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MASS TRANSFER FROM THE WALL TO THE STREAM OF AN 

AXISYMMETRIC FLUID JET 

B. G. Pokusaev and N. V. Volkov UDC 532.62 

The results of measurements are presented pertaining to friction and mass transfer 
during interaction of an axisymmetric vertical one-phase or two-phase fluid Jet and 
a horizontal plane wall. 

In technological processes of surface-chemical treatment of materials, one now uses 
more extensively progressive methods where the active fluid is force fed to the surface, par T 
tlcularly in the form of jets. The laws governing this method of treatment as, e.g., in di- 
mensional etching of metallic surfaces are, however, little known. 

The hydrodynamics and the mass transfer in the case of a single axlsymmetric one-phase 
fluid jet impinging on a plane barrier have already been theoretically analyzed in great 
detail [I, 2]. Theoretical relations have been derived [2] for determining the local hydro- 
dynamic frictional stresses T in all principal flow regions inthis setup and calculating the 
mass-transfer coefficient ~ in the region of laminar flow. In the same study [2], the theo- 
retical relations were verified experimentally by the electrodiffusion method. Unlike the 
flow pattern in [I, 2], real processes of metal dissolution include also an evolution of hy- 
drogen in the form of bubbles so that the fluid medium becomes a two-phase system and, fur- 
thermore, solutions are often fed to the treated surface from below. Under these additional 
conditions, i.e.,in the presence of a gaseous phase subject to forces of gravity in the 
stream these factors do not influence the hydrodynamics and the mass transfer in an obvious 
manner. Meanwhile, however, it is well known that in some flow patterns such as the one 
studied by other authors [3], introduction of a gaseous phase in the form of bubbles contri- 
butes to an appreciable intensification of the mass-transfer processes. 

In this study the authors have experimentally verified the validity of theoretical con- 
clusions arrived at earlier [2] in the case of a fluid jet impinging on a wall from below, 
and at the same time examined the effect of a gaseous phase on the hydrodynamics and the 
mass-transfer processes. 
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In the course of this study, by the electrodiffusion method, the frictional shearing 
stresses ~ at the wall and the mass-transfer coefficient 8 were measured. The latter were 
compared with those measured in the case of dissolution of natural specimens. The experi- 
ments involving the electrodiffusion method were performed with the apparatus and according 
to the procedure thoroughly described in the earlier study [2]. In this case T and B were 
measured in a one-phase as well as in a two-phase stream, with the jet of electrolyte (0.I N 
ferri-- ferrocyanide solution in distilled water + supporting 5% NaOH) fed to a disk 400 mm 
in diameter from a nozzle below through an orifice i0 mm in diameter. The longitudinal jet 
axis was oriented normally to the plate. The distance from the nozzle throat to the plate 
was maintained constant and equal to 24 nun in all experiments. Measuring probes ,were built 
into the disk flush with the surface: platinum probes 0.3 mm in diameter for measuring T 
and nickel probes 2 wm in diameter for measuring B. The diffusion coefficients D and the 
kinematic viscosity under the conditions of these experiments were, respectively, 7.13 �9 i0 -*~ 
and 0.94 �9 l0 -6 m=/sec. 

Measurement of the mass-transfer coefficient 8 by dissolution of natural specimens was 
done at disks 400 mm in diameter and 4 or 6 mm thick. These disks were made of the grade 
MA-8 magnesium alloy. A separate solution of sulfuric acid in distilled water was prepared 
for each specimen. The concentration of hydrogen ions in the solution was measured by ti- 
tration and also calculated from the amount of acid (chemically pure condition at delivery) 
which had been added to a fixed volume of water. Depending on the temperature of the water 
and the acid prior to their mixing, the initial concentration of hydrogen ions in the various 
experiments varied from 350 to 430 g-eqiv/m s. The diffusion coefficient for hydrogen ions 
was D H = 9.34" 10 -9 m2/sec [4] and the kinematic viscosity was ~ =0.905"i0 -6 m2/sec. 

