
INFLUENCE OF NONISOTHERMICITY OF THE MEDIUM AND POLYMER 

ADMIXTURES ON A TURBULENT VERTICAL WALL JET 

N. A. Pokryvailo, V. K. Shashmin, 
and Z. P. Shul'man 

UDC 532.522:532.574.8 

The results are given on an experimental investigation of the effect of small 
polymer admixtures and density inhomogeneity of the ambient medium on the laws 
of development of plane, vertical, turbulent wall jets. 

Rheological and temperature (density) factors, even when their manifestation is slight, 
can cause pronounced changes in the structure of wall and free turbulent liquid streams. This 
has been established in the experimental study of processes of hydrodynamics and heat and mass 
transfer in polymer solutions and various suspensions, as well as in liquids that are in- 
homogeneous in density or temperature. 

Semiconfined vertical wall jets, which combine the main features of free and wall flows, 
are a convenient subject for investigating the influence of polymer admixtures and buoyancy 
effects on flow structure. The use of such jets in various mixing and injecting devices, 
hydrodynamic curtains, etc. is well understood and widely practiced. The overwhelming major- 
ity of research has been devoted to free, submerged turbulent jets. They include the best- 
studied case, axisymmetric, vertical, turbulent buoyant jets under the simultaneous action of 
fluxes of buoyancy and momentum [1-3], which, with allowance for stratification, results in 
considerable changes in the classical laws of development of jets. In low-concentration 
polymer media, the initial section of a turbulent jet undergoes considerable changes [4] 
(redistribution of the profiles of the mean and pulsation velocities, the energy spectrum of 
pulsations, etc.). 

In proceeding to wall jets, we note that the experimental results in the literature 
pertain mainly to nonisothermal buoyant jets [5, 6]. The case of interest to us, of the 
ascent of a vertical wall jet with a "negative" buoyancy, has been considered in [5] for 
Richardson numbers of order unity (Ri = I). As for polymer wall jets, we know of no published 
work on this problem. 

The main experiments were carried out on an installation consisting of a water-filled 
transparent vessel in the shape of a vertically mounted channel with a height of 2 m and a 
square cross section of 200 • 200 mm 2. The wall jet was formed with a flat nozzle, i x I00 
mm 2, with a i:I0 ratio of exit to entrance cross sections. Liquid was supplied to the nozzle 
from a centrifugal pump, and its excess (from the aspect of maintaining a water column of 
constant height in the channel) was drained off through an overflow opening in the upper part 
of the wall. The temperature was measured with Chromel-~opel thermocouples, with a junction 
diameter of 0.3 mm, embedded in the wall. The electrodiffusion method [7] was used to measure 
the frictional shear stress and velocity in the stream. Small amounts of potassium ferro- 
ferricyanide and potassium sulfate were added to the working medium (water), and all the com- 
ponents of the installation were made of organic glass, plastics, and stainless steel. The 
frictional shear-stress sensor was mounted flush with the wall, while the wedge-shaped velocity 
sensor was located opposite to it and could be moved in the direction perpendicular to the 
wall. The longitudinal z coordinate, reckoned from the rim of the nozzle to the sensors, was 
varied by moving the nozzle itself. The size of the platinum sensing elements of the sensors 
in the flow direction was 40 ~m. We preliminarily determined the calibration characteristics 
of the wedge-shaped velocity sensor, and also estimated the time constants of both sensors. 
The pulsation values of their signals were recorded and analyzed with a Bruel and Kjeer 2608 
rms voltmeter, a TOA-III spectrum analyzer, and a Disa 55D70 correlator. 
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Fig. i. Variation along the jet of the maxi- 
mum velocity (1-4) and flow half-width (5-7, 
5'-7'): i) from experimental data of [8]; 
2) of [9]; 3) of [i0]; 4) of [ii]; I) authors' 
data; 5, 5'; 6, 6'; 7, 7') Re = 1150, 1370, 
1600, respectively (5'-7': with a PAA admix- 
ture, Cp = 0.01%. 

