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A free surface liquid film f low was investigated in a range of values of liquid 
Reynolds number, within which an intermittent regime was observed. 
Intermittency was characterized by a regular alternation of quiet phases during 
which the f low displayed non-turbulent behaviour and less quiet phases with 
turbulent behaviour, randomness and irregularity of the free surface. The 
invesigated characteristics were: intermittency factor, mean period and lifetime of 
turbulent bursts, mean and root-mean-square values of film thickness during non- 
turbulent and turbulent phases. The results were compared to those obtained in a 
boundary layer and in film f low with intermittency. 
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Introduction 

The free surface of a liquid film is the interface in many 
gas-liquid systems ~ 5. The structure in the vicinity of the 
free surface has an important  role in transfer mechansims: 
(1) in increasing the interfacial area due to the free surface 
motions; (2) in increasing the exchange surface renewal 
rate by strong mixing produced by turbulent bursts. The 
role of intermittency is very often discussed in 
momentum,  mass and heat transfer studies, but few 
reports deal with its statistical characteristics in liquid 
film flow. 

Experimental details 

Experimental cond i t ions  

In this work an aqueous soda solution flowed by gravity 
from a constant level tank in a rectangular channel 1.10 m 
long, 0.206 m wide and 0.05 m high. For  the aqueous soda 
solution used, the following variables were evaluated. 

(a) The kinematic viscosity v was measured before every 
experiment. It varied with temperature in the range 
0.009 to 0.010cm 2 s -1 (or stokes). 

(b) The superficial tension a was also determined and 
was about  73.6 dyn cm - 2 (0.0736 N m - 1 ). 

(c) The liquid volumetric discharge Q per unit channel 
width was in the range 0.18 to 92.8 cm 2 s -~. 

(d) The liquid Reynolds number ReL(= Q/v) ranged from 
18 to 10000. 

Measurements were made at various positions x in 
the channel: 0.20m, 0.60m and 0.90m for inclination 
angle 0 of about  3 °. 
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Liquid f i lm thickness measurement 

Taking into account the free surface and small film 
thickness, we developed a method of instantaneous 
thickness measurement without contact with the film, 
using a capacitive probe (Fig 1). The air gap between a 
rectangular plane electrode (Fig l(c)) and the liquid free 
surface acts as a dielectric of thickness e for a capacitor of 
capacitance c. The free surface motions produce changes 
of e, ~, and f ,  the resonance frequency of an oscillatory 
circuit which includes c. A reactance converter gives a 
voltage signal V(t) for an instantaneous liquid film 
thickness b(t). 

Frequency analysis of such a signal 6 showed that 
the film thickness fluctuation frequency was in the range 
of a few hertz (0 to 10 H3), for laminar or wavy laminar 
film, to one hundred hertz for fully developed turbulent 
film flow. 

The acquisition at 200 Hz of 51 200 values of the 
voltage signal V(t) yields the ensemble averages: mean 
liquid film thickness b; root-mean-square values of film 
thickness fluctuations, b' for the whole flow, b'nT for non- 
turbulent phases, and b~ for turbulent phases. 

The capactive method used here is made accurate 
by the choice of a high value of the frequency of the central 
reactance converter oscillatory circuit: about  5 MHz. The 
non-linearity effect of the capacitive displacement probe 
is reduced by a sampling technique, and Lagrange 
interpolation used to obtain the film thickness b(t) from 
the signal V(t). Calibration values of oscillatory frequency 
f versus a i r -gap thickness e were used in interpolation, 
leading to instantaneous values b(t) of film thickness. The 
thickness measurements are made within an accuracy of 
less than 4 p.m. 

In termi t tency factor and determinat ion of 
cond i t iona l  averages 

In the intermittency regime, the liquid film thickness 
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fluctuations have amplitudes and frequencies higher in 
periods of turbulence than in periods of non-turbulence, 
as shown on the 140 signal recordings (Fig 1). 

The processing of the voltage signal V(t) input to 
the computer consists of several steps (Fig 2): (1) band- 
pass filtering (50 to 200 Hz); (2) full wave rectifying; (3) 
linear detection by low-pass filtering (0 to 40Hz); (4) 
logical filtering by threshold analysis. The signal obtained 
after this last step allows us to determine the time interval 
TB, between two successive bursts, the lifetime zB, of the ith 
burst (i= 1, 2 . . . . .  N), the intermittency factors 7i=TB,/ 
Ta,, the fraction of time during which the flow is in 
intermittence, and 7 the ensemble average of 7i. 

