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CHAPTER 1

GENERAL INTRODUCTION

Falling liquid film flows are common in
everyday 1life and have numerous applications in
modern technology. The study on the film flow
started at the begining of the twentieth century
and is still in active progress. Fulford7)
summarized a number of investigations on liquid
thin films published before 1964. In this
chapter, the subsequent (from 1965 up to the
present) investigations will be reviewed briefly.

On the subject of film thickness, the measure-
ments have been correlated with Re separately in
wavy and in turbulent regions. Even in the same

region, there are as many correlation curves4’13’

18,20) as the number of investigators, and they
deviate each other significantly and sometimes

systematically. However, no adequate explana-



tions to the deviations have been presented yet.

In the literature, no clear descriptions on
the positions of measurements and on the liquid
inlet conditions were made, because fully develop-
ed flows were assumed. However, it is consider-
ed that the measurement positions and inlet
conditions could cause systematic deviations of
the correlations. In this work, the measure -
ments have been carried out with special attention
to these problems.

The surface behavior of falling liquid films
can be classified into two patterns, that is,
undisturbed mirror-like zone and regularly or
irregularly disturbed zone, by which film flows
are characterized. Initially, a smooth region
can be observed before the wave inception on the
film surface. A number of critical flow condi-
tions were proposed, but none of them took into
account the positions from the inlet.

The interrelation between "entry'" and '"accele-
rating zone (with core flow)'" was not made clear,
and there were no systematic and quantitative
studies on '"'smooth zone'. Therefore, this
relation and the longitudinal film thickness

variation will be discussed in Chapter 3.



According to the studies on stability5’7’19’21’

30) for the various flow conditions, the film
flows are almost- always unstable unless Re is very
low. However, the positions from the inlet have
not been taken into account at all.

In Chapter 4, the position of wave inception
will be studied to give an adequate explanation
for the mechanism of the smooth zone.

As the flow rate increases, the film surface
comes to be covered partially with waves. The
character of waves on film surfaces has been

11,25,36) and theoreti-

investigated experimentally
cally2’3’16’26’27’34),but the results are not
successful. It is well known that the waves on
films are not periodic but vary irregularly with

time7), and it was describedzs)

that the characters
of waves depended very much on the positions.
This may be the cause of difficulty in theoretical
treatments and of a scatter of experimental data.
The importance of a knowledge on the VelocityA
profiles within falling liquid films under various
flow conditions was stressed by many investigators,
and a few measurements for special cases were

reported in spite of the difficulty caused by the

film thickness. . And many workers discussed the



ratio of surface velocity to average velocity that
would be an indication of velocity profile, but
the results have not been unified yet. In
Chapter 2, the velocity profile in "calming zone"
of film on inclined plate will be discussed.

To study the hydrodynamics of the falling
liquid flows is essential to the predictions of
mass transfer rates between a falling liquid film
and the adjoining phase. The rates seemed to be
influenced by the surface behaviorlz). It is
described in Chapter 4 that the position of wave
inception affects the mass transfer rate signifi-
cantly. The relation between instantaneous

39) and the simultaneous

local mass transfer rates
film thickness in "rippling zone'" will be discussed
in Chapter 5.

The increase of interfacial area in a wavy
film leads to the increase of the mass transfer
rate between the film and the adjacent gas phase.

24,28) without '"two-

Recently, the new approaches
dimensional" assumption which was common in early
days, have been reported and they show that the
increase of interfacial area is small under

ordinary flow conditions.

It is well known that surface-active materials



can damp many types of waves, and reduce the mass
transfer rate at a given liquid flow rate. This
effect is still under investigating theoretically
14,31,35,537) and experimentally33’36).
Film flows of non-Newtonian fluids become

important increasingly, such as in polymer produc-

tion, in biochemical and physiological processes,

in waste.disposal systems and so on. And
recently, several experimentalls’zg) and theoreti-
ca122’32) studies have been reported. The

problems of rupture of a thin liquid falling film

17,23) 1,10,38) 4 of

, of droplet removal movement
the flow regime for concurrent flowss) have been
investigated. However, these are main unresolv-
ed problems in these fields.

The purpose of this work is to investigate the

longitudinal variation of the behavior of falling

liquid films on inclined plates.
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CHAPTER 2

VELOCITY PROFILE

IN CALMING ZONE

Abstract

Falling liquid films on inclined plates have
been experimentally studied in the range of Re
from 2500 to 6000, with special attention to the
"calming zone" where the surface is mirror-like.

Velocity profile by the hydrogen bubble method
and film thickness by the pointer and gauge method
were measured, and film surface behavior has been
observed by laser beam reflection.

Film flow in the calming zone is Taminar with

air drag at the 1liquid interface.



Introduction

Flow of falling liquid film is frequently
observed in chemical plants. Typical applica-
tions of film flow in process are in packed
towers and various types of coolers and evapora-
tors.

A knowledge of the velocity profiles within
falling films under various flow conditions is
important, making it possible to calculate the
rates of convective heat and mass transfer
processes.

The thinness of most liquid films makes it
difficult to measure the velocity profiles.

A few techniques have been proposed for the
measurement of the velocity profile in thin film,
and classified as

(i) Stereoscopic photography method7’15),
(1i) "Hot-wire" methodl),

4,5)

(iii) Photographic tracer method and

(iv) Hydrogen bubble visualization methodlS).
For Re<2500, the velocity distribution
measured by these methods agreed with the

classical analysis by Nusselt in which two-

dimensional fully developed laminar flow and no

— 10 —



drag at the air-liquid interface were assumed.
The flow was laminar without rippling for
Re<24, and Became pseudo-laminar with rippling and
then turbulent with increasing Reynolds numberd’
15). The state of falling liquid film (Re>24)
has been classified into several zones according
to the behavior of liquid surface as follows
"rippling zone' where periodic waves are present
at the surface,
"calming zone" where the surface is wave-free and
mirror-like, and
"turbulent zone'" where the surface is randomly
disturbed. These zones depend not only on
Reynolds number but also on the distance from the
entrance.
When the films were falling onto vertical

plates, the area of calming zone was smalls’s’ll’

12). However, on inclined plates, little is
known about this zone. At a fixed point,
calming zone is observed at higher Reynolds number
than is rippling zone. It is interesting to
know if the flow in calming zone is laminar or not.
To make this problem clear, the behavior of

film surface has been observed using laser beam

reflection. The velocity distribution in

—_ 11 —



calming zone has been measured by the hydrogen
bubble method and is analyzed by taking account of
the drag at air-liquid surface. Also, the film
thickness has been measured directly by the pointer
and gauge method, and this is compared with the

analytical result.

1. Experimental Apparatus and Procedure

Deionized water was used as liquid and circu-
lated by a pump. The inclined flat smooth plate,
made of acrylic resins, is 16.5cm wide and 160cm
long.

