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Abstract—In some metallurgical and chemical engineering technologies utilization of heavy liquid jets
impinging onto a wall appears to be an effective tool for the enhancement of heat- and mass-transfer processes.
The aim of the present work was to study, both theoretically and experimentally, hydrodynamics and mass
transfer of a radial liquid jet impinging onto a horizontal plane. The whole field of the flow—from the
stagnation point to the hydraulic jump—is described within the scope of approximations of the boundary-
layer theory for both laminar and turbulent regimes of flow in a thin liquid layer. Simple formulas have been
obtained for calculation of the friction factor, liquid layer thickness and the liquid surface velocity as a
function of discharge parameters. Solution has been offered to the problem of mass transfer from the walltoa
liquid layer for the whole laminar flow region upstream of the jump and simple working formulas have been
obtained for calculation of the mass-transfer coefficient. Wall shear stresses, local and mean mass-transfer
coefficients within the entire flow region have been measured by an electrodiffusion method in a wide range of
liquid flow rates and the conditions at which the flow leaves the barrier. Hydrodynamic characteristics of the
jet at the location of impact and of the hydraulic jump have also been studied. The experimental results are
given in terms of generalized coordinates and compared with the appropriate theoretical equations.

NOMENCLATURE Subscripts
Re,  Reynolds number; +, section in which a boundary layer converges
Pr, diffusional Prandtl number with liquid film thickness;

D, diffusion coefficient [m?/s]; 0, minimal jet cross-section area ;
Nu, diffusional Nusselt number ; I, hydraulic jump cross-section area;
C,, friction factor; f value at wall;
0, volumetric liquid flow rate [m?/s]; oo,  value at infinity;
C, concentration [g-eq/m*]; d, diffusional.
q mass flux density [g-eq/m?s]; )
F, Faraday number [C/g-eq]; Superscript
g, gravitational acceleration [m/s*]; ’ pulsation value.
S, probe surface area [m?];
W,  velocity of disturbance propagation on

shallow water [m/s]; 1. INTRODUCTION
H, nozzle-to-plate spacing [m]; WHEN liquid jets impinge on a barrier (Fig. 1), the
L, rim height above disk [m]; liquid spreads over the surface as a thin layer bounded
A, nozzle diameter [m]; by a hydraulic jump beyond which the depth of the
U, liquid surface velocity [m/s]; liquid is much greater. In Fig. 1, r and z are the
d, probe diameter [m]; longitudinal and transverse coordinates, r, is the
h, liquid film thickness [m]; radius of the minimal jet cross-section area. The whole
I, linear dimension [m]; field of the flow may conventionally be divided into the
a, constant in formula (1); potential (I) and viscous (II) regions. The potential

o

temperature [°C];
x,y,r,z, coordinates;
u,0, velocity components.

Greek symbols
T, shear stress [N/m?];
v, kinematic viscosity [m?/s];
n dynamic viscosity [N -s/m?];
2, density [kg/m?];
d, boundary-layer thickness [m];
B, mass-transfer coefficient [m/s];
w, axial velocity [m/s];

Q

surface tension [N/m].

HMT.—A

region may, in turn, be subdivided into:

1. The region of a free impinging jet;

2. The region of jet deflection ;

3. The region of a free radial jet.

The viscous flow region may be subdivided into [1]:

1. Theregion of the forward stagnation point whose
dimensions are of the order of the jet radius r,. Within
this region the main flow velocity, u, grows rapidly
from zero to the undisturbed flow velocity Uy, ;

2. The region of the boundary-layer type flow at
r>r,, where a streamwise pressure gradient is practi-
cally absent and the velocity outside the boundary
layer is constant and equal to U,;
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F1G. 1. Near-barrier liquid flow pattern and scheme for

friction and mass transfer coefficient measurements: 1, fric-

tion probe; 2, disk; 3, anode; 4, double probe; 5, constant

current amplifier; 6, filter; 7.8, potentiometers: 9, squaring
arrangement.

3. Theregion of transition where the boundary layer
becomes as thick as the liquid filmatr = r_ |

4. The region having a similarity velocity profile.
Below, this region will be referred to as the flow
downstream of the convergence point or as the region
of “hydrodynamic stabilization™;

5. The region of the hydraulic jump;

6. The region of undisturbed flow downstream from
the hydraulic jump.

The spatial fiow in the vicinity of the stagnation
pointis one of the problems having an exact solution of
the Navier—Stokes equations. This problem was sol-
ved by Schlichting [2], who found that in the neigh-
borhood of the forward stagnation point the shear
stress is defined as

7= 1.312 pala-v}*3, {h
where, according to [3].
a = 044U 4/r,.

