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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 ofmass transfer from the wall to a 
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 

Reynolds number ; 
diffusional Prandtl number ; 
diffusion coefficient [m*/s] ; 
diffusional Nusselt number ; 
friction factor ; 
volumetric liquid flow rate [m”/s] ; 
concentration [g-eq/m3] ; 
mass flux density [g-eq/m* s] ; 
Faraday number [C/g-e4 ; 
gravitational acceleration [m/s’] ; 
probe surface area [m*] ; 
velocity of disturbance propagation on 
shallow water [m/s] ; 
nozzle-to-plate spacing [m] ; 
rim height above disk [m] ; 
nozzle diameter [m] ; 
liquid surface velocity [m/s] ; 
probe diameter [m] ; 
liquid film thickness [m] ; 
linear dimension [m] ; 
constant in formula (1); 
temperature [“Cl ; 

x, I’> r, 2, coordinates ; 
u,w, velocity components. 

Greek symbols 

shear stress [N/m’] ; 
kinematic viscosity [m’/s] ; 
dynamic viscosity [N . s/m*] ; 
density [kg/m31 ; 
boundary-layer thickness [m] ; 
mass-transfer coefficient [m/s] ; 
axial velocity [m/s] ; 
surface tension [N/m]. 

H.M.T.--A 

Subscripts 

f, section in which a boundary layer converges 

with liquid film thickness ; 

0, minimal jet cross-section area; 

1, hydraulic jump cross-section area; 

.f ; value at wall ; 

:’ 
value at infinity ; 
diffusional. 

Superscript 

pulsation value. 

1. INTRODUCTION 

WHEN liquid jets impinge on a barrier (Fig. l), the 

liquid spreads over the surface as a thin layer bounded 
by a hydraulic jump beyond which the depth of the 
liquid is much greater. In Fig. 1, r and z are the 
longitudinal and transverse coordinates, r0 is the 

radius of the minimal jet cross-section area The whole 
field of the flow may conventionally be divided into the 

potential (I) and viscous (II) regions. The potential 
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 [l] : 
1. The region ofthe forward stagnation point whose 

dimensions are of the order of the jet radius rO. Within 
this region the main flow velocity, u, grows rapidly 
from zero to the undisturbed flow velocity U, ; 

2. The region of the boundary-layer type flow at 

r > ro, 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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FIG. 1. Near-barrier liquid fiow pattern and scheme l’or 
friction and mass transfer coefficient measurements: I. fric- 
tion probe; 2, disk; 3, anode; 4. double probe: 5. constant 
current amplifier; 6. filter ; 7.8, potentiometers: Y. squaring 

arrangement. 

3. Theregion oftransition where the boundary layer 
becomes as thick as the liquid film at r 2 I‘_ : 

4. The region having a similarity velocity profile. 
Below, this region wifi be referred to as the flow 
downstream of the convergence point or as the region 
of “hydrodynatn~c stabilization’.: 

5. The region of the hydrauiic jump; 
6. The region of undisturbed flow downstream from 

the hydraulic jump. 
The spatial flow in the vicinity of the stagnation 

point is one ofthe 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 stagl~atiotl point the shear 

stress is defined as 

0 = 1.312.pL?(a.v)‘.‘, (11 

where, according to [3], 

The most complete theoretical analysis of the axi- 
symmetric and two-dimensional impinging jets is given 
by Watson in [ 11. His analysis involves the solution of 
the following problems: 

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

c,/:! = 0.575. (V/c’” .rp2. (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 differirig from 
each other [I]. in this case, at r. “. r < r *. the 
boundary-iayer thickness 6 < Ir and 5 = C:,, while in 
the steady-state flow region, where r > I’*, l. < Li,, 
and 6 = h. 

A most complete investigation <ii‘ ihi: it). 

~~rod~llar~~ics of a viscous fluid layer, being formed 1~~ 

an axisyrnmetric jet impinging onto a plate. \has made 
by Olsson [X] for a wide range of flow rates and 
viscositieb. His l~~casurenlel~ts of the liquid film thick- 

ness, the Ia!er kinematic energy prior lo a hydraulic 

jump as a function of the raditis a!td the layer surface 
velocity show that: 

i. The layer surface velocity remains constan up 10 

$1~ jump. i.e. the l?oundary layer emerges onto the 
surFace at greater values ofr . than it was predicted bt 
Wats011 [I]. 

ho urld (>kv [9f investigated mass transfer from a 

horizontal plate, covered with a layer of transcinnamic 
acid, IO a vertical t~irbL~lent submerged waterjet failing 
into tile plate center. AII the experiments were carried 
out at I = 25 C within the range of the Reynolds 
numbers IZC* = Ii,,d,!~ .z: (25 175). IO” at I’r =r 000. 