To measure the film thickness, a pointer and
a gauge were set at 80cm (x/h~500) from the
entrance under the conditions of plate inclination
of 6.2°, 8.9° and 14.8° to the horizon. To
observe the behavior of the film surface, a laser
beam was reflected to a certain direction in
response to the shape of air-liquid surface and
the images projected on the screen were photo-

graﬁhed as shown in Fig. 3.

— 12 —



25um-dia. polished tungsten wire was used as
the cathode for the production of hydrogen bubbles.
Through the plate, rows of hydrogen bubbles can be
observed. An electrical pulse generator, a
frequency counter, a stroboscope controlled by the
pulse generator, and a camera were used for the
measurements of velocity profiles in films. The
wire was oriented diagonally through the film
perpendicular to the main flow direction. A
small amount of NaHCO3 was added to adjust the
electrical conductivity. The inclination angles
of the flat plate were 7.4°, 8.9° and 17.2°.

The velocity profiles were measured at 67cm (x/h-
500) and 115cm (x/h~900) from the entrance, and
the experimental range of Reynolds number was from
2500 to 6000.’ Figure 1 shows a typical example
of hydrogen bubble rows.

There are some limitations in application of
the hydrogen bubble method to velocity measure-
ments in thin films. The velocity near the
liquid surface is very high (more than 100 cm/sec).
On the other hand, very close to the wall, the
velocity is low as compared to the rising velocity
of a fine bubble by buoyancy, and the velocity

gradient is so large that the local velocities

— 13 —



cathode wire

Fig. 1 Typical bubble rows 6=7.4°,
6=7.4°, Re=4900,

pulse interval=5.40ms



cannot be measured accurately. Thus the veloci-
ty observed near the wall has a tendency to be
higher than the real one. The data near the
wall of Thomas and Ricels) by the hydrogen bubble
method showed a systematic deviation from their
correlation curve. The author has disregarded
the data near the wall (y/hs0.2). Because the
wire and liquid surface may cause a capillary
effect, the first and second rows of hydrogen
bubbles behind the wire have also been disregarded.
The Reynolds numbers based on the maximum liquid
velocity and on the tungsten wire diameter were
kept below 40 to prevent vortex shedding and to
maintain sharp rows of bubblesl3).

The conditions of two-dimensional flow requir-
ed for the hydrogen bubble method are given by
6)

Hopf's theoretical analysis The assumption

of fully developed flow is numerically confirmed

by the reports of Bruleyzwkand of Stuchel and
O0zisik!®).
2. Observation of Film Surface



Typical examples of photographs of three
different zones of film surfaces are shown in Fig.
2. Rippling zone is characterized by the
existance of regular rows of waves. This
regularity makes the laser beam reflected onto the
screen walk one-dimensionally like the motion of a
piston (Fig. 3a). On the other hand, in the
turbulent zone the reflected laser beam walks two-
diﬁensionally, at random and quickly due to the
surface irregularly disturbed (Fig. 3c).

Calming zone is characterized by the smooth
surface, and the beam continues to stand at one
point on the screen (Fig. 3b).

Figure 4 shows the variation of film thickness
at a fixed point (x/h-~500) against Reynolds
number. It can be seen that the transition to
turbulent from calming occurs at Re~10000, and that
from rippling to calming at Re~2500, that is,
calﬁing zone appears at higher Re than does
rippling zone. However, it was reportéd in the

4,11,15) {14t Re-2000 was the transition

literature
from rippling to turbulent and calming zone was not
recognized. It is observed in this study that the
length of calming zone has a maximum at Reynolds

number about 6000, that is, as the flow rate

— 16 —



Re = 400 5000 18000
(a) (b) &}

Film surfaces

6=8.9°, (a) Re=400 (b) Re=5000 (c) Re=18000
Positions ; l=the entrance, 2 and 4=for
velocity profile measurements, 3=for film

thickness measurements

e



(a) (b) (c)

Fig. 3 Projected images of laser beam reflection

(a) Rippling zone (b) Calming zone

(c) Turbulent 2zone

(Scales in each photo. are the same. )

. . Y
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increases, calming zone increases and then
decreases. The relation between the length of
calming zone and flow rate will be discussed in

Chapter 4.

3. Analysis

The equation of motion for fully developed and
laminar flow should be solved with two boundary
conditions, that is, no slip condition at wall
and the continuity of shear stress at air-liquid
interface. However, the following velocity
profile is assumed in this work, because the
analytical or numerical solutions are troublesome
to treat. Therefore, U and h, in Eq. (1) are

determined experimentally.
Up = u_gn + shin(1-n) B (1)
% g% TN n

By integrating Eq.(1) over-:the film thickness, one

obtains

thi + 2huu_, | (2)

Re



Shear stresses at the surface and at the wall are

given by Eqs.(3) and (4), respectively.

TS* E*_ - 7}1* (3)

T = hy + Tox (4)

From Eq.(1), u/n should be a linear function of n.

It is convenient to introduce the parameter K,
defined by Eq.(5), which indicates the shift from
Nusselt's analysis (no drag at the air-liquid sur-

face)

Uy = 3(1-K)hS (5)

From Eqs.(2), (3), (4) and (5), the following

equations are derived.

h, = Rel/3/ (% - ©1/3 (6)
Uge = %(I-K)Rez/s/(% - K)Z/3 (7
toe = - 3KReM I (G - 01/ (®)
e = 1(1-30n - 2nZire?/3/E - 02/3 (9)

For K=0, these equations are reduced to Nusselt's

equations as follows

h' = /3Re/2 (10)

— 21 —



ut = /3Re/4 (11)

[
Tg = 0 (12)
ut =yt -yt aRe (13)
4., Results and Discussion

Velocity measurements have been carried out
in the calming zone. An example of u/(y/h) vs.
y/h is shown in Fig. 5. These are correlated
well with a straight line and the variance on each
run is less than 1.4%. And also no velocity
fluctuation was observed in the preliminary test
by the "hot-wire" method. It is proved that the
flow in calming zone on inclined plates is laminar
in spite of Reynolds numbers higher than 2000.
This conclusion is similar to that of Ho and
Hummels) who observed no turbulent motion even at
‘a Reynolds number of 3000 within falling liquid
films inside a vertical tube. ﬂBy the method of
least squares. to the correlation of u/n vs n, the

values of h, and u.4 are determined for each run,



LCcm/secd
N
QS
S

u
y/h

100

Fig. 5 Correlation of u/n vs n

Re=4900, 0=7.4°, x=67cm
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and shown on logarithmic scales in Fig. 6. The
correlation gives the slope as 2 and the average
value of K as follows ;

K= 10,134 (14)

Substituting Eq.(14) into Eqs.(4), (6) and
(8), one obtains rs/rw=—0.0718 regardless of Re,
that is, Tg is not negligible as compared to T
AThe ratio of ug to the average velocity is 1.39,
and Uk is smaller than Nusselt's analysis as
shown in Fig. 7 with the result of West and Cole14)}

The film thickness estimated from Eq.(6) is
compared with direct measurements by the pointer
and gauge method in Fig. 8 and good agreement is
obtained. The volumetric flow rate estimated by

Eq.(2) coincides with the measurement by a flow

meter.