The most complete theoretical analysis of the axi-
symmetric and two-dimensional impinging jetsis given
by Watson in [ 1]. His analysis involves the solution of
the following problems:

(2) Laminar boundary layer-type flow. Here, the
Blasius profile for a plate is used and the friction factor
is found from

C 2 =0575-(v/U, e, 2)

{b) Downstream of the point of boundary-layer
convergence with the film surface (r > r., ), the surface
velocity of the film and its thickness are determined.

(c) In the transition region, the velocity profile
changes its shape from the Blasius type to the simi-
larity one, however, both not very much differing from
each other [1]. In this case, at rq «wr <r,, the
boundary-layer thickness 6 < hand U = U,, whilein
the steady-state flow region, where r > r.. U < U,
and o = h.
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(d} The turbulent fow ix caleulated with the belp of
the eddy viscosity, in the form proposed by Glaucert
{47, and the Blasius law for friction at the wall.

The boundary-layer-type flow problem is solved by
the method of integral equations,

The heat-transter problem of an axisymmetric im-
pinging liquid jet was solved by Chaudhury [ 5] bused
on the entire flow division into the regions which had
been adopted in [1].

An cxperimental check of the normal hquid jet
pressure distribution on the surface, caleulated in [6]
as a function of the jet incidence angle, was undertaken
by Grigoryan in [7]. who found a 3%, -discrepancy
between the experiment and prediction by the momen-
tum equation.

A most complete investigation of the hy-
drodynamics of a viscous fluid layer, being formed by
an axisymmetric jet impinging onto a plate, was made
by Olsson [&] for a wide range of flow rates and
viscosities. His measurements of the liquid film thick-
ness, the layer kinematic energy prior to a hydraulic
jump as a function of the radius and the laver surface
velocity show that:

1. The thickness of the liquid layer downstream of
the jump is an order above that upstream and hardly
varies along the plate radius.

2. Data on the layer thickness in the jump zone are
at an essential variance with predicted values for
inviscid fluid (/i = r3/2r) much over the entire flow
region.

3. The layer surface veloeity remains constant up to
the jump. ie. the boundary laver emerges onto the
surface at greater values of r . than it was predicted by
Watson [1].

Rao and Olev {9] investigated mass transfer from a
horizontal plate, covered with a layer of transcinnamic
acid, to a vertical turbulent submerged water jet falling
into the plate center. All the experiments were carried
out at ¢ = 25°C within the range of the Reynolds
numbers Re = UgA/v = (251251107 at Pr = 900.
The experimental data for x/4 < 4.5, where v 15 the
distance from the plate center, 4 the nozzle diameter,
are given in empirical equations. For H/4 < 6.5, the
mean Nusselt number in the impact region is given by

[ AD = 0046 ReVOH 40 {33
and for H/ 4
B AID = 0007 - Reb 08 (H /4y 1, b

- 0.5 1t is given by

where f§ is the mean mass-transfer coefficient.

With x/4 > 4.5, there is a power-law dependence
between the local Nu number and x/4, with Nu =
f{x/A) being independent of H/A4

Nu = fAD = 13{A- L p/u)* ¥/ 4y 0 {3}

The experiments on heat transfer between a two-
dimensional liquid jet and a heated plate [10] show
that in the neighborhood of the jet impingement the
measured heat-transfer coefficients (at the wall tem-
perature T being less than the saturation temperature 7}
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Table 1.
Flow region Laminar flow Nos. Turbulent flow Nos.

iI-1 ~—-j = 595 % 107 XQ/r) 1 - {rfra)** (la}  Cy2=(Q-0435/z")u/U, -rSor (16)

Py

the Schlichting-Shach formula

C /2 = 0.577(v/U¢ - r)*? or (11) f;Q; 0043 () 5@ an

pv
2 vz 3

112 2— = 0.104 (Q> - <~Q~) 12}

ot vr Vro

Fo = 0257 r{Qfvrg ) (13)  r, = L62-r(Q/vry)? (18}

T Q2 (10m/9)(Q/vr)® 191 _ 2.9(Q/wr)tse (19)
14 2 L(0RSYI  + (ro/rYORT6) M TR B 24T

atr» v, atr>»r,
' 2
Egi =39 »x 10" 2(Q/vr) {13) Q = 2.9(Q/wr)t7* (20}

are correlated by
Nu, = 0.73Pr'3(kRe,)*S, (6)
Nu, = 0.037Pr'3(kRe,)*8 (7)

for the laminar (6) and turbulent (7) boundary layers,
respectively. According to [11], relationships (6) and
(7) differ from analogous relations for a uniform
parallel flow since heat transfer is essentially affected
by the hydrodynamic characteristics of the jet {velocity
and pulsation distribution near the stagnation point),
which - are -accounted for in (6) and (7) by the
correction factor k.

