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SYNOPSIS

Two types of turbulence, an uniform flow and a wake flow behind
a vertical cylinder, were measured in an open channel and a closed
duct in order to study the dynamical effect of the free surface.
Visualization technique was also utilized to observe the organized
structure of turbulence. Applicability of the k-&¢ model was
examined. Followings were concluded: 1) A conventional symmetrical
boundary condition 1is inapplicable at the free surface of the open
channel. 2) The wake in the open channel is decayed at the shorter
distance and the structure of the wall turbulence in the open channel
is quickly recovered. .

1. INTRODUCTION

Open channel flow 1is characterized by the existence of the
free surface. The boundary conditions at the free surface may be
given as the dynamic conditions of the shear free and of the constant
pressure. In the case of the uniform flow, the former condition
is formulated macroscopically by zero value of velocity gradient
at the free surface and the latter is satisfied implicitly through
the uniformity of flow. Those facts conclude that open channel
flow with the uniform depth h is dynamically equivalent to
closed duct flow with thickness 2h and that the condition of the
symmetry flow structure at the center line in closed duct flow 1is a
dynamical counterpart at the free surface in open channel flow.

This simplified boundary condition, however, can not be
apply directly to the free surface when we discuss the flow
structure in detail near the free surface. Especially, the

turbulent structure near the free surface can not be guessed from
the analogy of that near the center line of the closed duct flow.
This is because that the dynamical free surface condition must be
satisfied not macroscopically but 1in every moment. This fact
allows the existence as surface gravity waves. The large structure
of turbulence like the organized structure of turbulence near the
free surface would not be reflected at the free surface so that
the symmetrical boundary condition should be satisfied but transfers
a part of its energy to the surface wave when it reaches at the
free surface. Some researchers (1) tried to explain this by
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introducing a coefficient of decay constant in the turbulence model
but its mechanism is rather complicated.

The aim of this paper is to investigate the dynamical effect at
the free surface experimentally. The turbulent structure 1In open
channel flow is compared with that in closed duct flow in order to
study the difference between the free surface and the symmetry line
of closed duct flow. Two types of turbulence, was the turbulence of
uniform flow and the other is wake flow behind the vertical circular
cylinder placed in the uniform flow, were measured. The
applicability of the k-& model 1is also discussed for uniform flow.

2. EXPERIMENTAL APPARATUS'AND PROCEDURES
2.1 Hydraulic conditions

A series of experiments were carried out by using a circulating
water flume with the rectangular cross section which enable us
to make both open channel flow and closed duct flow. The flume
used for these experiments was 10.0m length, 0.36m width and
0.06m depth with 1/200 slope (Figure 1). The side walls and the
bottom were of transparent acrylic plates. Water was straightenned
by a run-up area, which was made by straightenning vanes and

honeycomb filters. Depth was adjusted by the moving gate at
downstream in the case of open channel flow. The measuring
section was located 5.0m

from the upper end and the 1 Pressure Gages o Molodestor _Stralghtentng vare,
center of the span. TN Eq I &
Measurements were carried 2 11 | .m}
out in two types of the | T ulnl i Lol

turbulence of same Reynolds s el aletbld Tale e e a1t Honeycosh
number. One was uniform s

vane’ o e e rtical T et bl et
cylinder($=3.2mm) placed at

45cm up from the measuring % | L | [!H'i
point. The coordinate was

defined that x axis was bom, Streat b Strem
longitudinal, ¥y axis was

vertical, and =z - axis was .

span. Figure 1 Laboratory flume

" Table 1 shows hydraulic conditions of present experiments, ho
is the depth in the case of open channel flow and is the half of
depth in the case of duct flow.

Table 1 Hydraulic Conditions

Case Status ho R Umax Uo U= Re Fr
e (cm) (cm) (cm/s) (cm/s) (cm/s) x10%
1 Open/Uniform||2.15 1.92 81.38 69.56 3.63 5.3 1.52
2 Duct/Uniform||3.00 2.57 75.34 75.34 3.72 5.4 1.61
3 Open/Wake 2.00 1.80 57.15 b57.15 3.51 5.9 1.38
4 Duct/Wake 3.00 2.57 62.60 62.20 3.72 6.4 1.24
1 ho 4UoR Uo
Uo= ho Jo Udy , Re = vl Fr-‘ ek

R:Hydraulic radius
2.2 Velocity measurement

'The ‘vélocity was measured by a two component type Laser
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Doppler Velocimeter (Argon gas laser:A=632.8nm, 15mW max power) of
the forward scattering system. A laser beam was polarized into two
components, one is horizontal and the other is vertical. Each beam
was splitted into two parallel beams, and one of parallel beams was
shifted in frequency. The receiving optics was so set up that is
opposite to the transmitting optics and right to the water flume.