—_— 24
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Conclusion

In falling liquid film on inclined plates, the
flow behavior is classified into three zones ;
rippling, calming and turbulent zones based on
surface structure and variation of film thickness,
the region of which depends on flow rate and
distance from the entrance. The calming zone,
characterized by the wave-free and mirror-like
surface, is observed in the range of Re from 2000
to 6000 at a distance of x/h-~500 The flow in
this zone is laminar in spite of Reynolds number
higher than 2500. The velocity distribution has
Been measured by the hydrogen bubble method and
expressed by Eq.(9) with Eq.(14), which have been
derived by assuming two-dimensional, fully
developed laminar flow with drag of air.

The shear stress at the air-liquid surface is
not negligible but considerably affects the
velocity distribution.

The direct measurements of film thickness
coincide with the estimations based on the

hydrogen bubble method.

— 28 —



Nomenclature

h = liquid film thickness
h, = h(g sine)l/s/vz/z
h" = h/T Jo/v
K = parameter defined by Eq.(5)
Q = u-h
Re = 4Q/v
u = fluid velocity
“u, = u/(vg sine)l/3
ut o= Uy /YT = u//?;TE
X = distance from the entrance
y = coordinate axis
v = yg sine) 3 < yrm T
n =vy/h
9 = inclination of plate to horizon
v = kinematic viscosity of liquid
T = shear stress
1. = 1/p(vg sine)z/3
<subscripts>
s = at surface
w = at wall

— 29
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CHAPTER 3

THICKNESS OF FALLING LIQUID FILM

IN CALMING ZONE

Abstract

The velocity profile described in Chapter 2 is
applied to establish a simple flow model in
calming zone. Based on the model, the longitu-
dinal variations of film thickness are estimated
and the values agree with the measurements at a
fixed point. "Entrance length" calculated by
the model agrees with that numerically solved by

Bruley.
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Introduction

Film thickness variation has been studied

1,2,6)

numerically and analytically for falling

2,7,8)

liquid films on inclined plates and vertical

wa1151’3’4).

The drag of air at the liquid
surface has been neglected in the previous work,
but is not negligible, as is described in Chapter
2.

In this chapter, the variation will be
discussed analytically by use of a flow médel
based on the velocity profile measurements.

Attention was given to '"entrance length'" in
order to confirm that a flow at a position was
fully developed or not. And the lengths for
various types of film flows were estimated.

The terms '"fully developed", 'developed",

- "entrance" and "accelerating" zones were used
confusedly in the previous work. Based on the
flow model, "initial'" and '"developed" zones will
be defined and in addition '"entrance' zone will be
conventionally introduced. The relation of the

lengths of these zones will be discussed.
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1. Analysis

Assuming the boundary layer approximations,
and neglecting the pressure gradient, one can
obtain Eq. (1) as a simplified form of equation of

motion for incompressible fluid.

d M2 d M
- I [ udy + ug gx [ udy + g sine-h
0 0
- VGEPy - GP$! (1)

and the continuity equation is
h v
[ udy = 7 Re (2)
o

and Re is a constant for incompressible fluid at

steady state. Equations (1) and (2) are trans-

formed into dimensionless forms as follows,

respectively,
h . h
d * 2 d *
- fo Ugdy, + us*a'x—*— fo u*dy* + hy
= Tt T Tk (3)
h,
R
[ ukdy, = Ig (4)
)

Equations (5), (6) and (7) are parts of the experi-

mental results under steady, fully developed flow
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conditions, as given in Chapter 2.

e (n) = n(ug, + hy) - Thin? (5)
K
Tex T ————— T, (K=0.134) (6)
2(1 - %—K)
h, = Rel/s/(% - l/3 (7)

The velocity profile, Eq.(5), is modified to
get the flow model as shown in Fig. 1. Based on
the velocity profile, the "initial' and "developed"
regions are defined as follows
Initial region (ng*éxl*) where a core region
exists, is followed by developed region (xl*gx*)
where a core disappears and normalized velocity
profile‘is.similar but film thickness decreases
downstream. In initial region the boundary
layer thickness §,(x,) increases and the core depth
Cx (x4) decreases with increasing x,, and at X5%=X1 45
Cyx becomes zero (see Fig. 1).

For the initial region
Ve Vs o N
Uy (Xgs Yg) = uc*{Z(-g-—) - (TS_) }, for 02y.s8, (8)
% %

Up = Uy SxSYxS8s + Cyu (9

—_— 35 —



Y%~ Cx Y%~Cx o
Up = U4 {2(—5—)—(—5) "}, for Sy+cuzysshs (10)
& * )

where uc*(x*) is derived from Bernouilli's equa-
tion as follows

2 2
Uox = Ugx + 2Xg (11)

For the developed region,

. Y Y 2
Uy (Xges Yi) = uc*{z(gT)_(—T) 1, 0§Y*§h* (12)
‘ * S -

Assuming that the ratio TS*/TW* at any position X
is constant(l-a), Eq.(13) is written.
Tw*(x*) - TS*(X*) = aTw*(X*) (13)

o is given by Eq.(14) for initial region and Eq.

(15) for developed region.

(he - cx)/84 : (14)

o1
1}

= hy / 84 (15)

Q
;

Putting these velocity profiles into Eq.(4), one
obtains Eqs.(16) and (17) for initial region and

developed region, respectively.

R 2
C* = 4ue - a (l = %)'6* » (16)

c*®

Re

u_ g, = 17
" 4a(1-30) by
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Fig. 1 Schematic of flow model considered
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With the initial condition §,=0 at x,=0, Eqgs.(18),

(19) and (20) are derived for the initial region

(0§X*§Xl*)'
h, = 411}:* +afl - a(l - Fa)le, (18)
6g = /?(uc* y UO*IOUC*-Q)l/z (19)
u_y = "S;Z_:z_x* N (20)

From Eqs.(3), (12), (15) and (17), Eqs.(21), (22)

and (23) are also obtained for the developed regioh

(x*;xl*). |
hw* 1 (hy - hm*)
Xg + €= —— {7in—m— i
hg + h*hm* * h_x
';p _ “ Zh + h.m :
 + /3tan’d e—;}——4——i} (21)
f{3hm*
2(1 - gd.)
-240(1 - 7o)
a - = (23)

4
Re(za + go7)

To obtain the film thickness h, as a function of
X4, Re and 6, the inlet conditions,uo* and h_,,
should be determined in advance by using the

following Eqs.(24), (25), (26) and (27).
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Q =uh (24)

00
u, = vY2g siné h" (25)
h' - hocose = h" (26)
= Q 3/2
h' ( 377 ) (27)
Equation (27) is the Francis-Weir equation. The

critical value X1 is obtained from Eqs.(16), (19)
and (20), with the value of which integration

constant c in Eq.(21) is determined.