As seen from the above analysis, in the pertinent
literature there are neither analytical formulae for
calculation of the local and mean mass-transfer coef-
ficients, nor any simple (engineering) method for
calculating the friction as a function of the jet discharge
parameters in all the flow regions in laminar and
turbulent regimes. To the best of the authors’ know-
ledge, reported experimental data on mass transfer are
scanty [9] and the data on friction factors are not
available at all. These have become the objects of the
present investigation,

2. CALCULATION OF WALL FRICTION FOR
LIQUID JET IMPINGEMENT ON THE WALL
Below we give the results of calculations for the
laminar and turbulent film flows in the II-2 and 11-4
regions, which have been aimed at deriving simple
formulae for the friction factors and dimensionless
parameters to correlate the experimental resulis. The
calculation is carried out within the scope of the
boundary-layer approximations by the Shvets method
[11] (the method of successive approximations) dis-
tinguished for its simplicity in regard to the present
problem.

For a laminar flow, the starting system of equations
and the boundary conditions are of the form [1, 12]:

u@f+w—3ﬁ‘-=véz—u—
or oz oz (8)
3w, orfw) _
or 0z
:“;;gu 0 zzz g} for the 1-2 region  (9)
u=w=0 atz=0

}for the II-4 region. (10)

dufoz=0 atz=h

For a turbulent flow, the problem is solved by the
use of the Blasius law for friction and the power-law
velocity distribution u = (z/6)17 - U

A detailed solution of the problem is given elsewhere
[12], therefore here only the main formulae are
presented (see Table 1).

Comparison with the analysis performed by Watson
shows that formulae, (11), (14), (16), (19) virtually
coincide with the corresponding formulae suggested
by Watson [1]. Tt is also evident that the experimental
results can be given in terms of the generalized
coordinates [tQ?/rv*; Qfvr], therefore below the ex-
perimental data will be compared with formulae
(11)~(20).

3. CALCULATION OF MASS TRANSFER
OF AN IMPINGING RADIAL LIQUID JET
3.1. Laminar regime in the boundary-layer-type flow
region
Near the streamlining surface the following is valid:

we{) .
=17 zgoz.

Then the solution of the hydrodynamic problem

yields:
2
oo (Gor U, 3.2,
S r

24v @1)

24y
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Substituting é = 2.32(vr/U,)"? into (21) gives

u = 1.34zU,/0, 22)
then from (8)
134 U, 22 ,
p= -0 23
© i 5 (23)
The diffusion equation is of the form
u(%f+(1) (:~=Di;§ 24)
CY Lol Cz
with the boundary conditions
Cz=0:1)=0; Clz=x;r)y=C,. (25)

Here C is the concentration of the oxidized ions and
C, is the concentration of ions far from the wall.
Substitute velocity distributions (22) and (23) into
(24)
&c A oc
[N TS
where A = 1.34- U,/o.
Next, introduce a new independent variable [13],
n =%3(Uy/vr)"/? z. Then equation (26) transforms
into an ordinary differential equation

d*c dcC
Pr-p?-— =0; = 3.46,
dn? et dn ¢

3

(s}
PN
M

™y
2)’ )
o
>

ol

(27)

with the boundary conditions C(0) =0 and C(x)
= (. Integrating (27) yields

"
C=C, [ exp(—?Pr-rﬁ)dn

Jo

~
{

‘ exp(—%}’r-n“) dn. (28)
o :

o

The integral in (28) is expressed via the gamma-
function to give

S a Ma 1:3
J exp( ~%pr ;73) dn = 0.897 | (5 Pr)
0] N PN

and finally

C@BPC, (r ag
. O‘§97-~-*voexp 3Prn dn.

Now, when the concentration distribution (29) is
known, we can define the diffusional flux directed to
the plate

c (29)

q=0359D-C, Pri3(Uy/vr)t2 (30)

In a dimensionless form the latter expression is
reduced to

Nu = 0.59-Pr'? - Rel’? (31D

or
BQ _059 4/‘3(2 ” .<L 32
D nli? pr vr A (32)

The diffusional layer thickness may be evaluated as
dg=17-Pr 13 -Re™ "2 (33)
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3.2. Laminar flow downstream of the convergence poin

Assuming that u = (éu/fz),., 2 is valid near the
surface, we receive from the solution of the hy-
drodynamic problem that

0 /1 S T
T : R = {34}
: 3\%1(1"‘/1 * Frht o or ) =

. RN B
.’r' + T l;)(\(‘;)( e ) .

h=h, 133}

We shall seek the solution at (r:r, ) = 1. then from
{35) h = (10/9)n{vr?/Q) and the longitudinal velocity
u = (B/r*)- z. From continuity equation (%)

gy Q°

10 vip

2B,

= - z%  where
Substitute the velocity profiles into the diffusion
equation (24) with the boundaryv conditions (z

=0:r=0,Clz=ox;nN=C,.
e 2B ,0C | o
T e FR- R 3
ozt Dy o D o 36)

Introduce a new independent variable

AR R
= =f y® . .dr
el ]

/g3 ¢
(%) st

/

{37}

Then equation (36) transforms into an ordinary differ-
ential equation

d*C LA dcC

T L2,
dy? 1

The solution of equation (38) is of the form

= ().