General Characterization of a Wall Jet and Influence 

of Polymer Admixtures on It 

In measurements of the mean velocity in cross sections, we established that the width of 
the jet and the rate of its increase (Fig. i) depend on the Reynolds number up to a certain 
value. A further increase in Re > 1.6"10 ~ resulted in practically no change in the geometri- 
cal parameters of turbulent flow, which gives reason to assume that it is fairly developed. 
This is also indicated by the self-similar shape of velocity profiles in cross sections of 
the jet (Fig. 2). The solid line represents the results of Refs. 8-10, which agree well with 
our data and may be approximated by the expression 

um dl/'2 ; \ [ !./1/_~ 

( i )  

The variation of the maximum velocity along the jet (Fig. i) based on our measurements 
may be generalized by the power function (for z/d > 20) 

u~ __ 5.9 (--z'~ -~  (2) 
uo \c~J 

The experimental data of other authors [8-10] given in Fig. 1 do not differ much from 
ours. The minor differences are evidently due to the influence of the initial conditions of 
formation of the jet in the different experiments (the compression ratio and the shape of the 
nozzle, the level of disturbances in the initial cross section, the presence of a boundary 
layer at the nozzle rims or a pressure gradient, roughness, etc.). With allowance for the 
above, the agreement between our experimental data and those from the literature [8-12] on 
measuring the frictional wall shear stress (Fig. 3) can be considered satisfactory. 

For a jet of a polyacrylamide solution (PAA, Cp = 0.01%), the flow width and the rate 
of its increase decreased considerably (Fig. i). The redistribution of turbulent energy of 
pulsation flow in a wall jet containing PAA admixtures can be judged from the form of the 
correlation characteristic curves (Fig. 2), obtained by analyzing signals from electrodif- 
fusion sensors of velocity and friction mounted at the same distance from the nozzle. The 
increase in the cross-correlation coefficient can be treated as the result of suppression 
of small-scale vortices and an increase in the fraction of large-scale vortices. This is 
also indicated by measurements of the energy spectrum of pulsations of frictional wall shear 
stress and the longitudinal velocity component in the stream, presented in Fig. 3 in the 
form of spectral increases. 

The redistribution of spectral density is accompanied by an increase in the intensity of 
pulsations of the longitudinal velocity components and friction. The introduction of small 
polymer admixtures to a wall jet also alters the regime of exchange of liquid masses between 
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Fig. 2. Distribution across the jet of the cross-correlation 
coefficients for velocity pulsations (1-4) and mean velocities 
(5-7): i) z/d = 4; 2) 8; 3, 4) 20 (light points: without 
polymer admixture: dark points: with PAA admixture, Cp = 
0.01%); 5) z/d = 40; 6) 200; 7) 300. y, mm. 

Fig. 3. Influence of PAA admixtures on the mean and pulsation 
values of the frictional wall shear stress: I-IV) cf = f(Re), 
Cp = 0; I) from the data of [ii]; II) of [i0]; III) of [12]; 

IV) of [8]; i, 2) cf = f(Re), authors' data for Cp = 0 and 

0.01%, respectively; 3, 4) spectral increases in pulsation 
level (C D = 0.01%); 3) velocity sensor 2 mm from the wall; 
4) friction sensor at the wall. 

the wall region and the outer region. The jet becomes longer-range and the intensity of 
turbulent mass diffusion across the jet decreases; the wall stabilizes the development of a 
jet containing polymer admixtures, even at considerable distances from the nozzle. In Ref. 4 
with Re = 1.5"104 , for example, the increase in the range of a free jet containing polymer 
admixtures appears up to z/d < 20, while for a semiconfined jet it appears up to z/d ! 700. 
A decrease in local frictiona~ shear stress is recorded in this case (Fig. 3). 

Nonisothermicity of the Medium 

When a jet propagates in a medium with a density Pl that differs from the jet density p, 
additional mixing develops due to the density difference. A nonisothermal vertical jet can 
be characterized by the momentum and the buoyant force [2, 3]. In a theoretical analysis one 
usually considers limiting cases, in which forced or natural convection dominates in the jet. 