2. Results and Discussion

Some examples of h,(x,), for o-1=0.0718 and
for a=1, are shown in Fig. 2. a is not a
sensitive parameter for film thickness when the
value of x, is small. The curves have maximum
at x*~102(x~1cm). This fact agrees qualitatively
with the observation that a falling film has a
"rising near the entrance. In Fig. 3, the varia-

4

tion of film thickness with Re at x,-10" is

compared with the measurementss) by the pointer
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and gauge method.

Bruleyl) solved numerically the momentum
equation by the finite difference method for
vertical falling films. His inlet condition
coincides with that of this work for 6=90°, and
he defined "entrance length" as the distance from
the leading edge at which the surface velocity
reached 99.99% of the terminal surface velocity.
In Fig. 4, the "entrance lengths" estimated by
both Bruley and the author are shown with the

"initial length" at which a core region perishes

(cge=0).

—_— 40 —



( ,6°8=6 ) *x o uorzouny se

401

= *

g0l

sseuoTU3 Witd ¢ *Bra

201

VA S

|l TN

1

|

jﬂﬂJ'1|€::.4J

_:___

000¢ =94

000€=0y

000794

Q059

0009=35
it

___.:____ | 15¢

41 —



;?E; ' L » JE—

15

EEENEEEREENEN

L 1 i | | ||||

2103 10%
Re [=]

Fig. 3 Comparison of experimental and theoretical
film thickness at x=80cm

—_— 42 —



IR BRI

103 104

Re [~7

Fig. 4 Variations of initial length

(C4=0) and entrance length

—_ 43



Conclusion

1)

2)

A flow model for falling liquid films has
been put into the momentum integral equation to
obtain the variation of film thickness. The
results agree with the experiments.

"Entrance length'" by the model shows the same

tendency with that numerically analyzed by

Bruley.
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Nomenclature

Tx

core region depth
c(g sine)l/s/\)z/3
film thickness

h(g sine,)l/s/\az/3

terminal f£ilm thickness

[cm]
[-1
[cm]
[-1
[-]

parameter defined by Eq.(5) in Chapter 27-]

u-h

4Q/v

fluid velocity
u/ (vg sine)l/3
distance from entrance
x(g sine)l/s/\)z/3
coordinate axis

y(g sine)/3/42/3

parameter defined by Eq. (13)
boundary layer thickness

s(g sine)l/s/vz/s

y/h

inclination of plate to horizon
kinematic viscosity of liquid
shear stress

/o (vg sine)z/3

— 45 —

[cmz/sec]
[-]
[cm/sec]
[-]

lcm]

[-]

[cm]

[-]

[-]

[cm]

[-]

I-1

[deg]
[em?/sec]
[g/cm'secz]
[-1]



<subscripts>

c = core region

o} = entrance (x=0)

w = wall

1 = position at c. =0
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CHAPTER 4

WAVE INCEPTION

Abstract

Transition from calming to rippling, the so-
called wave inception has been measured photograph-
ically at the flow rate Re=500~10000 and inclina-
tion angles ©6=9°~52°, and analyzed based on the
momentum integral equation. At the critical
position of wave inception, the thickness and its
gradient of film, or the balance of gravitational
force and surface tension, may play an important
role in wave inception. The measurements of
wave inception for inclined plates and the availa-

ble data for vertical wall agree with the analysis.
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Introduction

Falling liquid films on inclined plates and on
vertical wall have many applications to heat and
mass transfer equipments. These transfer rates
are intensively influenced by the surface behavior

of falling liquid films, by rippling motion8’20’26)

7).

and by turbulent flow conditions Films on
vertical wall have "calming zone'" without wave
motion for a short distance below the liquid

distributor18’22’23’25’26).

On the other hand,
it is pointed out in Chapter 2 that the length of
"calming zone" on an inclined plate is rather long.
The dependence of wave inceptiqn on Re and/or
inclination angle has not been investigated system-
atically. A few expérimental work4’18’22) on
vertically falling films were reported, but no
reasonable explanations have been made yet.

Some reports suggest the importance of under-
standing the mechanism of wave inception to the

8,26)

problems of mass transfer and the character-

isticsls’lg’zs) of falling liquid films.
The wave inception under various Reynolds
numbers and inclination angles of the plate is

observed and analyzed based on the integral
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equation of motion.

1. Observation

The experimental apparatus 'is described in
detail in Chapter 2. Deionized water was
falling on the inclined plate (16.5cm wide, 160cm
long) and the surfaces were photographed to clarify
the disturbed surface. Liquid flow rates were
ranged from Re=500 to 10000, and the inclination
angles of the plate were 9°, 33° and 52°, and all
runs were carried out under no air flow conditions.
The characteristics of film surface through
the whole runs are as follows;
(1) "Calming zone" exists for a certain distance
from the distributor and the inception of wave
motion sets in at ''the line of wave inception" and
rippling waves progress down the plate and gradual-
ly lose their regularity.
(2) The wave length at the line of wave inception
decreases as flow rate increases

(3) Re>6000, turbulent spots occurred randomly
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sometimes and somewhere to disturb the surface.
The distance from the distributor to the line of
wave inception does neither increase nor decrease
monotonously with the liquid flow rate, as shown in

Fig. 3.

2. Analysis

The equation of motion for the flow shown in

Fig. 1 is simplified as
h h
d 7% 2 d ¢ %
'afzfo Ugdyy + hy + US*HQIIO Uy dy s
(1)

and analytically solved with the velocity profile
given in the previous chapter, which consists of two
regions, initial region (with core flow) and
developed region (no core, B/BX%O). The deviation
from Nusselt's analysis is indicated by a, that is

obtained experimentally as 1.0718.

(Tw* - TS*) / Tyk = O (2)
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By use of Eqs.(24)-(27) in Chapter 3, initial film
thickness hO can be estimated as follows

. 1/3,.3/2
hg*cose - hZ*(g/glne) Re + Re? = 0 (3)
°TVvPL 14

For the developed region, Eq.(4) is derived.

hm* 1 (h* - hw*)z

X + C. = — { 5n
S R

-2h, + h
+ /% tan 1 5 =%
/Th, (4)
where
how = { Re i }1/3
2(1 - '3- d)
-24a(1 - % o)
° T Re (i - o+ F az)
3 5
u . (2 - a)Re (5)

*
S* 4 - % a) h,

It is noted that the integral constant Ci in Eq. (4)

depends on the value of h .