- = 38
dn (%)

exp(—sn’)dn | exp(—sn°)dy. (39)

JO Al

C=C,

Then the mass flux in the hydrodynamic steady-state
region is defined by

e DC, ‘on
g=Dp() = T (5
e /=0 D U NCIZ =0

33

~

Jo
_ (%)] ' T : - (40)
In the dimensionless form
Nu :/L' :(0?)}, (Q ) Pl 41

Vi Inrir,

or

e (097 _ 3(Q : ! .
e W OETETE A L
b= 1o 7 W) e, @

4. EXPERIMENTAL STUDY OF
THE WALL SHEAR STRESS
4.1. Experimental procedure and facility
The basic technique used for measurement of the
wall friction, when liquid film spreads radially over it,
is the electrodiffusion method. The measurements are
made in all flow regions.
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The electrodiffusion method has long been known
and described in detail elsewhere [12,14-17]. We
recall only that the method consists essentially of
measuring the limited diffusion current J in an elec-
trochemical cell which consists of: probe-electrode (1)
with a small surface, imbedded flush with wall (2);
anode (3) with a large surface; a working liquid,
electrolyte, which was an equimolar ferri-
ferrocyanide solution in a 0.5 normal alkali solution
(NaOH) (Fig. 1).

The mass flux per unit electrode surface is related to
the current J as

qg=J/F-z-5, 43)

where z is the amount of transported electrones, here z
=1, F is the Faraday number and § is the cathode
area.
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To calculate friction in the neighborhood of this
point, the jet velocity and its radius in the minimal
cross-section are to be known.

The jet velocity U, was measured by an elec-
trodiffusion anemometer of the “forward stagnation
point”-type, for which the following relation is known

[14]

Nu = 0.753Pr'/*- Re'/?, (46)
where Nu and Re are based on the liquid velocity in the
jet and the radius of the outer envelope of the probe.
Then, knowing the limiting diffusion current, the fiow
velocity can be readily calculated from (46). The
minimal jet radius was determined by the optical
method. The measured values of r, and U, for all the
liquid flow rates are listed in Table 2.

Table 2.
No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Q-10°m?/s 136 188 264 380 69 121 140 157 173 1883 224 243 283 320
ro mm 1.7 2.0 235 28 38 438 444 451 457 A58 466 473 490 495
Uy,m/s 149 15 152 155 153 201 225 246 263 284 326 346 378 415

The formula for calculation of the wall shear stress
in the case of an I-long plane probe of the width b,
located streamwise, is of the form

1= 1.87uJ%/F3D*Ph3C3, (44)
while for a circular probe of the diameter d it is
T = 3.16uJ 3/F*d3C3 D2 (45)

A liquid jet discharges freely from a 10mm dia
nozzle orifice onto a horizontal barrier which is a
420 mm dia disk separated by 100 mm from the nozzle
outlet in all the tests. The resistance of the liquid,
running down from the disk, varied depending on the
shape of the disk edge: rounded, sharp and the one
elevated over the disk surface by 0.5; 1 and 2mm.
Probes 1 and 4 (Fig. 1) (platinum plates 0.05 mm long
and 0.6 mm wide) as well as large-surface anode 3 were
imbedded flush with the disk surface to measure
friction. Here, to measure the main mass-transfer
coefficient, probe 10 is also placed which is a 20mm
wide and 200 mm long nickel plate, in turn involving
2 mm dia nickel wires (probes 11) to measure the local
mass-transfer coefficients.

The electric circuits for measuring the mean and
pulsation friction as well as the local and mean mass-
transfer coefficients are shown in Figs. 1(a) and 1(b),
respectively. The limiting diffusion current in the
circuit of the mean and local mass-transfer probes is
determined by the voltage drop in the 100Q and 1Q
precision resistors. The results of measurements of the
mass-transfer coefficients were verified by comparing
with the mean mass transfer from the plate and the
readings of the local probes.

The friction probes were calibrated near the stag-
nation point where the dependence (1) of the shear
stress on the jet liquid flow rate is known.

Besides, with the help of an electrocontact method,
measurements were made of the liquid film thickness in
the region of the hydraulic jump. With the use of the
calibrated friction probes, the errors in the measured t
and the mass-transfer coefficients did not exceed 7 and
3.5%, respectively.

4.2. Mean friction measurements

The measured data on mean friction at the disk with
a rounded edge were first reported in [ 12, 15].