‘The experimental data for Y, .-I K 4.5, where \ IS the 
distance from the plate center, :t the nozzle diameter. 
are given 111 empirical equations. For Hi.4 <: h.5. the 
mean Nusscll number in the impacr region in given by 

1; -i,,f) -_ ().()4{1. Kc’ ‘“‘(ff :._I f 1Lo4 ii) 

and for H! ,l 6.5 it is given h\: 

ii’ ‘&[) -_ ().l(Y?‘f2i~’ ““(ff;..t) ‘1.34. 141 

where /j is the mean mass-transltr coefficient. 
With Y;-# > 4.5, there is a power-law dependence 

between the local hrli number and u.‘A. with Nu = 

,f(x/A ) being independent of H’A 

Nu = /IA:0 = 1.3(,+4 ~i’~f’;/l)O.~A(\. *A) I.“ ij) 

The experiments on heat transfer between ii two- 
dimensional liquid jet and a heated plate IlO] S~O% 

that in the neighborl~~~od of the jet impingement the 
measured heat-transfer coefficients (at the w&I tem- 
perature T being less than the saturation temperature ?i) 
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Table 1. 

Flow region Laminar flow Nos. Turbulent flow Nos. 

II-l 
Z,Q* 
-- = 5.95 x 10-z(Q/vr)“z . (r/ro)*~z 04 C,/2 = (Q f 0,435/~1*5)(vjU* ‘ r)li5 or (16) 
p . v4 
the Schlichting-Shach formula 

C,/2 3 0.577(v/U0 I r)liz or (11) sQ2 0.0435 
- = 7 (Q/vr)“5(Q/vro)‘8’5 
P4 

(17) 

II-2 ~=*.104~~~.(~~ 
PQ 
r+ = 0.257 1 r~(Q/vr~)i~3 

(12) 

(13) r+ = 1.62 * rO(Q/vrO) 119 
(18) 

II-4 
zQ2 2.9(Q/vr)'5'4 

,14) -= 
pv4 [(Q/w- w + 24(r0Jr)2]2 

(19) 

atr >> v+ atr>>r+ 

sQZ p = 3.9 x 10-Z(Q/vr)S 
(15) zQa 4 = 2.9(Q/vr)“j4 

Pv 

are correlated by 

Nu, = 0.037Pr”3(kReX)0~8 (7) 

for the laminar (6) and turbulent (7) boundary layers, 
respectively. According to [ll], relationships (6) and 
(7) differ from analogous relations for a uniform 
parallel flow since heat transfer is essentially a%cted 
by the hydr?dynaInic 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 thejet 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. 

t. CALCULATION OF WALL FRICTION FOR 
LIQUID JET ~PI~~~E~ ON THE WALL 

Below we give the results of calculations for the 
laminar and turbulent film flows,i.n the II-2 and II-4 
regions, which have been aimed at deriving simple 
formulae for the friction factors and dimensionless 
parameters to correlate the experimental results. The 
calculation is carried out within the scope of the 
boundary-layer approximations by the Shvets method 
[ll] (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 [ 1,121: 

au a2f a% 
u~+cOy&=vj-$ 

aw + a+4 
(8) 

__ .------= 
ar az 

0 

u=w=o at z=O 

u = ~~;a~~~~=0 at z=& J 
for ihe II-2 region (9) 

u=o=O at z=O' 

aujaz=O at z=h 
for the II-4 region. (10) 

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/S)“” * W,. 

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~rformed by Watson 
shows that formulae.(ll), (14), (16), (19) virtually 
coincide with the corresponding formulae suggested 
by Watson [l]. It is also evident that the e~~rirnent~ 
results can be given in terms of the generalized 
coordinates [zQZ/rv4 ; Q/w], therefore below the ex- 
perimental data will be compared with formulae 
(ll)-~20), 

3. CALCULA~ON OF MASS TRANSFER 
OF AN IMPINGING RADIAL_ LiQUlD JET 

3.1. Laminar regime in the boundary-layer-type frow 
region 

Near the streamlining surface the following is valid: 

au u= - 
0 ar =riJ 

-2. 

