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The stability of vertical laminar falling films sobjected to interphase mass transfer ond 
surface-tension gradients in the direction of flow i s  investigated by linear perturbation 
analysis. The perturbations considered are vertical waves or rivulets as described by Ludviksson 
and Lightfoot for nonisothermal films. Perturbations of this type are thought to lead to the 
maldistribution of flow observed in distillation and gas absorption by Zuiderweg and Harmens 
and by Francis and Berg. 

Three unstable regions are predicted, one corresponding closely to that found by Ludviksson 
and Lightfoot, and two new ones, previously unreported, resulting from interphase mass trans- 
fer across the free surface. 

These predictions confirm the conclusions of Zuiderweg ond Harmens for situations in which 
surface tension increases upward, and they provide a means of estimating the range of un- 
stable gradients. Experimental evidence for instability predicted when the surface tension 
increases downward is inconclusive, Further investigation of this region, which i s  of consider- 
able importance, is recommended. 

The importance of surfacetension gradients in mass 
transfer across mobile interfaces has long been recognized, 
and considerable research effort has been devoted to char- 
acterizing surface-tension-driven flows. Some experimental 
observations on liquid thin film have been reported in 
which mass transfer coefficients are severalfold higher than 
for flat films ( 4  to 6), reportedly because of interfacial tur- 
bulence resulting from surface-tension gradients. In other 
cases observations of film breakup and correspondingly 
poor mass transfer operations have been reported. These 
include the absorption of ethanol vapor (7)  and ammonia 
(8, 9) into thin aqueous films and the distillation of binary 
mixture (10). Zuiderweg and Harmens ( 2 )  have tried to 
correlate the observed interfacial behavior qualitatively 
with the performance efficiency of some distillation 
columns for several mixtures. 

tations kept the same as much as possible for the con- 
venience of the reader. The equations are presented with 
minimum discussion when such analogy is complete. 

Considerably less work has been done on trying to pre- 
dict interfacial turbulence and its influence on mass trans- 
fer from theoretical analysis of the equations of change. 
Some success, however, has been gained from analyzing 
interfacial turbulence by the methods of linear stability 
theory. Thus the pioneering paper of Sternling and Scriven 
(11) has given valuable insight into the complicated in- 
terfacial phenomena often observed in liquid-liquid ex- 
traction. 

Recently Ludviksson and Lightfoot (1 ) have analyzed 
the hydrodynamic stability of a vertical laminar film sub- 
ject to upward directed surface-tension gradients induced 
by temperature gradients. I t  is the purpose of this paper 
to attempt a simliar analysis for the corresponding mass 
transfer problem previously investigated experimentally 
by Zuideiweg and Harmens: distillation or absorption in 
wetted-wall columns. In such operations one would expect 
a surface-tension gradient to develop along the column, 
directed either upward or downward, and that subsequent 
disturbances to the local film thickness could lead to 
growing rivulets or drops of liquid running down the 
walls, much like the pictures of channeling shown by 
Zuiderweg and Harmens. 

This analysis will follow very closely the analysis of 
Ludviksson and Lightfoot with the organization and no- Fig. 1. System. 
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DESCRIPTION OF THE UNPERTURBED SYSTEM 

The unperturbed system is indicated schematically in 
Figure 1. It  consists of a section of column in which the 
film thickness is very small compared to the column diam- 
eter such that one can neglect the column curvature effects. 
We assume that the liquid is in steady nonrippling laminar 
flow down a flat vertical plate. We consider a section of 
column short enough such that we have a constant mass 
flux across the gas-liquid interface, and we assume that 
the gas phase is in turbulent flow such that its concentra- 
tion is a linear function of z only: 

- 
Y A  = KC@ f YAo (1) 

This situation will be closely approximated in distillation 
at total reflux for intermediate concentration ranges. Under 
these conditions it follows that 

Here the total concentration c is assumed constant. As a 
requirement of Equation (3) and constant mass flux as- 
sumptions, we obtain a linear dependence of liquid phase 
concentration on Z: 