Figure 2 presents characteristic results of the
measurement of friction at the disk for ali the flow
regions, including that of a hydrodynamic jump, for
the same liquid flow rate but different shapes of the
disk edge. The curves show that at the point of jet
impingement, when a radial velocity outside the
boundary layer increases rapidly from zero at the
stagnation point to U, , the shear stress grows linearly
with the radius and achieves the maximum value at
r/ro equal to about 1.6. Beyond the region of impact, as
the boundary layer grows and the velocity at the outer
edge of the boundary layer remains constant, friction
decreases. Downstream of the convergence point, the
friction continues to decrease. Within the hydraulic
Jjump it takes a negative value, then again changes sign
and after the jump it smoothly decreases with velocity.

Since the magnitude of the shear stress near the
hydraulic jump is small, its measured results should be
considered as appraising for the following reasons:
first, as is shown in [17], with te?/uD < 103, there is
deviation from relationship (44). Second, with shear
stresses close to zero, the limiting diffusion current can
be specified by the wall velocity expansion terms (in
particular, by the quadratic term defined by the
pressure gradient).
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F1G. 2. Friction profile along the disk, Q = 6.9 x 10> m?/s: a, jump region; 1, rounded edge: 2. sharp edge;
3.L=1mm;4 L =2mm

Figure 2 also shows that the hydrodynamic con-
ditions downstream of the jump have no effect on the
upstream behavior, since the experimental data on the
mean shear stress distribution prior to the jump
coincide for all the conditions at the disk edge tested.
Only a shift in the jump to the jet center is observed.

All the measured friction data prior to the jump are
adequately correlated by the generalized coordinates
(tQ%/pv*; Q/vr), as is shown in Fig. 3. This figure also
contains working formulas for all the flow regions.

The impingement zone friction data were used to
calibrate the probes and are well described by curve 1
plotted according to Schlichting-Shach’s formula (1a).

In the boundary-layer-type flow (I11-2), the experi-
mental data lie 8-10% below the results predicted by
(12). This may be attributed to the hydrodynamic
conditions in the impingement zone which are not
taken into account in formula (12).

Within the region of “hydrodynamic stabilization™,
curve III corresponds to the asymptotic solution (15),
while curve V, to the refined formula (14) for the
laminar flow in the layer.

As is seen from the plot, with Q/vr > 10? the data
obtained within the “stabilization” region are ade-
quately described by curves IV and VI, which cor-
respond to the asymptotic (20) and refined (19)
solutions for the turbulent flow.

Thus, knowing the geometric and discharge para-
meters of the jet, one can readily calculate the friction
in all the regions of the liquid layer wall flow.

4.3. Friction pulsations

Figure 4 illustrates a change in the relative disper-
sion of friction pulsations depending on Q/vr for all the
liquid flow rates studied. Here two maxima are clearly
visible: one for the stagnation point and the other for
the hydraulic jump. In the region of jet impingement,
when r = 2mm, the maximum level of pulsations
ranges from 0.06 at Q = 3.8 x 107> m?/s to 0.315 at Q
= 2.24 x 10~ *m?3/s, while at the stagnation point the

pulsation level increases sharply and can reach the
values between 0.6-0.7.

In the [1-2 region, the pulsation level does not exceed
0.08 for the majority of flow rates and for the maximum
flow rate, Q = 3.2 x 10~ *m?/s, it does not exceed 0.18.

o'

109 b~

byt

<40 ex x +
DG PG —

10"~

er/py4

lolS.—_

o0'2—

;05

Q/vr

FIG. 3. Measured friction coefficients for all flow regions
represented in generalized coordinates. Calculations: I, by
(la); 11, by (12); II, by {15); IV, by ({20); V, by {14); V], by
(19); Experiment: 1, @ x 10° = 1.36m>/s; 2, 1.88:3.2.64. 4,
3.8:5.69:6,12.1:7,14.0;8,157,9,17.3,10, 183: 11,224,
12,24.3:13.32m%/s.
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This may be ascribed to the laminar flow regime in this
region, which accords with the plot in Fig. 3.

In the I1-4 region, the relative intensity of friction
pulsations increases smoothly. Thus, for Q@ = 1.4x

10~*m3/s, when Q/vr = 1.2x10% the value of
('?)Y/3/z is as high as 0.3. As seen from Fig. 4, for this
very flow rate and the same magnitude of Q/vr, the
measured mean friction data deviate from the laminar
regime curve (III) and pass to the turbulent regime
curve (IV). In the hydraulic jump region, the relative
dispersion of friction pulsations reaches its maximum.

o———T——T1 T 1 T

AN EIN]
~NO p

<eppoe

(F2) %/t

Fi1G. 4. Relative dispersion of friction pulsations vs (Q/vr) for
different liquid flow rates (see Fig. 3 for notation).

4.4. Hydraulic jump

To determine the hydraulic jump friction vector and
its radius, the method of two probes was employed
[14,16]. This made it possible to reveal that in the
jump region the friction takes a negative value, having
changed sign twice, which points to liquid layer
separation within the jump region. Besides, it allows
the hydraulic jump radius and its radial width to be
determined with high accuracy. As the jump radius ry,
that distance from the jet center was taken where the
friction was minimal.