An analysis of integral equations for the momentum flux and the buoyant force, under the 
assumption of similarity of both the velocity profiles and the profiles of excess density at 
different distances from the source, leads to the following expression for the maximum veloc- 
ity u m in a jet cross section under the conditions of forced and natural convection: 

2F )1/3 )p i/3 (3) 
u m : ( k ( c i + 2 k ~ g ) .  (1 • (~- ) 

Here 

I : 

6 \Pm - -  Pi 
1 

-- 2 , ~ =  1 4 - - - .  
ptlm T ~1 ~ 

The • signs correspond to positive and negative buoyancy and F is the buoyant force. Here 
we have also assumed that the jet's width b is proportional to the distance from the source 
[2], b = ~z, while the dependence of cf on z is negligibly weak [3]. Two limiting cases 
follow from Eq. (3): 

(4) 
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Fig. 4. Range of the jet: a) medium with a density discon- 
tinuity: i) C D = 0; 2) 0.01% PAA; 3) 0.05% WSR-301P~O; b)0, 
i) C D = 0.2-0.DI% PAA, linearly stratified medium; 3) C D = �9 
4) 0~01% PAA, escape into a lower-density medium. 

i) for the domain in which forced convection dominates (i.e., z << cx), the velocity 
distribution has the form 

1 
- T  (~+<s 1~''<:> 2F )113 c~i3 z ; (4 )  

Um= Ir (C~ + 2k~.~.) 

2) for the domain of an upstreaming jet (i.e., z >> cx), we have 

2F )1/3 
u m =  = c o n s t .  (5) 

The transition from a forced jet to an upstreaming jet occurs at z = c x, and Eq. (3) is valid 
in this domain. If the jet has a negative buoyancy, then the minus sign is taken in (3). 
The range of heights z to which the jet can rise then turns out to be limited. At z = c x the 
velocity is u m = 0, after which the jet starts to descend toward the source and the equation 
loses physical meaning. Converting to dimensionless quantities [2], from (3) we can obtain 
an expression for the maximum height z m attained by a jet with an initial density P0 higher 
than the density Pl of the ambient medium: 

2 

z.._~__m = c,~Ri 3(i+%,h~) , Ri = g (Po - -p~)d  ( 6 )  
d Po u~ ' 

where c 2 is a constant. The experimental data presented in Fig. 4 in the range 2.10 -5 < Ri < 
4-10 -4 lead to the following expression for the maximum height attained by a jet: 

z~ _ 1.22Ri -~ (7) 
d 

Since cf a 0.01 and kxa = 1, the calculated function (6) re f lec ts  qua l i ta t i ve ly  cor- 
rec t l y  the law of propagation of a ve r t i ca l  wall  j e t  in a s t r a t i f i e d  medium, which confirms 
the correctness of our assumptions. 

In [5] the propagation of such a jet was analyzed in the range Ri = 1 (the case in which 
the buoyant forces are comparable in magnitude withthe inertial forces). 

The wall has a highly stabilizing influence on propagation of the jet. For a free 
axisymmetric jet [6], for example, the height of ascent is proportional to Ri -~ and its 
values turns out to be considerably lower (= 250 calibers for a wall jet and = i00 for a free 
jet with Ri = 3-10-s). 

On the basis of experimental data (Fig. 5) for a liquid jet propagating in a medium 
with a density discontinuity located at a height H from the nozzle cut, for 6"10 -3 < Ri 2 < 
10 -I the height of penetration of the jet through the density interface may be approximated 
by the expression 

z - - / - /  - -  16 .4Ri~  - ~  Riz---- g (po - -p2 )H  , ( 8 )  
d Po u~ 
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Fig. 5. Boundary of the j e t :  a) 
escape into a lower-density medium: 
I, i')Ri = 1.9"i0-4; 2, 2') 1.3- 
10-4; 3, 3') 0.95.10-4; 4, 4') 
7"10-s (i,_4,: with a PAA admix- 
ture, Cp = 0.01%); b) escape into 
a linearly stratified medium: i, i') 
Ri = 6.5"10-8; 2, 2') 7.6"10-8; 
3, 3') 10 -7 (i'-3': with a PAA admix- 
ture, Cp = 0.01%). 

where Pz is the density of the medium at z > H. A free, submerged, axisymmetric jet, ac- 
cording to the data of [6], penetrates through a density discontinuity to a considerably 
smaller height (zm/d = 400 for a wall jet and zm/d -~ 90 for a free jet with Ri 2 = 7-10-s). 