Then the solution of the hydrodynamic problem 
yields : 

. (21) 
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Substituting ci = 2.32(vr,/C’,)1!2 into (21) gives 3.2. LurtGur flow do\0Istreum ofil?c~ c~o~~~~ry~~~~~i~ j~f~i~ 

II = 1,3421i,/6, (22) 
Assuming ihat IA = (@‘?z)~ o _ is valid near !hc 

surface, we receive from the solution of thr h!- 
then from (8) drodqnamic problem that 

(23) 

The diffusion equation is of the form 
/lLI1_.I-. L.731 

u(1c+(*~~~=D_;2~ I” 

?r (:I iz2 (24) 
We shall seek the solution at or r I I. then hln 

with the boundary conditions (35) h : (lO/9)n(~r~!Q) and the longitudinal velocity 
11 = (B/r’).:. From continuity equation (X) 

C(Z = 0; r) = 0: C(z = y_ ; r) = C,. (25) 
‘B ) 

Here C is the concentration of the oxidized ions and (1, = ,Y” .:-, where 

C, is the concentration of ions far from the wall. 
Substitute velocity distributions (22) and (23) into 

Substitute the velocity profiles into the diffusion 

(24) 
equation (24) with the boundar! conditions (‘I; 
= 0; r) = 0. C(-_ = X : r) = c, 

c’2C f~_ ._.~_ _. = A, y ii’ A ziC ~._ 
(7? 0.4 r (1; D r:r 

(26) i?(‘ 2B 1-c 
I i‘( 

,T_- 

Eli -- ,j I.h ”  ,;_ = I,, /__  _. ~~ i.36) 

where A = 1.34’ L;,/ij. 

Next, introduce a new independent variable [13], 
Introduce a new independent variable 

q = +( U,/vr)‘12 z. Then equation (26) transforms Ii 
into an ordinary differential equation 

d’C ,dC F+ a~r,y- dF = 0; (I = 3.46. (27) = 

with the boundary conditions C(0) = 0 and C(X) 
Then equation (36) transforms mto an ordinary dilfer- 

= C, Integrating (27) yields 
ential equation 

C = C, ~:;exp[-:Pr.~3~d~ 

d’(’ 1 , d(‘ 
&j~ + 3r?- ‘I,/ = 0. (3X) 

The solution of equation (38) is of the form 

jl’exp[-;Pr.$jd,. (28) (._(~,, (” ‘: 

The integral in (28) is expressed via the gamma- Then the mass flux in the hydrodynamic steady-state 
function to give region is defined by 

{~ev(-~Pr~,i3)dri =0.897;(~P:jti 
and finally 

(29) 

In the dimensionless form 
Now, when the concentration distribution (29) is 

known, we can define the diffusional flux directed to 

the plate 

4 = 0.59/I. C, Pr1~3(U0/vr)‘~2. (30) or 

In a dimensionless form the latter expression is 
reduced to 

&&_ (“.9)“3 .p+j g ’ __ ! 
1.8671 i) 

(47j 
vr Inrir+ 

Nu = 0.54,. pr’” &‘j2 I (31) 
4. EXPERIMENTAL STUDY Ot 

or THE WALL SHEAR STRESS 

BQ 0.59 
- =-.Pr 413(9>‘:2 .( &). (32) 4.1. Experimental procedure and,fizcilitq 
D2 The basic technique used for measurement of the 

wall friction, when liquid film spreads radially over it. 
The diffusional layer thickness may be evaluated as is the electrodiffusion method. The measurements are 

dd = 1,7.pr- X3 .&- 112, (33) made in all Now regions. 
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The electrodiffusion method has long been known 
and described in detail elsewhere [12,14-171. 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 

q = j/F.z.S, (43) 

where z is the amount of transported electrones, here z 
= 1, F is the Faraday number and S is the cathode 
area. 

