by, and be are the thicknesses of the thermal mixing layer, equal to the distance along the y axis from
tin t0 toy 1 and from tgip to tg gy, respectively;

By is the steam pressure in the nozzle forechamber;

AP is the pressure drop between the water ambient and points in the mixing layer.
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INVESTIGATION OF SUBMERGED TURBULENT GAS
JETS WITH DIFFERENT DENSITIES

V. A. Golubev and V. F. Klimkin UDC 532.525.2

The results obtained in measuring the parameters in transverse sections and along the axis of
submerged helium, air, and Freon jets are given along with the trends in the variation of the
apparent additional mass of these jets.

Although the investigation of turbulent submerged jets has been treated in many papers {1-4], some prob-
lems concerning the trends of their propagation have not yet been resolved. We provide here the results of in-
vestigations of helium, air, and Freon jets and the generalization of certain characteristics of jets with dif-
ferent densities. Figure 1 shows the distribution of fields of the velocity head q = pU%2, the enthalpy i (or the
temperature T), the concentration C (%), and the velocity U in transverse sections of helium, air, and Freon
jets, measured in the main part of the jet at distances of 50, 70, 95, 120, and 145 mm from the nozzle cutoff.
The jets of the above gases flow into an air atmosphere vertically upward from a profiled nozzle with the diam-

eter dj = 5 mm with fourfold contraction. The parameters of the operating conditions for the investigated jets
are given in Table 1,

The velocity head in the jet is measured by means of a total-pressure tube, while the temperature is
measured by means of a thermocouple., The concentration of admixtures in the helium jet is measured by
means of a receiver with a tungsten filament, which is connected to a resistance bridge circuit.

The velocity U, the density p, and the enthalpy i in the jet are determined by measuring the velocity head
pU%/2 = q, the temperature T, and the concentration C. The Freon concentration by weight is calculated on the
basis of measurements of the mixture temperature Tyyj by means of the relationship [6]

Sergo Ordzhonikidze Moscow Aviation Institute. Translated from Inzhenerno~Fizicheskii Zhurnal, Vol,
34, No.3, pp.493-499, March, 1978, Original article submitted March 17, 1977,

0022-0841/78/3403~0333%07.50 ©1878 Plenum Publishing Corporation 333



TABLE 1,

Parameters of the Operating Conditions for the Jets

Working fluid Legend " r Pi» b <o o2
. ’ » . . =] (=) Ujg
in jet gen k| % hgmt |PiPo hec| 3 |38 |1
& || Nm?
X0
Helium O 330 | 290 | 0,145 | 0,127 ] 225 | 0,78 | 8,65 | 3750
Helium ] 330 | « |0,145 | 0,122| 600 | 2,1 | 1,71 26600
Air A 337 | « |1,08 | 0,8 | 8 |2,15/1,71| 3750
Air Voo |37 | « |1,03 | 0,83 | 225 |54 |4,44]| 26600
Freon o 340 | « 3,1 2,6 49 |52 2,96 3750
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Fig. 1. Profiles of the dimensionless velocity head pU%/

mefn (1), the concentration C/Cy, (2), the excess enthalpy
Ai/Aip, (2) or the temperature T/Tr, (2), and the velocity
U/Up (3) in transverse sections of the jet for different
gases; 4) x/1j = 20; 5) x/rj =28; 6) x/rj = 38; 7) X/rj = 48; §)
x/rj = 58; 9) calculation.

C %ame - CP*‘TEl

oTa) 1)

where Ty and T, are the temperatures of Freon at the nozzle cutoff and of the air ambient, respectively, and
CpF and Cpa 2re the specific heat values for Freon and air at the above temperatures, respectively.

