommend the following empirical formula:

C = Cy, = 0.273 —0.053 g 1001 | (8)
P

[

From Fig.2 we see that for a jet of an incompressible fluid (pj/pe = 1) the expansion coefficient of the
jet C equals 0,17, which differs considerably from the value that was assumed earlier — which was equal to
0.22 [11. ‘

If we assume that for pj/pe =1 the value of the coefficient C = 0.22 is correct [1], then from (6) it follows
that

Cf.5 = C-0.44 = 0.22.0.44 = 0.097.

Based on the experimental data of [8] we see (Fig. 2) that even for a strongly heated air jet (p /Pe = 0,087)
we have a somewhat lower value of the coeff1c1ent C‘,} 5 = 0.09, and for a jet of an incompressible fluld accord-
ing to Fig. 2, Cy,; = 0,073 and, hence, C = Cjjy, = 0.073/0.44 = 0.166.

Baged on the experimental data that have been obtained and also the data in the literature we constructed
graphs of the variation of the length of the initial section of the jet xe/r] and the distance from the section of
the jet up to the pole of the jet xP/rJ as a function of the density of the jet pj/pe (Fig. 3). From Fig, 3 we
see that with increasing jet density there is an increase in the distance upto the pole owing to the decrease
in the width of the jet and the length of the initial section — as a result of the reduction of the apparent mass
along its length,

The length of the initial section xe/r and the distance from the section of the jet up to the pole xp/r as a
function of the densu;y of the jet can be determmed from the following emp1r1cal formulas:

.+ 12 .

e _ 1.395 (lg 100—"L) L L1611g100 2L 15, (9)
di Pe Pe
. 2 3z

Ko 041 (lg 100 —"J—) £0.1331g100 2L 1 372, (10
rJ' Pe ' fe
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If we write the equation of conservation of momentum on the section of the jet and in an arbitrary cross
section of the jet
' F
°F 2, 1
@j.uiFJ. é'pu dF 1)

and we assume the jet to be a point source situated at the pole (Fig. 1), then Eq. (11) after simple transforma-
tions can be represented as

Pratt? . 1 _ |

e A Um B (.3‘_!.)_2;4 S (12)

( X )22 pu* r dr e
\ 7 5 Omily, X1 X
0

From Fig. 1 it follows that the dimensionless profiles of the velocity head puz/pmufn with an accuracy
acceptable in practice can be assumed to be universal along the length of the jet. Then the value of the inte-
gral A will not vary along the length of the jet and will depend only on the density of the jet (Fig.3) and for
pj/pe =1 it will have a value A = 4.1* 1078,

However, based on the experimental data of Triipel (pj/pe = 1) the quantity A has a counsiderably greater
value and is equal to 6,25-1073,

Based on the values found for the integral A as a function of the density of the jet, on the basis of (12) we
determined the distances (in calibers of the jet xiio/rj) from the pole to the cross section of the jet, in which the
initial velocity head (pmugg/pju% = 1) is preserved. The quantity x;¢/rj according to the scheme of the jet
{Fig. 1) is equal to

oo Fe  Fp o Fuw ; (13)

fj fj rj I'i

From a comparison of the calculated curve for xm/rj and the experimental curves for xe/rj and xp/rj it
follows that the relative length of the transitional section x4p/r( for the jets being investigated is equal to 2.

Since according to the experimental data of Triipel [1] the pole is situated on the cross section of the jet,
and the value of the integral A = 6,52+107°, then the length of the initial section of the jet, calculated from
Eq. (12), equals 12,4, The result obtained was found to be in obvious disagreement with numerous experimen-
tal data, including that of the experiments of Triipel (Fig. 4).

Equation (12) enables us to determine the variation of the velocity head along the jet axis amu%n/pjujg.

In Fig. 4 we compare the calculated and experimental data based on the variation of pmu%/pju? for jets
of different densities, It is seen that they are in good agreement, However the fall in the velocity head along
the length of the jet, calculated for the value of the integral A = 6,52 - 107% with respect to (12) occurs consider-~
ably more intensely and disagrees with the available experimental data (dashed line).

As a result of the generalization of the experimental data based on the variation of the coefficient of the
half-width of the jet with respect to the velocity C}i 5= r‘(,l_5/x1 as a function of its density, and also on the basis
of the equation of conservation of momentum, it follows that we should assume it to be established that the ex-
pansion coefficient of the jet C of an incompressible fluid (pj/pe =1) equals 0,17, and not 0.22, as was assumed
earlier.

NOTATION
Ty is the jet radius;
Xq is the distance from the pole along the axis of the jet;
uy, is the jet flow rate at the exit from the jet;
Pis Pe ; are the density of the jet and of the environment;
Cgl 5 C}; 5 03:.5 are, the expansion coefficients of the jet, where the velocity head, the velocity, and
‘ ’ i the temperature are equal to their half-maximum values;
C‘llim' Cgm are the expansion coefficients of the jet with respect to velocity and temperature.
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" LAMINAR WAVE FLOW OF A FILM OF A
VISCOPLASTIC LIQUID

Z. P. Shul'man and V. I. Baikov UDC 532.517.2:532.135

We solve the problem of a laminar wave falling down a vertical surface for a thin film of a visco-
plastic Shvedov—Bingham liquid.

Films of liquid falling down a vertical surface have a wave nature for flow rates exceeding a certain
critical value. According to the available experimental data, the increase in the coefficients of heat and mass
transfer, due to the wave formation, can reach 50% and greater. Such a type of flow is rather frequently en-
countered in various applications, in particular, in processes and apparatus of chemical technology. Flowing
media, processable in such technological processes, e.g., viscoplastic liquids, are often rheologically com-
plex,

We consider laminar wave flow of a thin film of a viscoplastic liquid falling down a vertical surface,
which satisfies the rheological Shvedov— Bingham law

o' ,
=T+ 1 —L [>T,
% )
du’
oy

Here 7y is the yield point and p is the plastic viscosity.

= O! |T’I<TO'

We consider the case of long waves, i.e., waves wiose length is great in comparison with the thickness
of the film. We introduce the dimensionless variables and parameters

It = ocUt', Ix = @xl’ ly — yr’ Uy — u:, (ZUU =.vl,' (2)
th="r, pU?p=p',
2
Re:Ul—E—,Frz—g—,Wzluz_e_,s___ Tol ’
y ¢ o wJ @®
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