We now further assume that all physical and transport 
properties are constant except that the surface tension is 
a function of surface composition in the liquid such that 

( 5 )  

Here l', the rate of change of surface tension with con- 
centration, is assumed to be constant. Then the velocity 
profiles are the same as for the development of Ludviksson 
and Lightfoot, namely 

To obtain r( y), we substitute Equation ( 4 )  into the equa- 
tion of continuity for species A: 

and solve it with Equations (2) and (3) as boundary 
conditions. The complete expression for concentration is 
then 

PDAL 

DESCRIPTION OF THE PERTURBED SYSTEM 

the formal description of the perturbed system is closely 
.;,us to that of Ludviksson and Lightfoot, and the 
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formal expressions for the velocity profiles are identical. 
Only a summary of these latter will be given here. We 
again assume all perturbations to be independent of z and 
to have the general form 

w =w+ W' 
w' = w ( q ) e i ~ ~ e ~ T  

where W is any one of the independent variables. The 
overliiie and prime represent the unperturbed value of W 
and the perturbation, respectively, and W ( q )  is a function 
to be determined. For the special case of the film thick- 
ness gat,  we write 

bo . 
6 

We will concern ourselves here primarily with the case 
of neutral stability for which @ = 0 and will not consider 
the possibility of oscillatory disturbances. 

The q-dependent portions of the velocity profiles take 
the form 

g a t  = - eMlEePT 

q cosh q - sinh aq 
u bo a 2  

4 p T o  sinha 
Var(q )  =--- 

a 
- -- 1 )  ( c q c o s h g  + sinha?) ] (11) ( tanha 

In these equations the same free surface boundary condi- 
tions have been used as in the paper of Ludviksson and 
Lightfoot, but as in that paper we have not yet satisfied 
the divergence of the surface equation of motion 

For this we need the perturbed concentration profile to 
get the dependence of v on position. 

PERTURBED CONCENTRATION PROFILE 

The continuity equation for the concentration pertursa- 
tion is 

This equation can be rewritten with the aid of Equations 
(9), ( lo) ,  and (12) to obtain 

+ 5 7 3  ] - [q cosh q - sinh uq - S, sinh uq] 
6 

- - 4 NcrNd tanh u sinh a?} (15) 
ff3 
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where 
a 

tanha-1 
S =  

and the dimensionless groups 

Two boundary conditions needed for the solution of the 
above differential equation are 

At r)  = 0 D X A ( ~ )  = 0 (16) 

N M a  + RboEo [ - - 51 = 0 (17) 
2 3  

where R = (k,K$//DAL). The first boundary condition 
comes from the fact that there is no mass flux across the 
solid wall. The second boundary condition is based on the 
assumption that the gas-phase concentration remains un- 
disturbed. This is physically realistic if we are considering 
only localized instabilities and is reasonable for this pre- 
liminary analysis. Equation (17) is obtained by expanding 
the expression for interfacial mass flux about the position 
7 = 1 in a Taylor series and neglecting the second- and 
high-order terms. The solution of Equation (14) can now 
be easily found. It takes the form 

+ Hq3 + Jr)* + Lr)) cash aq + (B + Cq5 

+ Eq4 + Gq3 + 1~~ + Kr)) sinh aq1 (18) 
where 

A = -  { [(SC + 4E + 3G + 21 + K )  
R + a t a n h a  

+ a ( D +  F +  H + J +  L) 
+ R(B + C + E + G + I + K)] tanha 

+ [ ( 5 D  + 4F + 3H + 21 + L )  

+ a ( B  + C + E + G + I + K) 