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 

PI 

Nu = 0.753Pr1’3. Re’l’, (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 flow 
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.105m3/s 1.36 1.88 2.64 3.80 6.9 12.1 14.0 15.7 17.3 18.83 22.4 24.3 28.3 32.0 
r0 mm 1.7 2.0 2.35 2.8 3.8 4.38 4.44 4.51 4.57 4.58 4.66 4.73 4.90 4.95 
Ui, m/s 1.49 1.5 1.52 1.55 1.53 2.01 2.25 2.46 2.63 2.84 3.26 3.46 3.78 4.15 

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

t = 1.87,uJ3/F3D212b3C;, (44) 

while for a circular probe of the diameter d it is 

r = 3.16pJ3/F3d5C3,D2. (45) 

A liquid jet discharges freely from a 1Omm 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 2 mm. 
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 200mm 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. l(a) and l(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 100R and 10 
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 r 
and the mass-transfer coefficients did not exceed 7 and 
3.5x, respectively. 

4.2. Mean@iction 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 all 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/r,, 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 
jump 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 
hydraulicjump is small, its measured results should be 
considered as appraising for the following reasons: 
first, as is shown in [17], with te’/pD < 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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r, mm 

Fro. 2. Friction profile along the disk. Q = 6.9 x 1 Om 5 m-‘/s: a, Jump region ; 1. rounded edge. 2. sharp edge; 
3,L= lmm;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 I 
plotted according to Schlichting-Shach’s formula (la). 

In the boundary-layer-type flow (II-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 > lo3 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 pulsatiom 
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 1O-5 m3/s to 0.315 at Q 
= 2.24 x 10e4 m3/s, while at the stagnation point the 

pulsation level increases sharply and can reach the 

values between 0.6.m 0.7. 
In the II-2 region, the pulsation level does not exceed 

0.08 for the majority offlow rates and for the maximum 

flow rate, Q = 3.2 x 1O-4 m3/s. it does not exceed 0.18. 

IC 
I / 

10 

f- I 

x-2 
*-3 
o-4 
o-5 
r-6 

IC 

IC 

IO 

I‘ 

102 lo’ !O” ,o’ 

Oh 

Fro. 3. Measured friction coefiiclents for all Aow regions 
represented in generalized coqrdinates. Calculations: 1, by 
(la); II, by (12); III, by (15); IV, by (20); V, by (14); VI. by 
(19); Experiment: 1, Q x 10’ = 1.36m3:s; 2, 1.88; 3. 2.64: 4. 
3.8; 5.6.9:6, 12.1:7. 14.0;8. 15.7~9. !7.3: 10, 18.3: 11.22.4; 

12. 34.3 : 13. i? ln3:% 
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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 II-4 region, the relative intensity of friction 
pulsations increases smoothly. Thus, for Q = 1.4 x 
10e4 m3/s, when Qlvr = 1.2 x 103, the value of 

(p)“‘/r is as high as 0.3. As seen from Fig. 4, for this 
very flow rate and the same magnitude of Q/VP+, 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. 

The simplest calculations of ri were made by 
Watson [l]. For a “jump”, the condition of equality 
between the pressure discontinuity and the kinetic 
energy change is of the form 

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 ri = ,f(F) proposed by Watson, where 

FIG. 4. Relative dispersion of friction pulsations vs (Q/w) for fL = Ig[(r,d2~g~r~/Q2)+(r0/2n2r1 .d)] 

different liquid flow rates (see Fig. 3 for notation). f = Ig[(rl/ro)3(vr/Q)1i3]. 

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 ri, 
that distance from the jet center was taken where the 
friction was minimal. 

'3 
0 I I I I 
0.2 0.6 I 1.4 1.6 

r/r, 

FIG. 5. Measured liquid layer thickness within the hydraulic 
jump given in dimensionless coordinates (h/d; r/rl): 1, sharp 
edge ; 2, L = 1 mm ; 3, L = 2 mm ; 4, hydraulic jump ; 5, layer 

thickness after the jump. 

r,d’.g.rg r6 2rl .6 

Q' 
hUZ & 

+2n2r,d =F o s ’ ’ (47) 

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/r1 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. 