3. Results and Discussion

The film thickness hc* at the wave inception
can be obtained from Eqs.(3) and (4). However,
it is difficult to get accurate values of hc*,
when Re and 6 are small, because the value of
dh,/dx, at X4 =X _x becomes very small. In Fig. 2,
hc* calculated for X % observed is shown in the
form of z, vs, Re, which is independent of & and

correlated by Eq.(7)

Zg = hc* - h_. (6)
24 = 7.505 - 107 2% . Re>+807 (7)
(r = 0.975)

where, r stands for the coefficient of correlation.
Inversely, X_ % can be estimated with Eqs.(4) and
(7). The examples are shown in Fig. 3 with the
observed values for 9o inclinated plate and with
the available dat318’22’26) for vertical wall.
Though, the observed values for 6=9° have been
excluded in derivation of the correlation Eq. (7),
because the accuracy of hc* is low, the agree-
ments of the observed values with the calculated
values are very good. In Fig. 3, the data for

33° are excluded, because these have been used to
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obtain the correlation Eq. (7).

The positions of wave inception has been
expressed successfully. The following is the
discussion on the characteristics of flow at the
wave inception based on the flow model. Almost

all of the stability theoriesl’3’9’16)

were
concerned with fully developed flow and concluded
that the falling films were almost always unstable
at Re rather less than about 10. It is natural
that the theories can not explain the occurrence
of wave inception in developing region.

A few investigators studied the stability of
the developing laminar flow in parallel-plate
channelé) and in pipe12’24) but could not explain
the experimental results.

According fo the hydraulic jump theory, the
critical flow arises under the following condition

dE_ .
~ah, =0 (8)

Esp is called the specific energy, and derived for

the flow model considered in this chapter as

a2 2
Es % = hy + 2_* = h, + Rez (9)
b 32hj |

Eq.(9) gives



_  Re
Fr = z

16h;

=1 (10)

Under the condition of this work, Froude number is
always much greater than unity, then the flow is
supercritical everywhere,. The theory of hydraulic
jump can not explain the wave inception. The
reason of this failure seems to be caused by the
surface tension effect being neglected.

From Eq.(4), =g is derived as

1 1
dh, 8(1 - 3 a) 2(1 - z o)

dxy Re(% - o + % az) Re

hy} (11)

The radius of surface curvature R, at the wave

inception X% is obtained.

dh,
S e
R, = - (12)
d%h,

dxy
dh,
In Fig. 4, z, and - HE;'|X*=X . are plotted and
c

correlated as follows;

_ L 10-22 . 0.763
aiz !XC* = 5.976 10 Z

(13)

(r = 0.999)
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In Fig. 5, 1/Ry, corresponding to surface tension
force, vs. z,, gravity force, are plotted and the
correlation is obtained as

8 0.555
*

1/R, = 3.39 - 10~ -+ z (14)

(r = 0.990)

Clearly the wave inception is influenced by the
shape of the film surface, and seems to be the
position at which surface tension force becomes to
be incapable of supporting the weight of =z. And
any disturbance at wave inception does not propa-
gate upstream because the flow is supercritical
everywhere (Fr>1).

The flow inlet conditions influence the shape
of xc*(Re, 8), because Ci in Eq.(4) depends on ho*’
In Fig. 6, h_ 4 vs Re and 6 are given. Stuchel
and 6zisik21) derived the function hg(x,) analyti-
cally, however did not show explicitly the inlet
condition but treated it as parameter ezho/hw.
Their results showed h,(x,) depending much on 8.

"Initial region" and "entrance region'" have
been defined in the previous chapter. In Fig. 7,
the "initial region" and "entrance region'" compared
with the position of wave inception are shown.

It is clear that the wave inception occurs in the

developed zone.

— 60 —



T T TTmy T T T 7100

|

10° =
E =
M . :
x [ o 33°
~ - B G
T o 52
10

[T

ool o riwd oy

Enul

~3

10 !

107 10
Zy =7

Fig. 5 1/Ry4 vs. z, at wave inception

— 61 —



Fig. 6 Initial film thickness vs. Re
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Conclusion

(1) Observation of the surface behavior of
falling liquid film on inclined plates has been
made with the special attention to X« above which
no wave motion appeared. At X_ x> Wave inception
took place and wave motion progressed downstream
gradually losing their regularity.

(2) The location X% is analyzed based on the
integral equation of motion, and predictedrwith
Egqs.(4) and (7).

(i) The calculated values agree very well with
the observed values for films on both inclined
plates and vertical walls.

(ii) The films under the experimental conditions
are supercritical (Fr>1).

(iii) The analysis suggests that the wave incep-
tion is influenced by the shape of the film surface,
that is, by the thickness of film and its gradient
in the flow direction at the wave inception. It
may be considered that the balance of gravitational
force and surface tension plays an important role

in the wave inception.
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Nomenclature

C = core region depth

Ci = integral constant in Eq. (4)
Esp = specific energy

Esp* = Esp(g sine)lls/vz/3

Fr = Froude number

h = liquid film thickness

h, = h(g sine)l/3/,2/3

Q = u*h

R = radius of surface curvature
R, = R (g sine)l/s/vz/s

Re = 4Q/v

u = fluid velocity

U, = u/(vg sine)l/3

u = average fluid velocity

b = distance from entrance

Xy = x(g sine)lls/vz/3

z = hc—h°°

Zg = z(g sine)l/s/vz/s

o = parameter defined by Eq.(2)
8 = inclination of plate to horizon
v =-kinematic viscosity of liquid

[cm]

[-]

[cm]

[-]

[-]

[cm]

[-3
[cmz/sec]
[em]

-1

[-]
Icm/sec]
[-]
{cm/sec]
[cm]

- [-]
[cm]

I-]

[-]
[deg]

Icmz/sec]



shear stress

Ty = 1/p(vg sine)z/3
<Subscripts>

c = at wave incention

o = at entrance (x=0)

s = at air-liquid surface
w = at wall

at infinitive (x=«)’

.___.66 —

[g/cm-secz]

-1
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CHAPTER 5
SIMULTANEOUS MEASUREMENTS OF
THICKNESS AND LOCAL MASS TRANSFER RATE

IN RIPPLING ZONE

Abstract

It is well known that wave motion on falling
liquid films influences the mass transfer rates,
however, the previous reports were limited to the
time averaged values.

Simultaneous measurements of instantaneous
mass transfer rate and film thickness are made.
The relation of mass transfer rate to film thick-
ness shows a hysterisis, and a péék df mass trans-
fer rate precedes the corresponding one of film
thickneés, and the phase shift is estimated as 16%

of the period.
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Introduction

Falling liquid films have many applications in
industry, especially the rate of mass transfer is
essential for the design of many equipments.