T (Spa — Cpp) + (CppTE —

The mixture density in helium and Freon jets is determined by means of the equation
PiPa
Cipn +(1—Cy) p;

where Cj is the concentration by weight of helium or Freon, and p; and pa are the densities of helium or Freon
and air at the temperature of the mixture, respectively.

p= : @)

The velocity in the jet is calculated by means of the expression

U— l/_zf. (m/sec), 3)
p
where q is the difference between the total pressures in the jet and the ambient (N/m?),
The enthalpy of the jet is determined by means of the expression
i =[Cicy + (1 —Cy)epal T “4)

where Cpi and cpy are the specific heat values for helium or Freon and air at the temperature of the mixture,
respectively,

It is evident from the results given in Fig. 1 that the dimensionless profiles of the velocity head pUz/mein,
the velocity U/Um, the enthalpy i/iy, or the temperature T/Ty,, and the concentration C/Cr, in helium, air, and
Freon jets are affine with respect to length and similar with respect to the Reynolds number, The profiles of
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Fig. 2. Variation of the dynamic half-boundaries r4 5/
r and rE!rj (a) and of the axial parameters mefmf :
ij? ), cm/cj or Aim/Aij (c), and Um/'UJ- (d) along
helium, air, and Freon jets for values of g equal to
3750 and 26,600,

dimensionless enthalpies (temperatures) for the investigated gases coincide with the concentration profiles;
i.e., the trends in the transfer of heat and admixture concentration are identical. The transfer of heat and
admixture concentration is more intensive than the momentum transfer; i.e., the thermal width of the jet is
larger than the velocity width,

The dimensionless velocity in transverse sections of the jet, plotted on the basis of measurement results,
is described by a theoretical profile determined by the expression

U r \1.572
—=1— 044 , 5
v, (1= (0% )] ©
while the results of temperature and concentration measurements are described by a theoretical profile cal-
culated by means of
i T C ro \1-832
— = —=—=]1— 0.44 .
im 7-'m Cm [ ( rg.S ) :1 (6)

In Eq. (5), the figure 0.44 represents the ratio of the transverse coordinate of the point r& where the jet velo-

city amounts to one-half of the maximum velocity to the coordinate of the limiting point rH with zero velocity
rg rys/ rg =1.35/3.07=0.44 | ; ia Eq. (6), this figure corresponds to the ratio of the coordinate Jc'(n)_5 with half

the excess enthalpy (temperature) or concentration to the limiting coordinate r(fi with zero excess enthalpy or

concentration r(fi <r§3.5/ rlci =1,64/3.77 = 0.44). The relationship between the coordinates rg{s and roo.s is
determined by the turbulent Prandtl number (see Fig. 1):

i _ 135 _ (g0

r$ s 1.64

The longitudinal variation of the transverse coordinates where the velocity head amounts to one-half of
the maximum head, rq5 and r})Js, for helium, air, and Freon jets is shown in Fig, 2a. It is evident from the
diagram that, with a reduction’in the density of the working fluid in the jet, the apex angle @ of the jet and its
width r increase, while the distance to the pole Iy diminshes. This distance is equal to /o =6.5rjfora helium

jet and 9ry for Freon, The coordinate ratio I_'f)l.s/ro.5 for the investigated jets is equalto 0.74 ( rgj/ rH5 =1/1,35 =
0.74) (see Figs. 1 and 23).

Pr,=

Figure 2b shows the axial variation of the measured values of the relative velocity head mein/ij? for
helium, air, and Freon jets. The sharper decrease in the value of pmlﬁfn/pﬂZ for helium jets (p; = 0.1415 kg/
m? is connected with the longitudinal increase in the jet density., In Freon jets (pj = 3.1 kg/m%, ‘the decrease
of megn/ijTg is much smaller than in an air jet (o; = 1.0 kg/m?, which is connected with a drop in density

along the jet. On the basis of the condition of momentum conservation, we obtain the eguation:
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As a result of graphic integration based on Fig, 1, we find that the integral is equal to 1.45. Knowing
the value of the integral and using the plot of rg s/r‘ along the jets of helium, air, and Freon, we calculate by
means of (7) the values of the relative velocity head P UL/ ij§ along the jet axis and compare the theoretical
and the experimental data.

The variation of the relative concentration Cm/Cj and the relative excess enthalpy Ai,,/Ai; is shown in
Fig. 2c. The concentration in the Freon jet is calculated by means of (1) with respect to the results of tem-
perature measurements, while the concentration in the helium jet is obtained by means of direct measurements
and by using (1). It is evident from the diagram that the results of concentration measurements in helium jets
coincide with theoretical data, The variations of the relative axial concentration Cp,/ Cj and the relative excess
enthalpy Aim/Aij are identical in these jets. The longitudinal drop in the relative velocity Un,/Uj at the axis is
shown in Fig. 2d. The velocity is calculated by means of Eq. (3).