+ R(D + F + H + J + L)1 

4 
a2 

- - tanha (k + +) Ncr N d  } 
S 5 2  5 

= (F - - + - N c r  t anha)Nd + - N M o  16a4 a 5  16a4 

1 
C=-"d 

60 

S 
6Oa 

D = - - N d  

Page 1404 November, 1971 

s 2  5 - Ncr tanh a ) N d  - - NMa 
5 

1 6 ~ 3  

THE CHARACTERISTIC EQUATION 

Equations ( lo) ,  (ll),  (12),  and (18) express the 
velocity and concentration perturbations as functions of 
the physical properties and flow conditions, via the gov- 
erning dimensionless ratios, for any a at neutral stability. 
It remains, however, to satisfy the divergence of the sur- 
face equation of motion, Equation (13), which has not 
yet been used. It can be written as 

with the assumption of linear dependence of surface ten- 
sion on concentration [see Equation ( 5 ) ]  and the as- 
sumed forms of the perturbations. This equation is also 
obtained by expanding each term at the interface about 
7) = 1 and neglecting second- and higher-order terms. 
Use of this equation completes the characteristic value 
problem and gives the conditions of neutral stability for 
any a. Substituting Equations (10) and (18) into Equa- 
tion (19), we obtain 

( B + C + E $ G + I + K ) t a n h 2 a  

+ ( A + D + F + H + J + L ) t a n h a  

2 1 
NMa coshz a 

- -- [*+-I (20) 

With the aid of expressions for the coefficients, A, B, C,  
etc., and after a considerable algebraic rearrangement, we 
can show that the final form of the characteristic equation 
for neutral stability is 

N M ~ ~  [ ( - 15a6 - 45a4 - 30012) tanh3 a 

+ (3&5 + 15a3 - 45a) tanhZ a 

+ ( I s 6  + 4&4 + 902) tanh a + (- 30a' - 4 5 ~ ~ )  
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+ 4 8 W t a n h 2 a N c r ( 2 - - t a n h a ) ]  

4- NMaNd [ ( 1 1 d  + 2 L 4  + 1 5 2  + 30) tanh3 a 

+ ( -  20a5 + 5 a 3 )  tanh2 a - (lid + 2L4 + 45a2) 

tanh a + (2Oa5 + 1 5 2 )  - 48Oa tanh4 a N c r  

+ 160a3 tanh2 a NcT ( -  3 + 2.a tanh a) 1 

with a dimensionless surface-tension gradient defined as 

(21) 

Equation (21) gives the loci of Marangoni numbers or 
surface-tension gradients for each a which bound the re- 
gions of instability, that is, the curves of marginal stability. 

As expected, the unspecified amplitude of the disturb- 
ance bo has disappeared, and the characteristic equation 
is even in the wave number, hence independent of the 
sign of a. 

The main difference between Equation (21) and the 
corresponding equation of Ludviksson and Lightfoot is 
that the last term contains R, which provides a measure 
of the relative importance of mass transfer resistance in 
the liquid and gas phases. We can anticipate that when 
gas-phase resistance is negligible and R approaches in- 
finity, the system should always be stable since no lateral 
surface concentration differences can occur. 

LOCI OF NEUTRALLY STABLE DISTURBANCES 

We can now plot the loci of neutrally stable disturb- 
ances for given system properties and film thickness by 
solving Equation (21) for y in terms of assumed real 
values of a. It is convenient to combine the dimensionless 
groups for the purpose of correlation. If we choose to work 

lo2 Stable Unstable 
I - 

Stable 

I I I t J 

lo" lo-' 10- lo-2 lo-' I 10 lap 
YO 

-1o-.I 
-10- 

> .- g -lo-' 
2 

-10' -I 1 
I I , L 
lo-' 16' 16' I 10 lo2 

a 
Fig. 2. Loci of neutral stability for films of various thicknesses with 

Np = 2.69 X and R = 300 (Curve 1: 6 = lov3 cm., 
s = 6.76 x 10-3; Curve 2 :  6 = 10-2 cm., 6 O  = 6.76 x l op2  

cm.; Curve 3: 6 + 10-1 cm., 6 6.76 x 10-l). 

