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EXPERIMENTAL STUDIES OF A PLANE BUOYANT SURFACE JET

A. N. Shabrin UDC 532.543

Results are presented from an experimental study of the conditions of formation
of a plane buoyant jet with different initial values of the density Froude
number.

The need to study buoyant surface jets crises in solving a number of important practical
problems such as discharge into special cooler-reservoirs or reservoirs designed for multi-
purpose use of the heated water from heat and electric power plants, as well as the flow of
fresh water into bodies of salt water (estuaries, seas, lakes).

The main feature of fluid flow being examined here is the effect of buoyancy on the pro-
pagation of the jet under conditions of stable stratification. The presence of stable
stratification creates boundaries between layers of liquid of different densities which are
stable with respect to time and space.

The most serious shortcoming of earlier studies of plane buoyant surface jets [1-5] is
the absence of steady flow conditions during the experiments, which was due mainly to two
factors: the flow of heavy liquid from the working volume via a spillway, and the appearance
of a water whirlpool region.

To neutralize the effect of the first factor, the authors of [3] arranged for forced
delivery of heavy liquid into the bottom part of the working compartment at a rate exceeding
the flow rate of the lighter liquid. This also introduced some distortion into the actual
flow pattern, affecting particularly the mixing and entrainment parameters.

A problem involving artificial make-up is complicated, since as much heavy liquid needs
to be added to the working compartment as is carried off by the flow of light liquid in the
given flow regime. The amount of make-up water can be determined from the relation
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= UE.
dx (1)

However, the main difficulty is that the entraimment (the coefficient E) is not known before-
hand. In most cases it is the flow characteristic being studied.

Mixing and entrainment processes in the propagation of a jet into a reservoir depend on
many factors, including on waves on the free surface in the vicinity of the discharge of the
jet. The conditions of the appearance of such waves are characterized by the Froude number
[6] of the flow entering the reservoir:

Fro = Us/v gH, - (2)

When Fro < 1, the free surface will be undisturbed. When Fro,> 1, waves will be formed
on the free surface. The conditions of inflow of the jet in [3] were such that the Fro num-
ber was greater than 1.0 in several cases.

The methodology of the earlier studies did not include investigation of jets of uniform-
density liquids under the same laboratory conditions and with the same basic flow parameters
as in the study of buoyant jets. Thus, data for other types of flows [7] was used in certain
cases [3] to compare results.

The present work attempts to experimentally study the conditions of formation of a
buoyant surface jet, excluding the effect of such factors as forced makeup and whirlpool flow.

In studying buoyant surface jets it is necessary to consider the conditions under which
a layer of heavy liquid (salt or cold water) may be present or absent in the bottom region at
the outfall section of the discharge channel, this being the same liquid that fills the
reservoir. These conditions are determined by the density Froude number [8]

A

When Frg < 1, such a bottom layer of salt or cold water is present in the discharge channel
When Fr{ > 1, it is absent.

The conditions of discharge of a plane buoyant surface jet, the results of which are
presented below, were characterized by the following values of the conventional and density
YUoRy <4108

Vv

Froude numbers: Fro<1l, Frg>1l, and by the Reynolds numbers 9.102< Reg =

The studies were conducted on a laboratory unit, the basic setup of which is shown in
Fig. 1. The walls and bottom of the delivery channel, working compartment, and salt-water
reservoir were made of glass. The distributors 4 and 11 were made of polyvinyl chloride
tubes. The main parts of the unit and their dimensions were as follows: the length of the
channel 6 was 80 cm, its width was 12 cm; the working compartment 7 measured 250 and 12 cm,
respectively; the distance between the level of the channel bottom and the working compart-
ment was 17 cm; the salt-water reservoir 10 was 380 cm long and 200 cm wide; the fresh water
tank 1 was of 25 m® capacity, while the salt-water tank 13 was of 1.1 m® capacity. The ini-
tial relative difference in densities used in the tests ranged within 0.0105 < Ap/pf = (pe—
cf)/pf < 0.0120.