The experimental measurements indicate that, for a Freon jet (pj/po = 3.1), the relative velocity at the
axis is equal to Um/Uj = 0.9 for x/rj=20, while, for instance, in a plasma jet (oj/po = 0.004), Um/Uj = 0,1 for
the same value of x/rj (5]

Figure 3a shows the experimental data on the variation of the apparent additional mass of the investigated
jets along the axis. It follows from these data that the mass driven by the jet is the larger, the greater the
momentum Kj = ;:DJ-UJg possessed by the jet at the nozzle outlet (for equal orifice diameters).

For equal initial momentums, the rate at which the apparent additional mass increases is higher in jets
with low density than in jets with high density. The latter is explained by the fact that the outflow velocity in-
creases as the jet density diminishes. It should be noted that air jets with q = 26,600 and helium jets with q =
3750 have equal outflow velocities, while air jets with q = 3750 and helium jets with q = 26,600 have equal ini-
tial gas discharges through the nozzle.
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1) Based on (10); 2) after V. 1. Kukes,

The relative values of the apparent additional mass G/Gj for the investigated jets (see Fig. 3b) are inde-
pendent of the initial momentum, and they coincide for q = 26,600 and g = 3750; i.e., the relative apparent addi-
tional mass is determined only by the density of the working fluid in the jet (Fig, 3b). The increment of the
apparent additional mass of the jet over the length Ax is determined by means of the expression [7]

AG=G— G]- = Qﬂffi/ po,vAx, 8

where v is the transverse inflow velocity at the jet boundary. Expression (8) can be represented in dimension-
less form:

AG o M Lo Unm v Ax

G " T ey Uy Un oy ®
Assuming that the relative inflow veloc1ty for the investigated jets is constant along the length and equal {o
v/Upy, = 0,02, we use the diagrams of ro.g/r and Up/Uj (see Fig.2a and d) to calculate by means of Eq, (9) the
values of the apparent additional mass for he11um air, and Freon jets, which are in satisfactory agreement
with experimental data.

In view of the large volume of calculations, it is more convenient to use the expression derived on the
basis of dimensional theory, which is given in [9:

S _o3 —uvpo/pl (10)
G;

This expression ensures good agreement with experimental data at large distances from the nozzle, but loses

its physical meaning near the nozzle., Our experimental values are somewhat lower than those obtained in [9],

which is possibly connected with errors in measuring the velocities, especially in peripheral jet zones. There-

fore, for better agreement with experimental data, the apparent additional mass is determined by means of the
expression

S=G _o915 % Vigp;. (11
Gj dj i
Figure 3c shows the variation of the apparent additional mass, reduced to the gas discharge through the
nozzle, with a correction for the difference between the densities of the jet gas and the ambient. However, in
contrast to what has been found in [8], the grouping G — G /G pc,/pJ separates into individual branches for the
investigated jets. The values of the relative momentum K/KJ along the jet are given in Fig. 3d. The slight

differences between the calculated values and unity are connected with errors in measuring the velocity heads,
temperatures, and concentrations in transverse jet sections,

Figure 4 shows the coefficient C[oJ ; of the submerged jet, where the velocity is equal fo one-half of the
ax1al velocity, and the initial section length obtained from measurements of the velocity head or the velocity
Iy /r as functions of the jet density. Considering that the velocity profile is described by (5), the jet boundary
w1th respect to velocity is determined by the relationship:
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The initial sectionlength for a plasma jet (pj/o, = 0.004) is negligible; it is equal to ZU/r = 3.1 [56]. The

initial section length obtained by measuring temperatures or concentrations is smaller than l Uby 1.5-2,0
nozzle radii,

The above results make it possible to calculate and plot the behavior of the basic parameters in the

transverse sections of jets at various distances from the nozzle in a wide range of densities,

NOTATION
rj is the nozzle radius;
X is the distance along the jet axis;
r is the jet radius;
Uj is the jet velocity at the nozzle outlet (m/sec);
j and po are the densities of the jet and the ambient, respectively;
q-= pJU2/2 is the velocity head of the jet at the nozzle outlet;
K; = pj § is the jet momentum at the nozzle outlet per unit area;
C is the concentration by weight of the helium or Freon admixture in the jet;
Gj is the jet mass at the nozzle outlet;
v is the transverse inflow velocity at the jet boundary.
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