Wave motions, which appear in downstream after the
position of wave inception on films, significantly

. 4
enhance mass transfer rates ).

Many studies on
mass transfer both through the gas-liquid and the
solid-liquid interfaces of wavy liquid flow under
various conditions, have been made experimentally
2,4,7,9,15) and theoretica11y1’5’6’10’12).
However, the investigations dealt with the time
averaged values.

Instantaneous measurements of local liquid-

3,14)

solid mass transfer and simultaneous measur-

ments of wave amplitude and local mean concentra-

11) and ones of wall shear stress and film

tion
thicknessg) have been previously reported.

Instantaneous film thickness and local liquid-
solid mass transfer rate have been measured

simultaneously. And the relations between them

will be discussed.
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1. Experimental Apparatus and Method

The test section was 25cm wide and 300cm long,
and the surface was almost entirely covered with a
nickel plate and inclined 9° to the horizon.
Measuring the electrical resistance between two
parallel nickel wires of 0.15mm in diameter and
1.8mm apart which pierced through the film as shown
in Fig. 1, the author obtained the instantaneous
film thickness.  An electrochemical technique,
the cathodic reduction of ferricyanide ions at
small nickel electrode, was used to measure the
local instantaﬂeous mass transfer rate. The
isolated cathode, 1mm in diameter, insulated from
the surrounding nickel plate, was located at 180cm
downstream from the liquid distributor. The
reliances of these techniques have been confirmed

by many worker53,8,13,14,15).

The experimentals
have been carries out in rippling zone in the range

of Re 400-~1200.
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2. Results and Discussion

It is difficult to define the periods both of

a wave motion and a mass transfer rate, as pointed

out by Tells and Duklerls) and Wragg and Einarsson
14). Typical measurements of k and h are shown
in Fig. 2. The shapes of these two waves are

very complicated and different each other.
Although the dependency of k on h is not so simple,
distinct time lag between peaks of k and h can be
seen for all runs.

Sets of k, and h, measured at the same time
are related with each other in Fig. 3, and circu-
late clock-Wisely showing a hysterisis. The
center and the shape of the circulation vary at
random with the individual wave.

Two dimensionless groups H and K are introduced

to unify the individual circle.

H = hmax* - hpins

= (1
h*
where
hy = hmin* * (hmax* B hmin*) /2
k - k. :
K = ‘max*® min# (2)
k*

— 73 —



l_]lTll]lllfIﬂ lTlﬂI

'3
D
§
) 10 g

(]

g S
S 3
< x

95

0 ]nnh;njnul:n
0 a3
t [secd

Fig. 2 Film thickness and 1liquid-solid mass

transfer coefficient

74 —



T T T T T T T 1]
10 =
E Kenax % Prrax x
~ _
-~ _
= hmin«- km/'n-x
7 Re =730
I _I
5 10
h, [T

Fig. 3 A circle of k; and h,



where

Ky = k (k

. + - )
min#* max* Kmln*) /2

H and K are correlated by the following equations
as shown in Fig. 4.

1.4%3 + 1073 - Re (3)

H

2.63 - 1074 + Re ()

X

An individual circle can be normalized in the form

of H. and K..
i i

hy
— -1
h*
H, = ———— (5)
H/?2
k*
— -1
Ky
K; = —— (6)
K/2
An  example 1is given in Fig. 5. If the circle

for each wave is expressed with phase shift B8, as

2 2 2 _
cos” 2mB8 - ZHiKi cos 2mwB - 1 + Hi + Ki =0 (7)

Then, B can be estimated by

cOS 2mBR =

S|
e~

2.2 2 2
L (H.K, X/HiKi - H{ - K{ *+ 1) (8)

Stainthorp and wild'!) measured the film thick-
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ness and local mean concentration simultaneously,
by use of an optical system, and observed the peak
of mean concentration leading the corresponding one
of physical wave. And they suggested a flow
pattern inside a wave, but further work will be

necessary.

Conclusion

(1) Instantaneous local mass transfer rate and
film thickness of falling liquid flow on an
inclined plate have been measured simultaneously.

(2) Instantaneous local mass transfer and film
thickness show a hysterisis.

(3) A distinct time lag between peaks of méss
transfer rate and film thickness has been obser-
ved, and the phase shift is estimated as 16% of

the period.
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Nomenclature

H = parameter defined by Eq. (1) [-]
H, = parameter defined by Eq.(5) [-1
h = film thickness | [cm]
h, =h (g sine)l/3 / v2/3 I-1
K = parameter defined by Eq. (2) 1-1
K, , = parameter defined by Eq.(6) T-1
k = local 1liquid-solid mass transfer coefficient
[cm/sec]
ky =X/(vg sine)/3 [-1
n = number of data
Re = Reynolds number (4Q/v) -]
B = phase shift defined by Eq.(7) 1-]
9 = inclination of plate to horizon Ideg]
v = kinematic viscosity of liquid [cmz/sec]
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1]

CHAPTER 6

SUMMARY

Surface behaviors of falling liquid films on

inclined plates have been observed in the range

of Re 400~20000.

(1)

(2)

(3)

The flow behavior is classified into three
zones, that is, calming, rippling and turbu-
lent zones.

"Calming zone" exists near the inlet and is
followed by '"rippling zone', which gradually
loses the regularity of shape of wave and
changes into '"turbulent zone'" in a film.

The length of calming zone varies complicated-
ly with Re and 6. For Re<2000 and Re>10000,
calming zone is very short. However, for

the intermediate range of Re, calming zone is
observed for long distance. In other words,

at a fixed point calming zone appears at
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higher Re than does rippling zone.

2] Velocity profile in calming zone has been
measured by use of the hydrogen bubble method
and it is found that
(1) the flow is laminar with the dragvof air at

liquid surface, in spite of 2000<Re<6000,
and

(2) the film thickness and flow rate estimated
by the velocity profile coincide with the
measurements.

3] A flow model in calming zone has been
confirmed by comparing the estimations of film
thickness with the measurements at a fixed point.
And the model has been utilized to calculate
the lengths of entrance and initial zones.

4] Based on the flow model, the critical posi-
tions of wave inception for films both on
vertical walls and inclined plates have been
successfully expressed.

(1) The length of calming zone increases with
increasing Re and then decreases, that is,
the length has a maximum at Re-~6000. And
at a fixed Re, the length increases as 0
decreases.