Magnesium and sulfuric acid were selected as the pair of substances for this study, 
because dissolution of magnesium in sulfuric acid had been found to be effected by the dif- 
fusional mechanism [5]. In the case of the MA-8 alloy the authors verified it by the "revolv- 
ing disk" method in a solution of said concentration. 

Some of experiments involving measurement of the mass-transfer coefficient 8 by etching 
of natural specimens were performed with the jet flowing verically downward. In this case 
the distance from the nozzle throat to the wall was i00 mm. The temperature (25~ the 
concentration of reacting ions, and the flow rate of the electrolyte did not vary by more 
than 1% during all experiments, but the concentration of hydrogen ions during dissolution 
of natural specimens varied within 3%. For the experiments with a two-phase jet there was 
a bubble generator in the form of a porous hollow cylinder installed inside the nozzle sys- 
tem. The diameter of bubbles was 300 Bm, approximately corresponding to their size during 
dissolution of the metal. The length of the etching period was established on the basis of 
minimum change in the concentration of hydrogen ions in the solution and practical feasi- 
bility of measuring the results. After etching, a rinsed and dried specimen was gauged for 
thickness determination along five or six radii drawn from the critical point (on the jet 
axis). The thickness was measured with an indicator having 0.01-mm divisions on the scale. 
The thickness readings at points equidistant from the center were averaged so as to compen- 
sate for the initial thickness nonuniformity as well as for random deviations. 

For calculating 8 in this case the well-known relation [6] 

= I / z F S c  (1) 

was used with I denoting the current across the reacting surface (here during dissolution); 
z, valence of ions participating in the reaction (here z H = i and z M = 2); S, surface area 
involved in the reaction; and c, concentration of hydrogen ions. 

The expression for the current I was based on the relations for the mass rate of flow 
according to Faraday's laws 

q = I / z F S  (2) 

and for the amount of dissolved metal 

q = V p / A ~ / S  (3) 

w i t h  V d e n o t i n g  t h e  vo lume  o f  d i s s o l v e d  m e t a l  (V = SA); A, t h i c k n e s s  o f  t h e  e t c h e d  away l a y e r  
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Fig. i. Variation of x and 8 along the radius of Jet spreading under 
various experimental conditions: i, 2, 4, 5, 7, 8) without injection 
of gas; 3, 6, 9) with gas injected at rates 2.1, 0.6, 2.5" 10-Sm3/sec, 
respectively; 2, 5, 8) Jet flowing downward; 7, 8, 9) experiments with 
natural specimens; 2, 5) data in [2]. 

Fig. 2. Generalized results of x measurements at various flow rates 
of the fluid (mS/sec): i) 32; 2) 24.3; 3) 22.4; 4) 14; 5) 6.9"10 -5 �9 

of metal; 0, density Of the metal; AM, atomic weight of the metal; and t, dissolution 

time. 

Equating the right-hand sides of expressions (2) and (3) yields the current 

" I = VpFz~/A~t (4)  

and insertion of expression (4) into expression (i) yields 

"~ = a p z ~ / A j z H c  H. (5) 

For our case of magnesium dissolving in sulfuric acid we have 

~ 0 " 1 4 3 A ~ H  t '  (6) 

The experiments were performed with flow rates of the fluid Q = (6.9-32.0)" i0 -s mS/sec. 
Measurements were made in all zones of viscous flow. The same system of flow analysis was 
used here as in the previous study [2]. It ought to be noted that no zone of hydraulic "jump" 
and thus also no trail behind such a jump appear in the case of jet impinging on a plate 
from below. Here within the "jump" region the stream separates from the plate, forming drop- 

lets and individual jets. 