1.0
0751 g/' —
2]
T os} —
=
0.25\— —]
{
2
3
o | | |
02 0.6 ] 1.4 1.8

r/r

FI1G. 5. Measured liquid layer thickness within the hydraulic

jump given in dimensionless coordinates (h/d; r/r,): 1, sharp

edge;2, L= 1mm; 3, L = 2mm; 4, hydraulic jump; 5, layer
thickness after the jump.
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The simplest calculations of r; were made by
Watson [1]. For a “jump”, the condition of equality
between the pressure discontinuity and the kinetic
energy change is of the form

rd? g-ré re  2ryrg [*
0* 2n’ryd 0’ fo
where d is the layer depth downstream of the jump.

The measured liquid film thickness within the jump
is presented in Fig. 5 in the coordinates h/d and r/r, for
all the flow rates and conditions at the disk edge tested.
Here, the cross-hatched region represents the hy-
draulic jump where the accuracy of measurements was
inadequate owing to the waves on the liquid surface. At
h = d this region passes into straight line 5. The plots
show that the film thickness grows with approach to
the jump and with increase in the drag at the disk edge.
Far downstream of the jump the film thickness is
constant.

Figure 6 represents experimental data of the present
authors on the hydraulic jump radius for all the tested
disk edge conditions given in the dimensionless coor-
dinates 7, = f(F) proposed by Watson, where

Fi = lg[(r,d*- g r3/Q*) + (ro/2n%r, - d)]
F= lg[(rx/ro)3(vr/Q)”3].

ut-dz, (47)

X~ |
o-2
o-3
a—4
o-5
©o-6
-7
a—8
v—9 7
+—10

s |
w0 2 5 10 2 5

FIG. 6. Hydraulic jump radii for different liquid flow rates

and disk edge conditions given in dimensionless coordinates:

1,0 x10% =1,36;2,38;3,69;4,14;5,18.8;6,22.4;7,24.3;
8,28.3; 10, Watson’s data; 11, calculation by (47).

Our experimental data are consistent with the
theory of Watson, curve II. The plot also involves
Watson’s experimental data [ 1] on the hydraulic jump
radius (the cross-hatched region and point 10).

Based on the “hydraulic” concepts about the jump
origin, set forth for example in [18], the jump radius
can be found from the condition u = W, where the
liquid mass velocity, u, and the velocity of disturbance
propagation over the shallow water surface, W, are
calculated from

-2
2nrh’

W = (gh)'2.
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F1G. 7. Jump radii based on the liquid flow rate and the
shallow water surface disturbance rate: 1. Q =69 x
107 5m?/s;2, 14 x 10 *m'/s.

Comparison of these velocities for two liquid flow rates
is given in Fig. 7. It may be seen there that the jump
radius, which is defined from the condition u = W, is
about the same as that which is found by the elec-
trodiffusion method. It is of great interest to study,
both theoretically and experimentally, the flow region
downstream of the jump.

4.5. Mass-transfer measurements

The local mass-transfer coefficient along the disk
radius was measured for all the flow regions in the
range of the jet liquid flow rates from 1.36 x 10" *t0 3.2
x 10™*m3/s. The results for one value of the liquid
flow rate are given in Fig. 8 as a function of r for all the
disk edge conditions tested. The analysis of these data
shows that the trend in the dependence of /5 on r. the
liquid flow rate and on the disk edge conditions is
analogous to that revealed by the measured friction
daia. Thus, the maximum value of f corresponds to /v,
x 1.6. As r grows, the mass-transfer coefficient falls to
the values which are minimal in the hydraulic jump
region. It should be noted that the local mass-transfer

i
11
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FiG. 8. Local mass-transfer coefficients along the disk for
different disk edge conditions: Q = 6.9 x 107> m*/s: 1, sharp
edge; 2, L = 1mm;3, L = 3mm.
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FiG. 9. Mass transfer in the region of the boundary-layer-
typeflow: 1,0 = 6.9 x 107> m*/s:2.3.8:3.6.9:4, 14, 5. I8 §;
6.22.4:7.24.3.8,283:9,32:10.37.2: I calculation by (31},

coefficient exhibits the same qualitative behavior in the
zone of impact and in the region of the submerged jet
boundary-layer-type flow [9]. However, as shown in
[9], the method of transcinnamic acid dissolution can
lead to asignificant increase in mass transfer within the
impingement zone due to wall erosion.

In the region downstream of the jump, /i first
increases (Fig. 8) and then decreases smoothly. How-
ever, starting from some liquid flow rates (eg. Q
— 1.4 x107*m?/s) in the region of “hydrodynamic
stabilization™, the mass-transter coefficient, in contrast
to friction, increases substantially. Special measure-
ments of . with a surfactant added into the electrolyte.