(2) Wave inception occurs in the developed zone
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without core region.
(3) The balance of gravitational force and
surface tension force, and the inlet condition
play a role in wave inception.
5] Simultaneous measurements of instantaneous
film thickness and local mass transfer rate in

rippling zone show a histerisis.
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Velocity Profile measurements

Re=2600
x=67cm
8=17.2°
T=24.0°C
P,1.=8.09ms

Re=3200
x=115cm
6=9.9°
T=26.0°C
P.1.=9.17ms

Re=3200

| x=67cm
6=17,2°
T=24.0°C
P.1.=6.23ms

ufem/sec] 32.5 52.1 68.6 78.7
y/h [-] 0.2 0.3 0.4 0.5
86.8 92.8 96.9 99.5 102
0.6 0.7 0.8 0.9 1.0
u 37.8 51.8 63.2 74.3
y/h | 0.2 0.3 0.4 0.5
83.2 88.2 90.3 92.5 93.2
0.6 0.7 0.8 0.9 1.0
u 44.8 64.0 77.4 89.3
y/h | 0.2 0.3 0.4 0.5
100 110 117 119 120
0.6 0.7 0.8 0.9 1.0
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(Velocity Profile)

Re=3500

x=67cm

6=7.4°
T=26.5°C

P.1.=9.18ms

Re=4000
x=67cm
6=7.4°
T=26.3°C

P.1.=6.15ms

Re=4000
x=67cm
6=7.4°
T=23.6°C
P.1.=5.40ms

ul[cm/sec] | 42.9 51.9 58.9 65.8

y/h [-] 0.2 0.3 0.4 0.5
73.3 80.4 85.4 87.0 87.1
0.6 0.7 0.8 0.9 1.0
u 44.7 56.6 64,0 74.3
y/h | 0.2 0.3 0.4 0.5
83.2 91.0 96.2 96.8 97.0
0.6 0.7 0.8 0.9 1.0
u 42.2 59.7 72.4 84.0
y/h{ 0.2 0.3 0.4 0.5
92.5 99.5 104 106 109
0.6 0.7 0.8 0.9 1.0
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Re=4000
x=67cm
6=7.4°
T=23.7°C
P.I1.=5.40ms

Re=4000
x=67cm
0=7.4°
T=23.8°C
P.I.=5.41ms

Re=4600
x=67cm
8=7.4°
T=23.6°C
P.1.=6.45ms

(Velocity Profile)

ufcm/sec] 43.5 60.0 72.3 84.2
y/h [-] 0.2 0.3 0.4 0.5
92.2 101 107 109 108

0.6 0.7 0.8 0.9 1.0
u 43.8 58.0 70.9 83.6

y/h | 0.2 0.3 0.4 0.5

94.1 103 107 109 108

0.6 0.7 0.8 0.9 1.0

u | 46.2 58.8 72.2 85.4

y/h | 0.2 0.3 0.4 0.5

90.7 96.2 108 109 110

1.0

0.6 0.7 0.8 0.9




Re=4700
x=67cm
0=7.4°
T=23.4°C

P.I.=5.40ms

Re=4900
x=67cm
0=7.4°
T=23.4°C
P.I.=5.40ms

Re=5000
x=67cm
6=7.4°
T=23.4°C
P.I.=5.40ms

(Velocity Profile)

u[cm/sec] 48.9 62.7 77.7 91.0

y/h [-] 0.2 0.3 0.4 0.5
103 110 116 119 121
0.6 0.7 0.8 0.9 .1.0
u 44.5 62.6 77.2 91.2
y/h | 0.2 0.3 0.4 0.5
103 110 115 118 117
0.6 0.7 0.8 0.9 1.0
u 46.6 63.7 79.5 92.5
y/h | 0.2 0.3 0.4 0.5
103 112 117 120 122
0.6 0.7 0.8 0.9 1.0
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(Velocity Profile)

Re=6100 ufcm/sec] 54,2 72.6 88.9 103

x=67cm y/h [-] 0.2 0.3 0.4 0.5

6=7.4°

T=22.9°C

P.I.=5.41ms 113 120 124 127 128
0.6 0.7 0.8 0.9 1.0
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(o]
o
~—t

Film Thickness by Pointer and Gauge ( 6=8.

Re-10"3[-]] 4.86 5.32 5.98 6.44 6.97 7.36
T [°C] | 14.3 14.4 14.4 14.5 14.6 14.7
h [mm] { 1.52 1.55 1.64 1.70 1.78 1.81

7.70 8.14 8.49 6.81 7.83 8.50 9.11 9.72
14.7 14.8 14.8 15.1 15.1 15.2 15.3 15.4
1.87 1.91 1.97 1.86 1.97 2.12 2.38 2.88

10.3 11.0 11.7 12.2 12.7 12.2 3.22 3.04
15.5 15.6 15.7 15.7 15.8 14.2 11.9 12.0

2.99 3.35 3.46 3.51 3.60 3.64 1.39 1.35

2.80 2.57 2.35 2.14 0.70 0.67 0.64 0.57
12.0 12.1 12.2 12.3 15.2 15.4 15.4 15.4
1.33 1.27 1.22 1.21 0.78 0.78 0.71 0.65

0.44 0.38 0.31 0.66 0.50 0.45 0.42 0.36
15.6 15.7 15.7 17.5 15.6 17.7 17.7 17.8
0.57 0.57 0.49 0.74 0.62 0.58 0.57 0.53
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(Thickness)

Re-1075[-]1] 0.30 0.26 22.1 20.2 18.1 16.3

T [°c]1| 17.8 17.8 15.1 15.1 15.3 15.4

h [mm]] 0.49 0.45 4.91 4.77 4.50 4.32
14.3 12.4 11.3 10.1 8.74 8.19 7.54 5.74
15.4 15.4 15.5 15.6 15.7 15.7 15.7 15.8
4.01 3.78 3.67 3.43 3.21 2.89 2.22 1.66
4.14 2.58 21.3 20.1 19.0 18.0 16.8 15.8
15.8 15.9 13.9 14.0 14.1 14.3 14.3 14.4
1.47 1.28 5.06 4.80 4.68 4.57 4.43 4.27
14.3 13.1 11.9 11.1 9.63 8.42 7.57 5.38
14.3 14.5 14.5 14.6 14.7 14.7 14.8 14.8
4.07 3.85 3.75 3.59 2.43 3.17 2.31 1.66
3.12 7.88 7.33 6.95 6.65 6.23 5.63 5.22
14.9 11.2 11.4 11.4 11.5 11.6 11.6 11.7
1.34 1.88 1.83 1.75 1.74 1.67 1.62 1.57




(Thickness)

Re+10 °[-]1 | 4.69 4.20 3.68 3.47 0.51 0.45

T (°c]{11.7 11.8 11.8 11.9 16.4 16.5

h [mm] {1.52 1.47 1.43 1.40 0.66 0.63
0.40 0.34 0.30 0.23 0.15 0.62 0.28 0.21
16.6 16.6 16.6 16.6 16.7 14.3 14.8 14.8
0.59 0.57 0.52 0.49 0.44 0.76 0.58 0.51
8.56 7.88 7.14 6.49 6.04 4.97 4.31 3.45
16.9 16.9 17.0 17.0 17.0 17.1 17.1 17.1
1.99 1.85 1.73 1.65 1.62 1.49 1.43 1.33
3.01 2.49 11.4 10.6 10.1 9.45 8.68 8.09
17.1 17.1 14.5 14.6 14.7 14.8 14.9 14.9
1.30 1.24 3.62 3.50 3.45 3.25 2.87 2.51