- 
- 
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Equation (21) can be rewritten in the form 

ayo2 + by0 + c = 0 

Here the coefficients a, b, and c are functions of the 
dimensionless film thickness so = Tdpg/c = dNc , .Nd ,  a 
physical property ratio N p  = p2DAt2pg/a3 = NdNc?, R 
the ratio of liquid to gas-phase mass transfer resistance 
and the dimensionless wave number a. 

The form of the relation between yo and a is shown in 
Figure 2 for representative values of the governing param- 
eters. The physical properties used for the construction of 
these curves are typical of common organic mixtures. It 
should be noted that both positive and negative surface- 
tension gradients are displayed here and that unstable re- 
gions are predicted for both. 

From Figure 2 we see that for sufficiently thin films and 
long wavelengths of disturbances, the behavior is qualita- 
tively similar to that obtained by Ludviksson and Lightfoot 
for the case of heat transfer; that is, the marginal stability 
curves ( l a  or 2a) form a closed region with instabilities 
predicted inside it and stable operations predicted for suf- 
ficiently high or sufficiently low positive surface-tension 
gradients. No unstable region is found for negative surface- 
tension gradients at these low a. This type of behavior 
occurs where a < aC, the wave number for which the 
instabilities begin to be predicted for negative surface- 
tension gradients. 

At shorter wavelengths of disturbances (a > aC) addi- 
tional marginal stability curves (Ib, l c  or 2b, 2c) are 
found for the same system properties and film thickness. 
As a approaches cyC the yo of marginal stability approaches 
a positive limiting value yo = -b/c for the upper curve 
and negative infinity for the lower curve. Proceeding from 
the known stable region on the left without crossing a 
marginal stability curve, one finds that the stable region 
is between these curves while unstable regions are those 
above and below. Thus we have three distinct unstable 
regions and one continuous stable region for thinner films. 

As the film thickness increases, the apex of the closed 
region (curves marked with a )  approaches ac and eventu- 
ally merges with the curves marked with b. At this point 
the upper curve of 3a goes to infinity but the lower curve 
of 3a forms a continuous curve with 3b with yco = -b/c 
at aC. Now there are two separate stable regions and two 
unstable regions. 

The physical interpretation of these curves is not obvi- 
ous. For low i ( ~  the arguments are the same as those of 
Ludviksson and Lightfoot; that is, we don't expect insta- 
bility for negative surface-tension gradients since a thick- 
ening in the film leads to a roll cell or rivulet with low 
surface-tension in the crest and hence disturbances will be 
dissipated. For low positive surface-tension gradients the 
concentration increase in the crest is dissipated fast 
enough to prevent the instability. For very high surface- 
tension gradients the net flow is upward and an increase 
in thickness leads to a rivulet which is representative of 
downstream conditions, that is, low surface tension; hence 
the system is stable. It should be kept in mind, however, 
that these conditions of net upward flow are not consistent 
with the physical system modeled, which assumes counter- 
current flow, and hence are of limited interest. For mod- 
erate surface-tension gradients, instability is possible. 

For (Y > cyC the situation is more complicated. In fact, 
the situation seems to have been completely reversed as 
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Fig. 3. Effect of physical property ratio Np with R = 300 and 8 O  
= 6.76 x 10-2 (Curve 4: Np = 2.49 x 10-'6; Curve 5: Np 

= 2.49 x 10-14; Curve 6: Np = 2.49 x 10-12). 

we now have unstable regions for very large positive and 
negative yo but a stable region in between. The apparent 
explanation of this behavior is that when the wavelengths 
of disturbances are small, lateral diffusion (in the x direc- 
tion) becomes important; that is, at short wavelengths 
sharp lateral concentration gradients are formed and solute 
in the interior of faster flowing ridges diffuses to a nearby 
trough while the surface of the ridge is maintained in more 
effective equilibrium with the gas phase than the surface 
of the trough. This can eventually cause a crossover in the 
concentration profile for CY 1 ac even though the crest of 
the ridge is of higher surface tension than the trough. This 
situation can be verified by calculating the perturbed sur- 
face concentration, or, more conveniently, by considering 
the difference between perturbed and unperturbed surface 
concentrations as a function of a, that is 