Composite graphs of local T and 8 values determined according to various methods and 
under various different experimental conditions but for the same flow rate of 14" 10 -5 m'/sec 
are shown in Fig. l. These graphs(points 1,2, 4,5) indicate that the trend of T and 8 values 
does not depend on the direction of jet flow. The maximum ~ and 8 values, Just as in the 
previous study [2], occur within the region of the critical point r ~l.6ro (to denoting 
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Fig. 3. Generalized results of mass-trans- 
fer measurements at flow rates of the fluid 
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the jet radius within the impact zone). Some discrepancy with the results in [2] is evident 
in B measurements behind the point of merger of the boundary layer and the main stream (r > 
r+) where [2] 

r+ = 0.257 G (Q/v~) l/3. ( 7 )  

According to the graph (point 5), the value of 8 begins to increase beyond r = 75 mm 
and at r = 90 mm it exceeds that at r = 75 mm by = 30%. This increase of 8 becomes larger 
with increasing flow rate of fluid and reaches 40% at Q = 28.3" i0 -s mS/see [2]. In the 
previous study [2] this anomaly was explained by formation of a wave pattern before the 
hydraulic jump. The presence of waves contributes to intensification of the mass transfer. 
In our case, as been said already, there occurs no hydraulic jump and thus no wave pattern 
develops with the attendant 8-anomaly. 

The results of T measurements in all flow zones at various flow rates of electrolyte are 
shown generalized in dimensionless coordinates [2] in Fig. 2. 

The close agreement between results of T measurements and theory [2] (straight lines in 
Fig. 2) as well as the identical trendof r and 8 values (points i, 2, 4, 5) indicate that 
in the case of an axisymmetric one-phase fluid jet impinging on a plate from below the theo- 
retical relations in [2] are valid throughout almost the entire region of viscous flow. 

For plotting the straight lines in Fig. 2 the surface velocity U S of the stream was cal- 
culated more precisely, by also taking into account the loss of jet energy due to bending 
through a 90 ~ angle [7], According to that calculation, U S = 0.9Uo and the numerical coef-- 
ficients in the expressions for T [2] must be changed to 

zQ2/Ov~ = 0.0687 (Qlvr) 7t2 (riG) ~ (8 )  

for the region of the critical point and 

zQ2/ovr = O, 0875 (Q/~G) 3 (Q/vr) i/2 (9)  

for the flow region where U S = const (r+~r > 1.6ro). 

For the flow region beyond the merger point there remains valid the asymptotic ap- 
proximation [2] 

In expressions (8) and (9) 

.cQ21pv ~ = 2 .9 .10  -2 (Qtvr) 5. 

= ( Q m U o / / 2 ,  

Uo := V ( Q / ~ )  ~ + 2gh 

H e r e  r c i s  t h e  r a d i u s  o f  t h e  n o z z l e  o r i f i c e ,  h i s  t h e  h e i g h t ,  
f l o w  a n d  t h e  " - "  s i g n  r e f e r s  t o  u p w a r d  f l o w  o f  t h e  j e t .  

(i0) 

(ii) 

(12) 
the "+" sign refers to downward 
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As the graph in Fig. 2 indicates, relations (8) and (9) fit the experimental data bet- 
ter than do the corresponding relations in the previous study [2], where the discrepancy be- 
tween measurements and theory was = 10%. 

On the diagram in Fig. i are also shown (points 3, 6) the results of �9 and 8 measure- 
ments, respectively, with injection of a gaseous phase into the stream. Experiments with 
injection of a gaseous phase into the stream of electrolyte were performed for the purpose 
of studying the feasibility of intensification of the mass transfer under "extrinsic problem" 
conditions and explaining the role of that gaseousphase in real processes of dimensional 
etching. 

The volume flow rate of the gaseous phase injected into the stream in various experi- 
ments was varied from 0.35" i0 -s to 3.5" I0 -~ mS/see, corresponding to a gas content of a = 
1-30 vol. %. According to the graph in Fig. i, injection into the stream of a gaseous phase 
in the form of air bubbles causes the frictional shearing stresses as well as the mass-trans- 
fer coefficient to increase by an amount which can reach 100-200% in the U S = eonst region. 
Both x and 8 increase with a higher gas content, but for every flow rate of the fluid there 
is a singular value of ~ beyond which a range of self-adjointness with respect to ~ exists. 
This value is a = 15% for Q = 14. 10 -5 mS/see and ~ = 4% for Q = 28.3- i0 -s m'/sec. We note 
that the effect of a gaseous phase is weak in the region of the critical point. 