The test method included the following sequence of operations: a prepared solution of
salt water of the necessary concentration was moved from the tank 13 by means of the pump 12
through the distributor 11 into the reservoir 10 and filled the latter to the level of the
channel bottom 6. After the liquid in the reservoir 10 became still, pump 2 was turned on
and fresh water from the container 1 was pumped into the constant-head tank 3. Flow rate
was measured at the outlet of this tank. The fresh water from the tank 3 was delivered to
the reservoir 5, from which it moved by gravity into the reservoir 6 and the working compart-
ment 7. The fresh water then fell freely from the compartment 7 into the salt-water reservoir
10. Salt water was continually added to the reservoir 10 during the experiments so as to
ensure a nearly constant level of salt water in this reservoir — a level differing negligibly
from the level of the free surface of the water in the reservoir. The elevation of the top
of the spillway 9 was established in accordance with the prescribed depth of water at the
mouth of the channel 6 for the appropriate flow rate. The freshened surface layer from the
reservoir 10 was discharged over the spillway 9 into the section 14, where the mixed water

743



/2 12
: / 12
= L7‘z1:
N ——d
L2 ’p ~ /9 /c /g\j -
\//
5
10 o \\\ ﬁ-—»
g
& ™~
1
6 ‘ 7

Fig. 1. Basic diagram of the experimental
unit: 1) fresh-water reservoir, W = 25 m®;
2) pump; 3) constant-head tank with meter;
4, 11) distributors; 5) fresh-water reser-
voir; 6) channel; 7) working compartment;
8) dividing wall; 9) spillway; 10) salt-~
water reservoir; 12) pump; 13) salt-water
tank; 14) discharge section; 15) discharge

pipe.
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Fig. 2. Dividing layer of liquids with different
densities: x~5) sections at which the density pro-
files a, b, ¢, d, equal, respectively, to Fr§ =
1.02, 1.32, 2.54, and 4.14, were measured.

was then sent along a pipe 15 and removed from the system. Since the flow was now stabilized
on the average, we proceeded directly to measurement of the density and velocity charac-
teristics,

Steady flow was ensured during the tests as a result of the following features of the
unit design and test method. The dividing wall 8 had a slit 15 mm wide at the bottom which
freely connected the compartment 7 with the reservoir 10 along the entire length of the work-
ing section and ensured natural makeup of the salt water in the working compartment. The
free flow of the fresh-water jet from the working compartment into the reservoir 10 ensured
the free spreading of a thin layer of fresh water over the entire surface of the reservoir
filled with salt water, i.e., the fresh water did not encounter any artificial barriers as it
left the working compartment., There was thus no whirlpool region to distort the general flow
pattern.

The velocity structure of the flow was studied by visual observation. We used finely
dispersed aluminum powder as an indicator. Each point on the velocity profile was obtained
from the statistical analysis of 100 or more instantaneous values of velocity. The sections
at which the velocity profiles were measured were located at distances from the mouth x/He =
0, 10.3, 28.7, 53.5, and 73.5.
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TABLE 1. Initial Flow Parameters and Thickness of the Divid-

ing Layer

No. of 20 ; _ Thickness of thldmg

tost U, Hy ( ot )0 Fry (Rea)R Ri, {layer at sections

R

1 5,15 | 2,50 0,0105 | 1,02 910 0,970 | 0,651 0,50 | 0,50 | 0,50
2 6,70 2,50 | 0,0105 | 1,32 1180 0,575 ;0,90 0,75 0,75 ] 0,75
3 13,50 12,50 0,0115 { 2,54 2340 0,156 12,1 14,0 |4,3 |4.4
4 22,40 {2,504 0,0120 | 4,14 3950 0,069 4,4 {59 |7,0 |83

The studies were conducted at different flow rates, but the water depth at the mouth
section of the channel 6 was kept constant (Ho = 2.5 cm) by means of the spillway 9. The den-
sity profiles were found by means of a platinum transducer which measured the electrical con-
ductivity of the medium. The transducer was calibrated before and after the tests. The
sections at which the density profiles were measured were located at distances from the
mouth x/H, = 2.2, 4.9, 8.0, 12.8, 28.7, 53.5, and 73.5. The sensitivity of the recording
apparatus was such that we were able to determine the minimum value of salinity to within
0.1 of the maximum value.

The test data included measurement of characteristic flow parameters at the channel
outlet. Analysis of this data [9] showed that the fresh-water flow at the channel mouth had
all of the characteristics of boundary-layer flow under open-flow conditions.

It should be noted that, in contrast to classical jet flows [10], when a mixing layer
characterized by a constant initial velocity Up along the flow axis begins immediately after
the mouth section (x/Ho >0), in our case the flow in this region is formed by another flow
with a developed velocity profile typical of open channels, and the mixing layer as such is
absent.