2 5 IO 2 5 
'i 

FIG. 6. Hydraulic jump radii for different liquid flow rates 
and disk edge conditions given in dimensionless coordinates: 
1,Qx105=1,36;2,3.8;3,6.9;4,14;5,18.8;6,22.4;l,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 [l] on the hydraulicjump 
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 

Q 
U=%z' 

W = (gh)“‘. 
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FIG. 7. Jump radii based on the liyuld flow rate and the FIG. Y. Mass transfer m the region of the boundary-laqci - 
shallow water surface disturbance rate: I. Q = 6.‘) x type tlow: 1. Q = 6.9 x 10 5n12,s:1..;.X:?.h.Y;4. 14;5. IXS; 

10~“m3.‘s: 2. 14 x 10 5mJ,s. 6. 72.4; 7.24.3: 8. 2X.3: 9. 32: IO. 77.2: 1. calculation by (.?I j, 

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 ~1 = W. is 
about the same as that which is found by the clec- 

trodiffusion method. It is of great interest to study. 

both theoretically and experimentally. the Row region 

downstream of the jump. 

4.5. Mass-transfer meusuremerlta 
The local mass-transfer coefficient along the disk 

radius was measured for all the flow regions in the 
range of thejet liquid flow rates from I .36 x 10 ’ to 3.7 
x 10-4 m”/s. The results for one value of rhc 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 /i on r. the 
liquid flow rate and on the disk edge conditions is 

analogous to that revealed b) the measured friction 
data. Thus, the maximum value of [j corresponds to 1’;~” 

: 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 

12, I I I 1 

,_ 

x-l O-6 
e-28-7 
o-3A-8 
a-4v-9 
0-50-10 

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 a significant increase in mass transfer within the 

impingement zone due to wall erosion 
In the region downstream of the jump. !j tirst 

increases (Fig. 8) and then decreases smoothly, How- 
ever, starting from some liquid flou rates (e.g. Q 
= 1.4 x 10~ “mJ/s) in the region of “hydrodynamic 

stabilization”, the mass-transfer coefficient, in contrast 

to friction, increases substantially. Special mcasure- 
ments of /I. with a surfactant added into the electrolyte. 

IO” 
I I_/ I/- 

FIG. 8. Local mass-transfer coefficients along the disk for 
different disk edge conditions: Q = 6.9 x 10- ’ m3 is: 1. sharp 

edge;2,L=lmm;J,L=.imm. 

FIG;. III. Experimental results on mass transfer for all the Ilow 
regions represented in generalized coordinates. 1 IO (see Fig. 
Y for notation); 2. with addition of surfactant. Calculation: 1. 

by (32); II. by (47) 
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as well as observation of the liquid film surface with 

stroboscopic illumination allow the conclusion that an 

increase in /l 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 u = 7.05 x 10m2N/m, 
while with a foaming agent o = 3.24 x lo-’ 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’13 . Re”2 > 5 corresponds to 

the onset of transition to the “stabilized” (steady-state) 
flow. 

All the measured mass-transfer coefficients are ade- 

quately correlated in the coordinates @Q/D’ and 
Q/vr), as shown in Fig. 10. Here are also presented the 

results of calculations of the boundary-layer-type flow 
(curve I) by formula (31) and of the flow downstream 

of the convergence point (curve II) by asymptotic 
formula (42). As seen, without film surface waves 
(points-II) formula (42) fits the experimental data well. 

Thus, knowing the nozzle geometry, the flow rate 
and physical characteristics of the working fluid, the 
local mass-transfer coefficients may be readily calcu- 

lated by formulae (31) and (42) within the entire 
laminar flow region of the horizontal wall radial jet. 

REFERENCES 

1. E. J. Watson, The radial spread of a liquid jet over a 
horizontal plane, J. Fluid Mech. 20,481-499 (1964). 

2. H. Schlichting, Boundary Layer Theory. McGraw-Hill, 
New York (1960). 

3. W. Shach, Umlenkung eines kreisfiirmigen Flussigkei- 

tsstrahles an einer ebenen Platte senkrecht zur StrGm- 
ungsrichtung, Ing.-Arch. 1,51-59 (1935). 

4. M. B. Glauert, The wall jet, J. Fluid Mech. 1, 625-637 
(1956). 

5. Z. H. Chaudhury, Heat transfer in a radial liquid jet, J. 
Fluid Mech. 20,501-511 (1964). 

6. W. Shach, Umlenkung eines Flussigkeitsstrahles an einer 
ebenen Platte, Ing.-Arch. 5(4), 245-265 (1934). 

7. G. Grigoryan, Some dynamic aspects of non-submerged 
liquid jets impinging onto a solid surface, Trudy Azerb. 
Nauchn-Issled. Inst. Mekh. Elektrofk. Selskogo Khoz. 1, 
7-15 (1963). 