The sign of g ( a )  determines whether the crest surface has 
il lower or higher concentration than the unperturbed 
state. The case for which g ( a )  = 0 determines yo as a 
function of CY at which no lateral surface concentration 
gradient can develop. The relation between yo and CY for 
g = 0 is very similar to the curve of marginal stability. At 
low LY the relation for g = 0 coincides with curve 3a of 
Figure 2, as expected. For large a it coincides with curve 
3b. In between there is a point of discontinuity which we 
will call the critical crossover wave number ac, where the 
stability characteristics seem to reverse. It is found that 
L Y ~  is a very weak function of film thickness as well as 
physical properties and mass transfer characteristics R .  

In addition to these features we should note from Fig- 
ure 2 that as the film thickness increases the unstable re- 
gion increases, which is in agreement with the results of 
Ludviksson and Lightfoot. From Figure 3 the unstable 
regions shrink as the physical property ratio Np increases, 
indicating that liquid films of higher viscosity and higher 
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diffusivity are more stable. This again is expected on in- 
tuitive grounds and agrees with other analyses of film sta- 
bility. From Figure 4 it is seen that an increase in R tends 
to shrink the unstable regions, again as expected, because 
il higher mass transfer coefficient for the gas phase rela- 

Unstable 
7.8.9b - 

- 
- 

I 1 I I I I 

10-5 lo-' lo-' I 10 lo' 
t 

Stable ~- 

Io-'c Unstable 

' 1  t 
I I I I I I I 

10-5 1 0 - ~  1 0 - ~  lo-' lo-' I 10 lo' 
a 

Fig. 4. Effect of mass transfer characteristics R with Np = 2.49 
x I O - l 4  and 80 = 6.76 x 10-2 (Curve 7: R = 30; Curve 8: 

R = 300; Curve 9 :  R = 3000). 

I d  c 

io4f Stable 

10-l~ 

a 
Fig. 5. Comparison of the analysis with semiquantitative data ob- 

tained by Zuiderweg and Harmens. 
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tive to liquid conductance means that the interface is more 
nearly in equilibrium with the gas phase. Hence the lateral 
concentration gradients and the resulting surface-tension 
gradients are depressed. 

It now remains to assess the importance of these results 
for real systems. First we note that very high upward 
surface-tension gradients require net upward flow in the 
film. This is inconsistent with our model and of little or no 
practical interest, Since the surface-tension gradient re- 
quired for zero net flow of the liquid film is usually below 
the upper part of the neutral stability curve, these regions 
of very high upward surface-tension gradients are not 
important to us. 

The semiquantitative data obtained by Zuiderweg and 
Harmens can be compared with our analysis. Their data 
and the corresponding characteristic curves are plotted in 
Figure 5. Note we are making use of average physical 
properties of the system investigated and assume surface 
tension to be a linear function of the surface concentration. 
The equilibrium data are obtained from Chu (13, 14). 

The experimental systems with upward directed surface- 
tension gradients reported by Zuidenveg and Harmens in- 
clude regions of unstable a according to our analysis. Under 
these conditions instabilities were always actually observed 
in agreement with our prediction. These data are indicated 
in Figure 5 by the cross-shaded areas 2, 3, and 4a. From 
geometrical consideration we have the restriction h < sD, 
where D is the diameter of the column. Recall a is defined 
as 2 ~ 8 / h ;  hence the possible minimum wave number of 
disturbances is 2 9 / D  corresponding to the left limit of 
the shaded areas. Following this argument it seems then 
possible to reduce instabilities by reducing the perimeter 
of the film supports; this is reasonable on intuitive grounds. 
However, the data in Figure 5 indicate that in order to 
get out of the unstable region completely (Y must be greater 
than 0.1, that is, D < 2 0 x  For = 0.01 cm. this is on the 
order of 0.2 cm., which is too small for practical systems. 
One should also notice that if 8 and D are of comparable 
size, then the curvature effect may become important. 