The interaction of the fresh jet with the salt water filling the reservoir forms a di-
viding layer with a variable density, its demnsity increasing with depth under conditions of
stable stratification, The dividing layer has two boundaries: upper and lower. It can be
seen from Fig., 2 that the development of this dividing layer depends significantly on the
initial flow conditions — specifically, on the kinetic energy of the fresh-water flow en-
tering the salt-water reservoir and on the relative difference of the densities of the inter-
acting liquids. The tests, the results of which are shown in graphical form in Fig. 2, can
be divided into two groups: group I — tests Nos. 1, 2; group II — tests Nos. 3, 4, The
distinctive feature of the tests of the first group is that the dividing layer, having formed
directly after the mouth, undergoes little change in its transverse dimensions — the top and
bottom boundaries of the layer are nearly parallel as they move in the depth direction, if we
do not consider a certain slight expansion in the initial sections followed by a contraction
and subsequent stabilization. It is interesting to note that in both tests the dividing lay-
er at first begins to descend. It then gradually surfaces and its position becomes stable.
The difference between the layers in the tests is defined by quantitative estimates: in test
No. 1 (Fr§ = 1.02), descent of the layer ends at a distance of about 12 cm from the mouth,
while the submersion stage is completed in test No. 2 (Frd = 1.32) at a distance of about 32
cm, The same situation prevails with the thicknesses of the layers hj,, numerical values of
which are shown in Table 1. The graph of the change in density within the layer is a linear
function of depth (see Figs. 3a, b, A/Am=1(Ap/p¢)/(Ao/pf) max=F[y/(81/2)s]), which is typical of
all of the density profiles measured at sections x-5. The density gradient is lower, the
greater the number Frj.

The results of the group II tests are both similar toand different from the group I
tests. First of all, the formation of the dividing layer is significantly affected by the
fresh-water flow, not only in the immediate vicinity of the mouth but also far from the
latter. The rate of increase in the thickness of the dividing layer and the distance from
the mouth at which this increase occurs aredirectly dependent on the value of Fr{§. Secondly,
the dividing layer is subdivided into two sublayers (Figs. 3c, d) with different density
gradients — the upper sublayer has a lower density gradient than the lower sublayer. The
division into sublayers does not occur immediately after the mouth, but rather a certain dis-
tance from it: =x= (16-20)H,.

Analysis of the empirical data obtained allowed us to establish that the density gradient
in the dividing layer decreases, with an increase in Fr§ and increasing distance from the
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=
—7 /_/——0’
Qﬁ‘z——zg 6:»\\‘_________,.?(}
0—3, Ob‘}\ ¢ g e —
o —4). - T
Plo—s] \K‘\o% '
0—~§
04 AA—7, \O\k‘&_ —--—5_:
/) ‘—5] -
I R O Y |
] 2 4 & 8 xx/H,

Fig. 4. Change in velocity along the axis of a
plane jet as well as along the free surface for a
uniform liquid and under conditions of stable
stratification: 1) data of Fertman (o = 0.11); 2)
Turkus (o = 0.09); 3) Proskur (o = 0.12) [1)-3)
were taken from[11]]; 4) plane jet with a free sur-
face (¢ = 0.125) [9]; 5) Fro = 1.02; 6) 1.32; 7)
2.54;5 8) 4.14.

mouth section, to a certain limiting value. After the density gradient reaches this value,
the top boundary of the dividing layer begins to break down, and this is accompanied by the
removal of the liquid into the top part of the jet flow. The intensity of this process is
greater than the intensity of the similar phenomenon occurring at the lower boundary of the
dividing layer and the associated makeup of salt water from lower-lying layers. This dif-
ference in intensity leads to separation of the dividing layer into two sublayers with dif-
ferent density gradients. This structure is unstable — it is transformed continuously along
with the velocity field of the flow. Since the dividing layer is a component part of the jet
flow being studied, an increase in its transverse dimensions is accompanied by a decrease in
the mean velocity of the flow and, thus, in the energy of the vortices breaking up the upper
boundary of the dividing layer and allowing makeup of the salt water of the dividing layer from
lower-lying layers. As a result, the gradient of the lower sublayer stabilizes, while the
upper sublayer gradually degenerates. Complete stabilization of the flow begins when the
dividing layer again acquires a single density gradient, corresponding to the kinetic energy
of the flow at the given section. Here it should be noted that the removal of salt water
from the bottom layer causes the density of the liquid in the top jet layer to increase and
the relative difference between the densities of the stratified liquids to decrease. However,
since the kinetic energy of the flow decreases more rapidly, this development does not affect
the stability of the dividing layer.

The similarity between the results of the tests in groups I and II consists of the
linearity of the density profile, regardless of whether or not the dividing layer is subdi-
vided into two sublayers.