8. R. G. Olsson, Radial spread of a liquid stream on a 
horizontal plate, Nature 211(5051), 813-816 (1966). 

9. V. V. Rao and T. Olev, Mass transfer from a flat surface to 
an impinging turbulent jet, Can. J. Chem. Engng 42(3), 
95-99 (1964). 

10. D. C. McMurray, P. S. Myers and 0. A. Uyehers, 
Influence of impingingjet variables on local heat-transfer 
coefficient along a flat surface with constant heat flux, in 
3rd International Heat TranSfer Conference, Chicago, Vol. 
2, pp. 292-298 (1966). 

Il. L. G. Loitsyanskii, Laminar Boundary Layer. Fizmatgiz, 
Moscow (1962). 

12. S. S. Kutateladze (Editor), Wave Processes in Two-Phase 
Systems, Collected Papers. Inst. of Thermophysics, Novo- 
sibirsk (1975). 

13. V. G. Levich, Physicochemical Hydrodynamics. Fizmat- 
giz, Moscow (1959). 

14. A. J. Karabelas and T. J. Hamtty, Determination of 
surface velocity gradient in three-dimensional boundary 
layer, J. Fluid Mech. 34, 159-162 (1968). 

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). 

16. S. S. Kutateladze (Editor), Turbulent Flows in Two-Phase 
Media, Collected Papers. ITP, Novosibirsk (1973). 

17. J. Cognet, Utilisation de la polarographie pour l’etude de 
I’ecoulement de Couette, J. Met. 10(l), 65-90 (1971). 

18. L. D. Landau and E. M. Lifshits, The Mechanics of 
Continuous Media. GITTL, Moscow (1954). 

IMPACT D’UN JET LIQUIDE AXISYMETRIQUE SUR UNE BARRIERE 

RLsum&Dans quelques technologies mitallurgiques et chimiques l’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%tudier & 
la fois thioriquement et expirimentalement l’hydrodynamique et le transfert massique d’un jet liquide 
circulaire frappant un plan horizontal. Le champ de l’dcoulement, du point d’arret au saut hydraulique, est 
decrit dans le cadre des approximations de la theorie de la couche limite pour les regimes laminaire et 
turbulent dans une mince couche liquide. On a obtenu des formules simples pour le calcul du frottement, de 
1’8paisseur de la couche liquide et de la vitesse g la surface du liquide en fonction des parametres B la tuykre. 
Une solution est proposte pour le problZme du transfert massique d la paroi pour la &on lam&ire avant le 
saut et on a obtenu des formules pratiques pour le calcul du coefficient du transfert massique. Les tensions 
pariitales, les coefficients locaux et moyens de transfert massique dans la region d%coulemetit ont btd mesurtis 
par une methode d%lectrodiffusion, dans un large domaine de dtbits et de conditions pour lesquelles 
1’8coulement quitte la barritre. On a ttudit aussi les caractbistiques hydrodynamiques dujet autour du point 
d’impact et du saut hydraulique. Les rtsultats expCrimentaux sont donn6s en fonction des coordonnies 

gCn&alistes et compares avec les Equations thtoriques appropriles. 

DAS AUFPRALLEN EINES ACHSENSYMMETRISCHEN STRAHLES 
AUF EINEN STAUKORPER 

Zusammenfassung-Fiir einige technologische Anwendungen der Metallurgie und der technischen Chemie 
erscheint das Aufprallen eines ziihen Fliissigkeitsstrahls auf eine Wand als wirksames Mittel zur 
Verbesserung von W&me- und Stoffiibertragungsvorglngen. 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 FlZche. Das gesamte SO-bmungsle~d 
vom Staupunkt bis zum Wassersprung-wird im Rahmen der Vernachllssigungen der Grenrschichttheorie 
sowohl fiir den laminaren als such fiir den turbulenten Bereich einer diinnen Striimungsschicht beschrieben. 
Man erhalt einfache Formeln zur Berechnung des Reibungsfaktors. der Grenzschichtdicke und der 
OberflLchengeschwindigkeit der Fliissigkeit als Funktion der Striimungsparameter. Fiir da5 Problem tics 