7.42 6.97
14.9 15.0
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Positions of Wave Inception X

Inclination angle of the plate 6=9°

Re-107°[-1 0.2 0.3 0.4 0.5 0.6 0.7
x_ [em]{10 15 15 25 30 30
T [°C] |23.5 24 24 24 24 24

0.8 0.9 1.0 1.5 2.0 2.5 3.0 3.5
35 40 40 60 60 85 100 105
24 24 24 42 25 25 25 25

4.0 4.5

(#2}
.
o]

5.5 6.0 6.5 7.0 7.5
105 115 110 130 130 115 110 110
25.5 25.5 25.5 26 26 26 26 26

8.0 8.5 9.0 9.5 10.0 12.0
105 100 110 115 80 60
26 26 27 27 27 27
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(o)

8=33 (Wave Inception xc)
Re-1073(-] [0.s 0.6 0.7 0.8 0.9 1.0
X [cm] |20 20 25 30 30 30
T [°c1]27 27 27 27 27 27
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
40 55 60 60 60 60 60 60
27 27 27 27 27 27 27 27
5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0
60 60 55 60 60 60 60 60
27 25.5 25.5 25.5 24.5 24.5 24.5 24.5
9.5 10.0 12.0 Re-10 °{1.5 2.0
50 50 40 6=52° x_ |50 60
24.5 24.5 23 T 18.5 18
2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
60 65 60 60 60 60 55 55
18.5 19 20 20 20 20 20 20




(e=52°) (Wave Inception xc)

6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0
55 55 60 55 50 50 50 50
20 20 20 20 21 21 21 21

12.0
30
21




Falling Liquid used

2

K,Fe(CN) ¢ 2.0-10 “ mol/1, NaOH 1.0mol/1

3

KSFe(CN)6 5.9:10 ° mol/1

density 1.06 gr/cms, temperature 25.3°¢

viscosity 1.1-10'2poise

diffusion coefficient 6.8-10 %cm?/sec
Re=410 (Instantaneous h and k)

t[sec] 0 0.02 0.04 0.06 0.08
h-10'2[cm] 3.4 3.4 3,0 3.0 3.2
k-10 *[cm/sec] | 8.89 8.89 8.94 8.94 9.04
0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24
3.2 3.0 3.8 4.1 5.4 5.8 5.4 5.1
9.15 9.26 9.36 9.58 9.47 9.15 8.94 §.94

0.26 0.28 0.30 0.32 0.34 0.36

8.83 8.94 8.94 8.94 8.94 8.94




Re=550 (Instantaneous h and k)

t[sec] 0 0.02 0.04 0.06 0.08
h-10"2[cm] 4.3 3.8 3.8 3.7 3.4
x-10"*[cm/sec] 9.26 9.29 9.29 9.36 9.52

60.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24

3.4 5.0 8.5 10.4 9.7 8.2 7.5 6.8

9.55 10.2 10.4 10.2 9.69 9.32. 9.23 09.29
0.26 0.28 0.30 0.32 0.34 0.36
5.9 5.2 4.4 3.7 3.7 3.7
9.19 9.19 9.19 9.17 9.17 9.14
0 0.02 0.04 0.06 0.08

Re=610 { h-10"2 {5.1 5.0 5.0 5.0 5.1

k-10 11.7 11.7 11.9 12.4 12.8

0.10 0.12 0.14 0.16‘ 0.18° 0.20 0.22 0.24
7.8 10.4 11.4 11.4 11.0 9.7 8.5 7.8
13.3 13.4 12.7 12.4 12.3 12.2 11.9 11.8




(Instantaneous h and k)

0.26 0.28 0.30
6.7 5.8 5.1
11.7 11.7 11.7
t[sec] 0 0.02 0.04
Re=730 | h-10 *[cm] 4.1 3.6 3.8
k-10 %[cm/sec] | 9.2  9.31 9.41
0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
3.0 2.8 4.9 8.0 8.3 8.5 8.3 8.0
9.69 10.2 10.7 10.2 10.1 9.70 9.56 9.46
0.22 0.24 0.26 0.28 0.30 0.32 0.34 0.36
7.8 7.2 7.0 6.2 5.8 5.3 4.4 4.2
9.40 9.31 9.21 9.14 9.11 9.14 9.14 9.20
0 0.02 0.04° 0.06 0.08 0.10
Re=840 | 6.7 5.4 5.1 4.5 3.8 3.8
11.0 11.0 11.1 11.1 11.1 11.1
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(Instantaneous h and k)

12.9

0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26
3.6 3.8 3.6 3.6 10.1 14.6 16.7 17.2
11.3 11.5 12.0 12.8 13.4 12.5 12.3 12.2
0.28 8.30 0.32 0.34 0.36 0.38 0.40 0.42
18.0 19.7 20.6 20.6 18.2 16.3 14.7 12.2
12.3 12.3 11.9 11.8 11.6 11.1 10.8 10.8
0.44 t[sec] 0 0.02
10.4 Re=1040 | h-10"%[cm] 9.7 8.2

11.1 k-10"4[em/sec] | 10.7 10.7
0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
7.5 6.7 6.2 5.4 5.1 4.7 4.7 4.5

11.1 11.2 11.3 11.5 11.5 11.5 11.5 11.8
0.20 0.22 0.24 0.26 0.28 0.30 0.32 0.34
4.5 4.5 14.5 18.5 20.1 20.6 18.9 17.6
12.2 12.4 13.3 12.5 12.2 11.8 11.6
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(Instantaneous h and k)

0.36 0.38 0.40 0.42
16.7 15.0 12.1 10.4
11.7 11.2 10.9 10.8

t{sec] 0 0.02 0.04

Re=1250 h-1o'2[cm] 12.1 10.8 9.6
k.10 *[em/sec] | 9.4 9.7 9.8

Q.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
8.6 7.4; 7.6 11.7 17.0 20.3 21.7 21.5
10.3 10.5 11.2 12.6 11.3 10.9 10.4 10.1
0.22 0.24 0.26 0.28 0.30 0.32 0.34 0.36
20.2 18.3 16.6 14.7 12.7 11.2 9.3 8.1
9.6 9.5 9.3 9.3 9.5 9.4 9.4 9.3
0.38 0.40 0.42 0.44
7.4 6.5 5.7 5.2
9.3 9.5 9.7 9.7
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