Evolution of 7 with the threshold S allows 
determination of the value S~ corresponding to the non- 
turbulent/turbulent interface, marked by a prompt jump 
of the slopes of the curves 7(S), the probability function of 
S, and dT/dS, the probability density of S, as shown in 
Fig 3. 

Comparing the logical filtered signal to the voltage 
signal V(t), we obtain conditional averages of film 
thickness b,T for periods of non-turbulence, bx for periods 
of turbulence, and corresponding rms values of film 
thickness fluctuations, b'nT and b~. 

E x p e r i m e n t a l  resu l ts  and d iscuss ion  

We report here only the results of measurements at the 
position x=  0.60 m. The graph of liquid film thickness 
fluctuations rms value b' versus liquid Reynolds number 
ReL (Fig 4) shows the ranges of various flow regimes: 

• smooth laminar or wavy when 18 < ReL < 200, Range 
(1); 

• laminar to turbulent transition for 200<ReL< 1000, 
Range (2); 

• turbulent for ReL> 1000, Ranges (3) and (4). 

Intermittency is observed in Range (3) where ReL 
changes from about 1800 to a value, Re~, of 3500 to 5000 
for measurements near the channel exit or entry, 
respectively. We have Rea = 4000 when x = 0.60 m. 

The probability density distribution of liquid film 
thickness (Fig 5) shows a non-Gaussian behaviour that 
increases with the intermittency factor 7, ie with the 
Reynolds number Re L, as observed elsewhere 7 9. When 7 
ranges from 0.1 to 0.8, probability density curves have 

two distinct maxima for film thicknesses bp,v and bpT 
corresponding to non-turbulent and turbulent phases of 
liquid film flow. Hence the intermittency phenomenon is 
well described when the probability density p(b) of the 
film thickness is written in the form: 

p(b ) = ( l  - 7)P.T(b ) + 7PT(b ) ( 1 )  

where p.T(b) is the density probability ofb during the non- 
turbulent phase, and pT(b) the density probability of b 
during the turbulent phase. 

Mean film thicknesses--ensemble average/~ and 
conditional averages bnr for non-turbulent periods,/~T for 
turbulent periods--are related by the equation: 

/~= (1 - 7)/~.T + 7/)-T (2) 
which is verified by measured values. The variations of 7 
with liquid Reynolds number ReL shown in Fig 6(a) show 
a gradual transition to the fully developed turbulence; the 
representative curve has a point of inflexion for 7 = 0.5, 
marking a flow structure modification. 

Evolution of mean peri_od TB, lifetime zB, 
separation distance ~a and length IB of bursts at the film 
free surface (Figs 6(b) and 6(c)) shows particular 
behaviour in various ranges: 

(1) For 0<7<0.3 (1800<ReL<2850) the mean period 
7"B of burst decreases while their lifetime, ~B----_TTB 
remains roughly constant. The frequency 1/TB of 
bursting at the free surface increases with increasing 
eddy generation frequency in the wall region. 

(2) For 0.3<7<0.6 (2850<ReL<3200) the burst period 
TB is a minimum for 7 about 0.5, and the lifetime ~B of 
bursts increases, which could be a consequence of 
vortex stretching and damping of turbulence near the 
free surface 5. 

(3) 0.6<7<1,  (ReL>3200) the mean period ~ and 
lifetime in of bursts increase simultaneously. The 
mean length ~ and separation distance 2B of bursts 
are of the same order. These results could be related 
to coalescence of bursts, leading to the persistence of 
the liquid free surface distortions and protuberances. 
Surface tension forces, described by Weber number 
We, contribute to vortex stretching, coalescing of 
eddies and damping of turbulence in the free surface 
vicinity, stabilizing the film thickness fluctuations 
(Fig 4). 

N o t a t i o n  

b_(t) 

b 
b' 

C 
e 

f 
Fr 
g 
I(x, t) 
kL 
l 
IB 
N 

Instantaneous liquid film thickness 
Mean film thickness 
Root-mean-square value of film 
fluctuations 
Capacitance of air-gap 
Air-gap thickness 
Oscillatory circuit frequency 
Froude number, Ud/(gb) 1/2 
Gravitational acceleration 
Intermitteney function 
Transfer coefficient 
Channel width 
Burst length 
Number of samples 

thickness 

p(b) Probability density of film thickness b 
Q Liquid discharge per unit channel width 
ReL Liquid Reynolds number, Q/v 
S Threshold 
t Time 
T Period 
U d Liquid discharge velocity, Q/b 
V(t) Instantaneous voltage signal 
We Weber number, UJ(a/pb-) 1/2 
x Distance from the channel entry 
7 Intermittency factor 
v Kinematic viscosity of liquid 
p Density of liquid 

Liquid surface tension 
Lifetime of burst 
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Statistical characteristics of intermittent l iquid film f low 

The mean period T of turbulent eddies in the 
viscous sublayer of an incompressible liquid over a plate 
is a monotically decreasing function of the liquid 
Reynolds number ReL. The values of 7" (Fig 6(a)) are of 
the same order as the results of Kim 1°, but distinctly 
different from those for 7"a in the film flow. 