Stofftransports von der Wand an eine Fliissigkeitsschicht wird eine Lhsung angeboten, giiltig filr das gesamte 
laminare Stramungsgebiet vor dem Wassersprung. Man erhllt cinfache Arbeitsformeln .mr Bercchnung des 
Stofftransportkoeffizienten. Die Wandschubspannung und die lokalen tmd globalen Stofftihcrgangskoefi- 
zienten im gesamten StrSmungsgebiet wurden mit Hilfe einer Elektrodiffusionsmethode gemcssen. und ywal- 
fiir einen weiten Bereich von Massenstrtimen und Abstriimbedingungen vom Staukdrper. Fbenso wurden 
die hydrodynamischen Eigenschaften des Strahls am Aufprallpunkt und beim Wassersprung untersucht. Die 
Versuchsergebnisse werden in normierten Koordinaten mitgeteilt und mit geeigncten theorcrischcn 

Beziehungrn vcrglichen. 

HAEETAHME OCECMMMETPMYHOfi CTPYM XKMAKOCTM HA I’lPEI‘PAflY 

AHHOIXUHR- Bpxne TeXHOflOrri~MeTanflyp~~YeCKO~~XMMMYeCKOilUpOMbl~neHHOCTeiinOBbIUleHIie 

3~~eKTABHOCTHUpOL,eCCOBTe~nO-‘4 MaCCOnepeHOCa L,OCTIIraeTCII ACnOnb30BaHUeM CTpyii TruKenOfi 

ntln~ocT54, nanammax Ha cTeHKy. uenb Hac-roxmeti cTaTbH - reopeT5irecKoe x 3KcnepMMeHTanbHoe 
MCCnenOBaHHe I'MlJpOLlAHaMHKM II MaCCOO6MeHa paL!HaJlbHOfi CTpyH XGfAKOCTM, Ha6eralOlUC~ Ha 

ropH30HTanbHym nnury. B paMKax npu6mmeHHfi Teopm norpaHmHor0 cnox omcaH0 Bee none 

TeYeHm OT Kp5iTwiecKofi TOL~KA BnnoTb no ranpaBnusecKor0 cKaqKa,KaK 4-m naMmapHor0 TaK M 

Typ6yneHTHOrO peN,MOB Te'leHMfl B TOHKOM CJlOe WinKOCTII. nOnyYeHb1 IlpOCTble (POpMy:lbl IIJIH 

paC'IeTa K03l$I$iUHeHTa TpeHWl, TOnl.LlAHbI CnOR WinKOCTH,CKOpOCTH XWAKOCTH Ha IIORepXHOCTM R 

3aB~ca~ocT~0~pacxonHb~xnapaMeTpoB.Pe~e~a3ana~a~accoorna~aoTcre~K~ K~notomn~ocm 

fin8 Bceii o6nacTe TeYeHHn BnnoTbnocKarKa BcnysaenaMMHapaoro pemiMaTeYeHm M IlOnyYeHbl 

npOCTb,e paC'leTHble $OpMynbl llnff KO3@&iLlEieHTOB MaCCOOTnaW. i'hOJlb3y5i 3JleKTpO,Wf(t)+y3HOH- 

Hblti MeTO& R3MepeHbl KaCaTenbHble HanpSKeHtiH TpeHHfl Ha CTCHKC, nOKanbHble MCpenHMe K03@- 

ipHUHeHTb1 MaCCOOTna'iM BO BCefi o6nacTa TWeHIZII XGinKOCTN B UIlipOKOM LWaIla3OHe H-IMeHeHMR 

pacxonos minKocTH M ycnosllfi cnma XKII~KOCTW c nperpanbl. MccnenoBaHbl TaKxe rmponma- 

MwiecKMe xapaKTep5icTeKM c~pyrn B MecTe ynapa i4 ranpamarecKorocKaYKa. PePynbTaTbI XcncpM- 
MeHTOB npencTaBneHbl B 0606UleHHbix KOOpnHHaTaX M COnOCTaBJleHbl C COOTBeTCTB>IOlUM~l~ 

PaCYeTHblMM +OpMyJlaMM. 