For systems of negative yo we find most of the data in 
agreement with our analysis as indicated by the shaded 
area in Figure 5. Here no instabilities are predicted and 
none observed. However there is one experimental datum 
point reported for which we predict possible instability 
over a limited range of a’s while the experiment seems to 
indicate stable operation. This disagreement, however, is 
not necessarily conclusive because the growth constant f i  
which we have not considered may be too small for the 
instability to be observed, or to have effect on the HETP 
reported by Zuiderweg and Harmens. I t  is also possible 
that differences between actual operating conditions and 
these postulated in our model are important. 

Instabilities corresponding to the case of negative 
surface-tension gradients have not been reported to our 
knowledge, and experimental data are needed to test this 
aspect of our results. 

In view of the highly idealized nature of our analysis, 
further improvement of it may be necessary, such as con- 
sideration of thermal effects (combined heat and mass 
transfer). Furthermore, experiments must be designed 
specifically to conform with our assumptions before our 
results can be tested conclusively. This simplified analysis, 
however, has given us some insight into the instabilities 
of the type commonly observed in mass transfer opera- 
tions, and makes semiquantitative estimates of stability 
conditions possible. It may thus prove useful in designing 
for conditions favorable to mass transfer efficiency. 
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NOTATION 

a, b, c = constants of the characteristic equation, Equatron 
( 2 1 ) ,  written as a quadratic in dimensionless 
surface-tension gradients 

bo = unspecified infinitesimal disturbance on film 
thickness, cm. 

cL, cg = total concentration of the liquid film and gas 
phase, respectively, mole/liter 

- -  

D = a / %  
= diameter of the column, cm. 

DAL = mass diffusivity in liquid phase, sq.cm./sec. 
g = gravitational acceleration, cmJsec.2 
Go = unperturbed axial concentration gradient 
i = imaginary index 
K = vapor-liquid equilibrium constant 
k, = local gas-phase mass transfer coefficient 
NA,  = interfacial mass flux 
Nc+ = ~ D A L / V  Z = Crispation number 
Nd = pg g 3 / p E ) A L  = N F + N R ~ ~ N S ,  = dimensionless num- 

N F r  = g 8 /VO* = Froude number 
N M ~  = y g 2 / p D ~ ~  = Marangoni number 
N R ~  = p 7 0 / p  = Reynolds number 
Ns, = ~ / D A L P  = Schmidt number 
N ,  = p 2 p A L p g / d  = NdNC? = physical property 

- 

ber 

group - 
R = C, k,K Z/DAL CL - 
Vo 
V,, V,, V, = unperturbed velocity components, cm./sec. 
Vz(q), V,(q), Fz(7) = functional dependence of dimen- 

VVo’ = dimensionless perturbed velocity component in y 

W = any one of the independent variables 
W = unperturbed value of W 
W’ = perturbed value of W’ 
W(7) = functional dependence of perturbed W on 7 
x, y, z = Cartesian coordinates, cm. 
X A  = unperturbed concentration profile (mole fraction) 
X A  (7) = functional dependence of dimensionless per- 

Ya = unperturbed gas-phase concentration profile 

YAo = arbitrary gas-phase reference concentration 

= arbitrary reference velocity, cm./sec. - - -  

sionless perturbed velocity components on 7 

direction 
- 

- 

turbed concentration on 7 

(mole fraction) 

- 

- 

Greek Letters 

(Y = 2 T $ / A  = dimensionless wave number 
(Y, = crossover wave number 
fi  = complex growth constant, sec.-l 
y = surface-tension gradient, dyne/sq.cm. 
yo = y / d p z  = dimensionless surface-tension gradient 
yCO = value of 7 0  at a, 
s = unperturbed film thickness, cm. 
8” = dimensionless perturbation on film thickness 
SO = G?/pg/o = dimensionless film thickness 
V , O  = dimensionless two-dimensional gradient vector in 

surface coordinates (x, z )  
p = density, g./cu.cm. 
p = viscosity, poise 
u = surface tension, dyne/cm. 
r 
5 = x/8 
rl = ~ 1 %  = dimensionless Cartesian coordinates 