10"

Q/vr

FiG. 10. Experimental results on mass transfer for all the flow

regions represented in generalized coordinates. 1-10 (see Fig.

9 for notation); 2. with addition of surfactant. Calculation: I,
by (32): 1L by (42).
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as well as observation of the liquid film surface with
stroboscopic illumination allow the conclusion that an
increase in f may be attributed to formation of waves
on the film surface in this region. It should be noted
that all the physical constants of the electrolyte remain
unchanged except for the surface tension coefficient. In
the case of a pure electrolyte ¢ = 7.05 x 1072 N/m,
while with a foaming agent o = 3.24 x 1072 N/m.

The experimental data on the boundary-layer-type
flow are well described by relationship (31) for all the
investigated liquid flow rates (Fig. 9). Deviation from
the predicted values at Pr'/®- Re'/? > 5 corresponds to
the onset of transition to the “stabilized” (steady-state)
flow.

All the measured mass-transfer coefficients are ade-  10. ?-ﬂC. Mclfv@urr_ay,_ P. S. M)’%rls andl 0-1 ;? Uyehelfs,
; : 2 nfluence of impinging jet variables on local heat-transfer
quately correlat‘ed .m the coordinates (fQ/D* and coefficient along a ﬂatg;urface with constant heat flux, in
Q/vr), as shown "? Fig. 10. Here are also presented the 3rd International Heat Transfer Conference, Chicago, Vol.
results of calculations of the boundary-layer-type flow 2, pp. 292-298 (1966).
(curve I) by formula (31) and of the flow downstream  11. L. G. Loitsyanskii, Laminar Boundary Layer. Fizmatgiz,
of the convergence point (curve II) by asymptotic " g’lgs‘;g“; (39162 (Editor), Wave P o TworPh
. . S.S. Kutateladze (Editor), Wave Processes in Two-Phase
forrpula (42). As seen, without ﬁh,n surface waves Systems, Collected Papers. Inst. of Thermophysics, Novo-
(points-IT) formula (42) fits the experimental data well. sibirsk (1975).

Thus, knowing the nozzle geometry, the flow rate 13, V. G. Levich, Physicochemical Hydrodynamics. Fizmat-
and physical characteristics of the working fluid, the giz, Moscow (1959). o
local mass-transfer coefficients may be readily calcu- 14 A- J. Karabelas and T. J. Hamtty, Determination of
lated by formulae (31) and (42) within the entire surface veloc.:lty gradient in three-dimensional boundary

. . . o layer, J. Fluid Mech. 34, 159-162 (1968).
laminar flow region of the horizontal wall radial jet. 15. S.S.Kutateladze, V. E. Nakoryakov, A. P. Burdukov and
V. A. Kuzmin, Application of electrochemical method to
measuring friction in two-phase media hydrodynamics,
in Collected Papers Heat and Mass Transfer, Vol. 2.
Minsk (1968).
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IMPACT D’UN JET LIQUIDE AXISYMETRIQUE SUR UNE BARRIERE

Résumé—Dans quelques technologies métallurgiques et chimiques I'utilisation de jets liquides frappant une
paroi est un moyen efficace d’accroitre le transfert massique ou thermique. Le but de cet article est d*étudier a
la fois théoriquement et expérimentalement ’hydrodynamique et le transfert massique d’un jet liquide
circulaire frappant un plan horizontal. Le champ de I'écoulement, du point d’arrét au saut hydraulique, est
décrit dans le cadre des approximations de la théorie de la couche limite pour les régimes laminaire et
turbulent dans une mince couche liquide. On a obtenu des formules simples pour le calcul du frottement, de
I'épaisseur de la couche liquide et de la vitesse 4 la surface du liquide en fonction des paramétres a la tuyére.
Une solution est proposée pour le probléme du transfert massique 4 la paroi pour la région laminaire avant le
saut et on a obtenu des formules pratiques pour le calcul du coefficient du transfert massique. Les tensions
pariétales, les coefficients locaux et moyens de transfert massique dans la région d’écoulemetit ont été mesurés
par une méthode d’électrodiffusion, dans un large domaine de débits et de conditions pour lesquelles
Pécoulement quitte la barriére. On a étudié aussi les caractéristiques hydrodynamiques du jet autour du point
d’impact et du saut hydraulique. Les résultats expérimentaux sont donnés en fonction des coordonnées
généralisées et comparés avec les équations théoriques appropriées.