We will begin our analysis of the velocity structure of the flow with results (see Fig.
4) characterizing the change in the mean velocity along the free surface with different values
of the initial numbers Frj. For comparison, the same figure shows data for a uniform surface
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jet [9] and a plane-parallel jet [11l]. It can be seen from the figure that the test data
obtained for uniform liquids agree well with each other and with the theoretical relation

U, 1.2

U /. % o )

IV @i +0.41

As concerns the data on the buoyant jet, a certain degree of agreement is seen here.
However, while the test points agree with Eq. (4) in the range O<ax/Ho<7 for tests with
numbers Fr§ = 2.54 and 4.14, agreement is limited to the range O<ax/Ho<15—20 for tests
with the numbers Fr§ = 1.02 and 1.32. The curves subsequently deviate sharply from the
generalized relation (4), and the ratio Um/Uo tends to increase — evidence of acceleration of
the flow at a certain distance from the mouth. This phenomenon is evidently connected mainly
with a decrease in the turbulence level of the flow and resistance. This process is not as
noticeable in tests with significant Fr§ numbers, at least within the working section where
the measurements were made.

Figure 3 shows mean velocity profiles of the buoyant jet in the coordinates U/Uy =
fly/(&172)yl. They all pertain to one section x/Ho = 73.5 and characterize the flow at dif-
ferent Fr{ numbers. For comparison, Figs. 3a, c, d show (with dashed lines) velocity pro-
files obtained in studying the uniform surface jet at the same sections and with roughly (to
within 5-10%) the same velocities Uy at the mouth of the delivery channel. It can be seen
from the figure that the mean velocity profiles for the uniform surface jet and buoyant jet
differ considerably. This difference is greater, meanwhile, the lower the value of Fr§. At
Frg = 1.02, 1.32, and 2.54, the mean velocity profiles in the range 0<y/8,/2<1.] are quali-
tatively similar to the velocity profiles typical of liquid boundary-layer flows.

The dashed lines in Figs. 3c, d show profiles corresponding to an equation of the type
[12]

U

Un

:[rl+0.41( Y v' (5)

which satisfactorily describes the experiment at Frg = 4.14 and does not fully agree with the
test data at lower values of Fr§.

Based on analysis of the experimental data obtained here, it can be concluded that in the
propagation of a plane buoyant surface jet close to or far from the mouth section, the trans-
formation of the mean velocity field ends in a manner similar to that depicted in Figs., 3a-c,
regardless of the initial number Fr§.

NOTATION

X, ¥y, cartesian coordinate axes; the 0x axis is directed along the mean-velocity vector
on the free surface; the Oy axis is normal to the Ox axis and directed downward; U, V, com-
ponents of mean flow velocity in the 0Ox and Oy directions, cm/sec; q, unit flow rate of the
liquid, cm®/sec; E, entraimment coefficient; U,, mean flow velocity in the Ox direction at
the mouth section, cm/sec; Ho, total flow depth at the mouth section, cm; pg, eFs density of
salt and fresh water, respectively; Ro, hydraulic radius of flow at the mouth section, cm;
v, kinematic viscosity, cm®/sec; Unax, mean flow velocity at the free surface, cm/sec;

(81/2)y, distance from free surface to the point where U::—é—-Umag (8 distance from the

172)s?

. A 1 A
free surface to the point where —ilz:ﬁ~—<—iL
Of

) ; Rip, Richardson number,
P 2 max
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FEASIBILITY OF PRODUCING PRESCRIBED DISTRIBUTION OF TEMPERATURE
GRADIENT WITH ARRAY OF SUBMERGED JETS

S. A. Fedyushin, V, N. Papkovich, UDC 532.525.2
and Yu. A. Milevich

It is demonstrated that it is feasible to produce a region with a linear trans-
verse temperature profile with the necessary temperature gradient along the jet
height.

Considerable interest of researchers has been attracted to the feasibility of producing
rather large transverse density gradients by means of devices utilizing submerged jets with
intricate initial and velocity profiles [1-5].

The results of several studies [6, 7] suggest that using the method of the equivalent
problem in theory of heat conduction is expedient even in the design of non-self-adjoint
turbulent liquid or gas jets.

We will write the equations of a turbulent boundary layer as

oU ou d 0 d
U =— U-—:———-T, —_ U +~—— U :0,
pU—-+9 oW & (PU) 3 (oU)
pUcp-a— AT 4 pUcy 2 AT = 9 Gy AT =T —T,. (1)
0z dy dy
The change of variables
=E(x 9 =1 9 &E=5 9 m="(z Y) (2)

reduces system (1) to the system of linear equations

0 02
—— (pU2) = — (pU?);
3 (U?) o (PU?

T

02
(QUCPAT) = B?E (pCDUAT)- (3)

A solution of the equations of a boundary layer for jet-type sources by the method of an
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