For  energy of film thickness fluctuations, the 
relation~ z 

b'2 = (1 - 7)b'n 2 + 7b~ 2 + 7(1 - 7)(bT-- b.T) 2 (3) 

is well verified. 
The terms of the left and right sides of Eq (3) are 

shown in Fig 7(a) versus ReL, and Fig 7(b) versus 7. The 
corrective term 7(1-7)  (bT--bnT) 2, small in comparison 
with the non-turbulent term (1 -7)b', 2 and turbulent term 
7b~ 2, is shown in Figs 7(c) and 7(d). It accounts for less 
than 6 % of the total energy b '2 of liquid film thickness 
fluctuations (see Appendix). 

The structure of film flow is controlled by 
Reynolds number ReL, used in the present work to 
describe the evolution of various characteristics, but two 
other parameters are: the Froude number F r (=  
Ud/(gb) 1/2) and Weber number We(=Ud/(a/pb)l/2), 
where Ud is the discharge flow rate of the liquid, ~r the 
surface tension coefficient, p the density of the liquid, g the 
gravitational acceleration, and b the mean liquid film 
thickness. Changes of Froude and Weber numbers, 
shown in Fig 4, show the gravitational effects stabilize as 

d 

I 

i 

A 17 

$15 

15 
Probe 

Fig 1 (a) Experimental setup: channel and capacitive probe; (b) full-wave rectified signal after 50-200 Hz filtering; (c) 
reactance converter output signal V(t) for Reynolds number Re L = 2854; (d) flow system and capacitive probe (dimensions in 
millimetres: 1, storage tank; 2, 6, 12, valves; 3, 5, 7, reservoirs; 4, channel; 8, pump; 9, capacitive probe; 10 flowmeter; 11, 
honeycomb 
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0 
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Fig 3 Threshold analysis: (a) probability function of 
threshold, S; (b) probability density of S 

Re L increases and surface tension effects increase 
monotically with ReL. 

Conclus ions  

Liquid film flow is special because of the presence of the 
free surface, and well-known results of investigations of 
boundary layers cannot be applied to it. Determination of 
statistical characteristics in liquid film flow with 
intermittency could lead to better correlations and 
agreement between flow parameters and convective 
transfer results in gas-liquid systems. 

Measurements of in termittency factor 7 lead to t he 
mean transfer coefficient k L at a liquid film free surface, 
using the relation 

fir = (] -- 2)k-LnT +TkLT (4) 

where kL,, is the mean transfer coefficient for non- 
turbulent phase~ as solution of laminar diffusion 
equations, and kLv, the mean transfer coefficient for 
turbulent phases of film flow, as solution o f  turbulent 
diffusion equations. 
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Appendix 
Equations (2) and (3) 
The probability density of the film thickness b(t) may be 
written as follows: 

p(b) = (1 - 7)P.T(b) + 7pT(b) (A 1) 

where V is the intermittency factor, and p.v(b) and pT(b) 
are the probability densities of b in the non-turbulent and 
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turbulent _regions, respectively. The average film 
thickness b is defined as the first moment of b: 

f ;  bp(b) db (A2)  /7= 

Eq (A1) and (A2) yield: 

/ ~=  b [ ( 1  --7)PnT(b)+YpT(b)] db 
0 

/~= (1 - 7)/~.T + fl~X (A3) 

Where b.x and /~x are the average values in the non- 
turbulent and turbulent regions: 