DAS AUFPRALLEN EINES ACHSENSYMMETRISCHEN STRAHLES
AUF EINEN STAUKORPER

Zusammenfassung—Fir einige technologische Anwendungen der Metallurgie und der technischen Chemie
erscheint das Aufprallen eines zihen Fliissigkeitsstrahls auf eine Wand als wirksames Mittel zur
Verbesserung von Wirme- und Stoffiibertragungsvorgéngen. Ziel der voliegenden Arbeit war die
theoretische und experimentelle Untersuchung von Hydrodynamik und Stofftransport in einem radial
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gerichteten Fliissigkeitsstrom nach Auftreffen auf eine horizontale Fliche. Das gesamte Stromungsield

vom Staupunkt bis zum Wassersprung—wird im Rahmen der Vernachlédssigungen der Grenzschichttheorie
sowohl fiir den laminaren als auch fiir den turbulenten Bereich einer diinnen Strémungsschicht beschrieben.
Man erhilt einfache Formeln zur Berechnung des Reibungsfaktors. der Grenzschichtdicke und der
Oberflichengeschwindigkeit der Flissigkeit als Funktion der Strdmungsparameter. Fiir das Problem des
Stofftransports von der Wand an eine Fliissigkeitsschicht wird eine Losung angeboten, giiltig fiir das gesamte
laminare Stréomungsgebiet vor dem Wassersprung. Man erhilt einfache Arbeitsformeln zur Berechnung des
Stofftransportkoeffizienten. Die Wandschubspannung und die lokalen und globalen Stoffiibergangskoeffi-
zienten im gesamten Strémungsgebiet wurden mit Hilfe einer Elektrodiffusionsmethode gemessen. und zwar
fiir einen weiten Bereich von Massenstrémen und Abstrombedingungen vom Staukorper. Fbenso wurden
die hydrodynamischen Eigenschaften des Strahls am Aufprallpunkt und beim Wassersprung untersucht. Die
Versuchsergebnisse werden in normierten Koordinaten mitgeteilt und mit geeigneten theorctischen

Beziehungen verglichen.

HABETAHUE OCECMMMETPUYHONM CTPYU XKUJAKOCTU HA TMPErPAY

AHHOTAIHA — B psizie TEXHOAOTHIA METaJINYPrud4ecKoi U XUMUYECKOH IPOMBILLIIEHHOCTEH NOBbBILLIEHHE
2 dHexTHBHOCTH ITPOLECCOB TEMJIO- M MAacCOTIEPEHOCa ROCTUIAETC MCMONB30BAHUEM CTPYH TSOKeoi
XHUJAKOCTH, IaAaloMX Ha cTedky. Llens HacToswel cTaThbl — TEOPETHYECKOE H IKCHEPUMEHTAIBHOE
UCCICAOBAaHKE FHAPOAMHAMMKM M MaccooOMeHa panuanbHOH CTpyM XHIAKOCTH, Haberaroileil Ha
FOPH3OHTANLHYIO NMTY. B pamkax npuOmixeHMH TeOpUH NOrPaHUYHOIO CNOS OMUCAHO BCE MOJie
TEYEHHs1 OT KPHTHUYECKOH TOUKHM BIUIOTH JIO FMAPABIMYECKOTO CKayKa, KaK IUIs JJaMUHAPHOTO Tak H
TypOyJIEHTHOTO PEXHMMOB TEYEHUS B TOHKOM CNO€ XUAKOCTH. [TosydeHbl npocThie Gopmyilbl a1
pacuera kodhduuMeHTa TPEHMs, TOJIUHHbBL C105 KUAKOCTH, CKOPOCTH XUIAKOCTH Ha HOBEPXHOCTH B
3aBHCHMOCTH OT PACXOMHbIX napaMeTpos. PellieHa 3aaaya MaccoOTIauu OT CTEHKH K C/1010 HUAKOCTH
A5 Bceil 061acTH TEYEHMS BNNOTh 0 CKAYKA B Clly4Yae NAMUHAPHOTO PEXMMA TEYEHHS U [TOTYYEHbI
NPOCThIE PacueTHbIE GOpMYJIbl A/ls KoadduLueHToB MaccooTaayu. Vicnone3ys 3nexTpoanddy3uon-
Hbiil METO/, M3MEPEHBI KACATENbHLIE HANPSIKEHHS TPEHUR HA CTEHKE, JIOKANbHBIE U CPEIHME KOIP-
(HUMEHTHl MACCOOTIa4M BO BCeil O6JIACTH TEYEHMA HXMAKOCTH B LIMPOKOM [MANa3OHe H3MEHEHUs
DAcXOMOB KMAKOCTH W YCNOBU CIMBA KHIKOCTH C nperpaisi. MccneaoBaHbi TakkKe ruapoiauHa-
MHYECKHE XapaKTEPHCTHKH CTPYH B MECTC yaapa W rajpaBiiM4eCKOrO CKauka. Pe3y/bTaThl IKCHEpH-
MEHTOB MpeiCTaBlieHbl B OOOOLUIEHHbIX KOOPAMHATAX M COMOCTABAEHbl C COOTBETICTBYIOUWIMMH
pacyeTHbiMHU HOpMYyTaMH.