According to the data in Fig. i, the mass-transfer coefficient is also in the ease of 
dissolution (points 7, 8) much higher than as measured by the electrodiffusion method (4, 5) 
and closer to its value in the ease of a two-phase jet (points 6). Under the given condi- 
tions, moreover, the rate of metal dissolution with gas evolution is the maximum possible. 
Indeed, injection of an additional gaseous phase (~ = 20-30%) has no effect on the intensity 
and the mode of mass transfer (points 9 in Fig. i). We note, furthermore, that near the 
critical point the effect of artificially injected bubbles on the mass transfer is not ident- 
ical to the effect of hydrogen bubbles evolving as a result of the chemical reaction. 

Results of measurements made in a two-phase jet by the eleetrodiffusion method and by 
etching of natural specimens are shown in Fig. 3 in generalized coordinates. These data 
pertain to the US = eonst flow region and fit, within satisfactory accuracy, the relation 
(solid line) 

Nu = 0.038Re~ ~ , (13) 

where 

Re = Usr/~. (14) 

Expressions of the (13) kind have been derived elsewhere [8, 9] for turbulent flow under 
"intrinsic problem" and "extrinsic problem" conditions, respectively. Accordingly, gas evo- 
lution in the process of dimensional etching as well as artificial injection of a gaseous 
phase in the form of bubbles cause the transfer processes during interaction of a jet and a 
wall to become turbulent. 

NOTATION 

A, atomic weight; c, concentration, g-equiv/ma; D, diffusion coefficient, ma/sec~ F, 
Faraday constant, C/g-equiv; I, current, A; Q, flow rate, m'/see; S, surface area involved 
in the reaction, m2; V, volume, mS; 8, mass-transfer coefficient, m/see; A, thickness of 
the etched away layer, m; g, acceleration due to gravity, m/see2; h, height (static head), 
m; q, mass flow intensity, g/m 2" sec; v, kinematic viscosity, me/see; 0, density, g/mS; t, 
time, sec; T, frictionalpshearing stress, N/m2; and z, electric charge of an ion. 
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TRANSVERSE STABILITY OF A LIQUID JET IN A COUNTERFLOWING 

AIR STREAM 

V. M. Entov and A. L. Yarin UDC 532.521:532.522 

The development of small perturbations which bend a liquid jet in a counterflowing 
air stream is analyzed here. It is demonstrated t h a t  the most dangerous perturba- 
tions of the jet axis have a spatial distribution, and the increment of perturba- 
tion buildup is calculated. 

Straight Jets of a liquid moving in air at sufficiently high velocities are unstable 
against transverse perturbations [1-4]. As a consequence, they acquire a waviness and even- 
tually break up. The problem of dynamic action of an air stream on the a priori unknown 
surface of a jet with a flow also yet to be determined is a very difficult one and, for this 
reason, only the first steps have so far been taken toward a theoretical description of it 
[2, 5, 6]. 

Here will be analyzed the stability of a straight laminar jet of a viscous liquid 
against small long-wave spatial perturbations. The analysis will be based on the equations 
of dynamics of thin liquid Jets [7], which in the case of small perturbations are 

av~ of +f0 =0, 

Of 0 av a :(p, + Q) + q, 
a-T = 

aK aM 
P at as + ~ x Q ,  

K ='= l (nQ. -/r- bQb), [2. --= - -  V b .s -- xVn,  ~2 b = Vn ,s - -  >~V b, 

M = 3 V l  in (Q,, ,, - -  • + b (f4 ,, + • - -  ~zlaol kb + Mt,  

av. O2a 

( l)  

In the selected reference system the unperturbed jet remains at standstill while the 
air stream moves along its axis. The cross section of the jet is assumed to be circular, 
without body forces and rotation of the liquid about the jet axis (~T = 0). 
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