- 

= concentration coefficient of surface tension 
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b = z/B 
7 = dimensionless time 
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An Experiment on Turbulent Diffusion 
in Additive Solutions 

JIN WU 
Hydronautics, Inc., Laurel, Maryland 

Turbulent diffusion in high molecular weight additive solutions was measured and compared 
on a laboratory scale by observing the axisymmetric spreading of a cylindrical turbulent cloud 
in these solutions of various concentrations. Significant suppression of turbulence in additive 
solutions was observed. The trend of the results as a function of additive concentrations i s  
similar to that of the additive reduction of turbulent frictional resistance. 

The reduction of turbulent friction experienced by 
pumping additive solutions through pipes (6) seems to 
indicate the su pression of turbulence. However, it is held 

gion very close to the wall where the shear strain is high 
and the turbulence scale is small. These effects lead to a 
thickening of the viscous sublayer and consequently re- 
sult in drag reduction. This argument, additive effects 
occurring only in the wall re ion, might discourage studies 
on free turbulent flow of ad 2 itive solutions. However, the 
greatly suppressed advance of a turbulent front in additive 
solutions (4 ,  11) seems to evidence additive effects on 
turbulent diffusion. The present article includes the pre- 
viously unpublished study (11) on the generation and the 
spreading of an axisymmetric, turbulent region in addi- 
tive solutions. This result is important for estimating the 
diffusion of additive solutions ejected into a turbulent 
pure-water boundary layer. 

(3, 10) that t K ese additive effects occur only in the re- 

EQUIPMENT AND EXPERIMENTAL TECHNIQUES 

The turbulent cloud was generated by a spiral paddle in a 
transparent tank, 3 m. deep, 3 m. long, and 23 cm. wide. The 
paddle, shown in Figure la, was made by soldering screen 
sections to a rigid spiral frame, 5 cni. in diameter. Supported by 
a 0.9-cm. diam. perforated tube shaft, the paddle was con- 
nected to and controlled by a pendulum arrangement behind 
the tank. The paddle rotated about its axis as the pendulum 
swung outside the tank. Immediately prior to the test, a d e 
rod was inserted into a perforated tube. In several minutes the 
clye started to dissolve, and by then the turbulence created by 
the insertion of the dye rod was damped. The turbulent cloud 
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was generated then by the spiral paddle with the endulum 
swinging for a com lete cycle, .through a repeatabe P arc of 
240 deg. The pendufum was released from the same position 
for all the tests and was caught on its back swing. The period 
of the generation is about 2 sec. With the help of dye being 
dissolved continuously into the cloud during the spreading 
process, the cloud boundary, although irregular, was distinctly 
visible, and was photographed by a movie camera. The cross 
section of the cylindrical cloud, during this photographing 
period (about 30 sec. ), was radially symmetric generally; see 
Figure Ib. The radially symmetric shape indicates that an 
axisymmetrical flow is generated. The dark column shown in 
Figure l b  below the cloud was not generated by the paddle 
but was left there by dye dissolved from the dye rod. 

In the present experiment, aqueous solution of polyox (poly- 
ethylene oxide, WSR-301) was selected as the testing medium. 
The concentrations for this additive were varied between 0 and 
1,250 p.p.m.w. 

This experimental techni ue was designed for studying, on 
a comparative basis, the tu%ulence-d@usion characteristics of 
additive solutions by observing the generation of a cylindrical 
turbulent cloud and its spreading in these solutions. During 
the generating process, large-scale eddies, having sizes com- 

addle, were created by the 
frame of the paddle, while smafler ones, having sizes com- 
parable to the void of the screen, were also excited. The total 
circulation introduced by the forward and backward swing of 
the paddle was virtually nil. 

arable to the diameter of the 

RESULTS 

The process of diffusion of a cylindrical turbulent cloud 
in an undisturbed fiuid consists of two different effects: 
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