For a vertical jet propagating in a stratified medium, the determining parameters will 

be momentum, the buoyant force, and the stratification parameter G= --g 0--9 Consequently, 
p 0z 

the relation for the height of ascent of the jet will have a more complicated form than (8). 

Let us consider the simple case in which the jet at the nozzle exit is characterized 
by the momentum alone, while the medium is stratifies. Dimensional considerations lead to 
the following estimate for the maximum height of ascent: z m = (M/G)I/a 

Experiments were carried out for a vertical jet with an initial density P0 propagating 
in a medium with a linear height distribution of density, with the density of the medium at 
the level of the nozzle cut being equal to the density of the escaping jet. The linear 
stratification was produced in a way similar to the case of the creation of a density dis- 
continuity. Here the liquid temperature varied by 2~ every 50 calibers. The approximation 
of the experimental data obtained has the form 

z_~_~ = 2,74 RIT ~ Ril - g 8PI d (9) 
d ' p az u~ ' 

which fully agrees with the estimate given above. As seen from Fig. 4b, by contrast with jet 
propagation in a medium with a different density from the initial density of the jet, strati- 
fication enhances the dissipation of turbulent kinetic energy, and the rate of increase in 
the maximum height of ascent of the jet as a function of the Richardson number decreases. Let 
us consider the influence of density inhomogeneity on a turbulent vertical wall jet containing 
small polymer admixtures. For the propagation of a "light" jet in a homogeneous medium with 
a higher density, the polymer admixture intensified turbulent exchange, and the height of 
ascent of the jet decreased somewhat (points 4 in Fig. 4b). The width of the jet increased 
in the process (Fig. 5a). 

The polymer has a similar influence on the development of a wall jet in a medium with a 
linear density distribution (Fig. 5b). Polymer admixtures enhanced turbulent exchange, but 
since the density of the medium at the nozzle cut and in the escaping jet were the same, and 
the subsequent decrease in the density of the ambient medium occurred linearly, the increase 
in exchange between the polymer jet and the ambient medium was slower than in the preceding 
case. As a result, the jet ascended somewhat higher (points 1 and 2 in Fig. 4b). 
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In Fig. 4a we present data on the height of ascent of a jet containing polymer admixtures 
above a density interface in the medium - a discontinuity layer. The density interface layer 
was a distance of 300 calibers from the nozzle. The jet escaped into a medium having the 
same density. Because of the polymer admixtures, the jet had a higher velocity than usual 
(for an equal velocity of escape from the nozzle) as it approached the interface, so that, 
other conditions being equal, the depth of penetration through the density discontinuity be- 
come greater (Fig. 4a). It is also seen that in the absence of polymer admixtures we have 
(z - H)/d = Re~ ~ while the presence of polymer leads to (z - H)/d = Re~ ~ i.e., with 
an increase in the velocity of escape of the jet, Ri 2 + 0, the rate of its penetration through 
a density discontinuity layer decreased considerably. This result can be explained on the 
basis of the established fact that the intensity of the longitudinal component of the pulsa- 
tion velocity increases in a wall jet, as well as by the well-known phenomenon in stratified 
media of the conversion of the energy of the component of velocity pulsations orthogonal to 
the plane of the discontinuity into the energy of the other component. In our case, this 
means an increase in the transverse component (in the coordinates of the jet) of the pulsation 
velocity, accompanied by intensification of turbulent eschange and hence by "distension" of 
the jet and a decrease in the rate of its penetration through a medium of inhomogeneous den- 
sity. 

NOTATION 

b, width of the jet, m; Cp, polymer concentration, %; cf = 2~w/(PU2), drag coefficient; 
Tw, frictional shear stress, ~/m-2; d) transverse size of the nozzle, m; g, free-fall accel- 
eration, m-sec-2; z, y, coordinates along the direction of flow and perpendicular to it; Yl/2, 
coordinate at which u = Um/2; u, velocity, m.sec-l; Um, maximum velocity, m.sec-1; u0, rms 
velocity at the nozzle cut, m-sec-1; Re = u0d/~, Reynolds number; Ri, Richardson number; p, 
density, kg'm-S; ~, kinematic viscosity, m2.sec -I. 
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