= j l  ~ bpoT(b) &T db 

and 

f; I~T = bpT(b ) db 

Eq (2) and (A3) are identical. 
For the film thickness fluctuations the rms values 

b' for the flow, b'nz and b~ for non-turbulent and turbulent 
zones are defined by 

b '2 = Var (b) = b z - (/~)z 

t2 2 -- 2 
b n T  = b n T  - -  ( b n T )  (A4) 

b~ 2 = b~ - (~T) 2 

The second moment of b is 

= I ~° b2p(b) db 
J o  
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This last relation and Eq (AI) yield: 

b 2 = b2[(1 --7)P.T(b)+ypT(b)] db 

b 2 = (1 - 7) bn2T + ybT 2 

Hence Eqs (A3), (A4) and (A5) give 

b 2 = ( 1  2 2 - -  7)bnT + ybT -- [(1 - 7)/~nT Jr- y / ~ T ]  2 

b '2 = ( l  - ~)b2T + 7b 2 - (1 - 7)2(bnT) 2 

-- 2y(1 -- 7)b.TbT - ~2 (/~T)2 

b '2 = (1 - y ) [ b 2 t -  (bnT) 2 ] + ) , [ b  2 - (/~T) 2] 

+ (1 - - ' ~ ) ( b n T )  2 - -  (1 -- ~,)2 (6.T)2 

+ ~ (/~T) 2 -- y2 (/~T) 2 -- 27(1 -- 7)bnvbv 
t t 2  b 2=(1 --y)bnT+yb'T2+~(1--7) 

x [(/~.T) 2 -- 2bnTbT + (~)2] 

b,2=(1 ,2 ,2 --7)bnx +ybr +7(1 -y)(bT-bnT) 2 

Eqs (3) and (A6) are the same. 

(A5) 

(A6) 

T ime  a v e r a g e s  

An intermittency function is defined 11'12 as follows: 

(1 for turbulent flow 
l(x, t) I 

"~0 for non-turbulent flow 

The time average of I(x, t) yields the intermittency factor 

- 1 (',o + ro 
y = I =  lim - -  | l(x,t)dt (A7) 

(To~o)To J ,o 

The time average of any function q(t), denoted by ~ is 
given by 

1 i't0 +Zo 
~= lira T~, Jt q(t)dt (A8) 

(To ~ °o) 0 o 

The zone averages in the non-turbulent and turbulent 
regions qnT and qv are defined as 

1 C °+r° qnT = lim [1-I(x,t)]q(t)dt (A9) 
(To- oo) (1 - y)To J,o 

and 

qT---- lim li"°+r°I(x,t)q(t)dt- (A10) 
(To ~ oo) To J,o 

where to is the time when averaging begins. 
For  a time sequence tl, t2 . . . . .  tN in which every 

point t~ (i= 1, 2 . . . . .  N) denotes the temporal reference of 
the event of interest, the ensemble average of the quantity 
q(t) related to the event is given by 

(q(X, OT))=~ q(x, ii+OT) (All)  
i=1  

where x denotes the position of the sampling probe and 0T 
is the time when the fluid either enters or leaves the 
turbulent phase. 

The substitution of sampled averages, determined 
by the V(t) signal processing (Fig 2) in Eqs (2) and (3) 
shows that those relations are well verified. We make the 
assumption that if mass transfer takes place at the free 
surface of a liquid film in flow with intermittency, the 
average mass transfer coefficient kL could verify Eq (4) in a 
similar way to Eq (2) for the average film thickness. 

Thresho ld  ana lys is  

The technique of threshold analysis has been described by 
Chen 13 and Blackwelder 14. It consists of varying the 
threshold level over a large range of the film thickness b 
corresponding to a large range of signal V(t). Fig 3 shows 
the interface of turbulent/non-turbulent phases. The 
threshold $1 yields the exact value of),, checking with that 
determined by logical filtering as the ensemble average of 
yi=za,/TB,, that is: 

1 N 
Y = N  i ~  7i (A12) 

The probe used for measurement is connected to the 
DISA Capacitive Measurement System is consisting of 
proximity transducer (type 51Dll) ,  an oscillator and a 
reactance converter (type 51E01). This sytem has a high 
sensitivity. 

The air-gap thickness between the probe and the 
,free liquid film surface ranges from 0.4 to 0.8 mm when 
the  film thickness changes from 3 to 5 mm. 
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countries), pp 168, Marcel Dekker 

Technical guide to thermal processes, J. Gosse, £22.50, 
$37.50 (h/c) £7.95 $12.95 (p/b) pp 227+xii ,  Cambridge 
University Press 

Complex fluid flows, N.P. Cheremisinoff, SFR 172.00, 
pp 374, Technomic Publishing ag. 

Finite element methods and Navier-Stoker equations, 
C. Cuvalier, A. Segal and A. A. van Steenhoven, 
Dff 165.00, US$64.00, £45.75, pp483, D. Reidel 
Publishing Ltd 
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