Burst signals from a photodetector were transformed to digital
data by the analog digital converter. A lock-detector signal was
measured together with the burst signal. Those data were recorded
onto the flexible disk. The horizontal and  vertical data were
independently measured. Each component data was checked by the lock-
detector signal, and some averaged values were calculated with the
only checked one. The number of averages was over 86000 and
sampling 1interval was 0.01 sec. This process carried out by a
personal computer (NEC:PC-9801 series).

2.3 Visualization technique

The  fluorescent dye injection method was used in order to
visualize the large organized structure of turbulence in outer
region. Solutions of Methylene Blue and Sudan  III were used as the
tracer. They were injected with a constant velocity into open
channel flow through a small pore drilled on ~the bottom, and
on the upper and lower wall in the the case of closed duct flow.
The pores - were located at the center of the span and 45cm  up
the measuring point. The results of the observation were recorded
by the 35mm still camera and the 1/2" VTR camera. The VTR images
were analyzed through a visual management system (Tohoku Univ.:
Image System for On-line Processing).

3. VISUALIZATION
3.1 Open channel flow

Plates 1 to 4 show a series of pictures, recorded by VTR
camera and processed by ISOP (Image System for On-line Processing
Tohoku Univ.), with the time interval 1/30sec. Hydraulic
condition is CASE 1 in Table 1. The wide black arrow, at the left
side of each plates, represents the flow direction. The white part
is the tracer and the narrow black arrow indicates the position of
the organized structure of turbulence occurred.

The organized structure of turbulence occurs and the tracer
begins to 1ift at the right side (Plate 1). The organized
structure of turbulence reaches to the free surface (Plate
2). Tracer is restrained by the only free surface and the
organized structure of turbulence flows away (Plate 3). The
organized structure of turbulence breaks wup and disperses into the
surrounding fluids (Plate 4).

3.2 Closed duct flow

Plates 5 to 8 show the phenomenon observed in the case of
closed duct flow. Hydraulic condition is CASE 2 in Table 1. The
black part is the tracer and the white arrow indicates the position
of the organized structure of turbulence occurred. At the right
hand side, the organized structure of turbulence occurred at either
walls grows and moves to the center of duct (Plate 5). = The both
organized structure of turbulence 1Interacts at the center and flow
away (Plate 6 to 8). The organized structure of turbulence from the
bottom is influenced by one from the upper wall in closed duct
flow. On  the other hand, the organized structure observed in
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open channel flow is not reflected at the free surface and disperses
along the free surface, because the free surface can propagate

disturbance in a form of free surface waves.

Plate 1 ' " Plate 2

Plate 3 ‘ Plate 4

Plate 1~4 the organized structure of turbulence motions
development in the open channel.(Re=5.3x10%)

Plate 7 k k Platei8

Plate 5~8 the organized structure of turbulence motions
: development in the closed duct.(Re=5.4x10%)
4. MEAN VELOCITY AND TURBULENCE CHARACTERISTICS

4.1 Uniform Tlow
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[1] Mean velocity

Figure 2 shows the mean wvelocity distribution of U versus
yv/ho(0<y/ho<l1). The broken line indicates the log-law.

u_ _ 1, Y -

UL Tk In{U V)+5.5, ©=0.41

The solid 1line 1is log-wake 1law, applied at the outer region
(y/h>0.15).

U 1., 21 w
.4

= = 2,y
(i Iny + A + - sin (2 h)

where II. is Cole's coefficient, and (mwe
0=0.1,0.2,0.3 is drawn in Figure 2. 80
In the case of open channel flow, O open
the mean velocity distributes on @® closed
the log-law in the all region from
the bottom to the free surface.
The maximum velocity point is
located at y/ho=1.0, because  the
width of the channel is large
enough (B/ho=13.0) to neglect the
influence of the side wall. On the
other hand, 1in the case of the
closed duct, the distribution
follows the log-law in the region
of y/ho<0.8, the difference from
the log-law becomes appreciable in
the region y/ho>0.8 , and the
velocity gradient approaches Zero
at the center line. It is found that 60 b
the closed duct is controlled by
the influence from both upper
boundary and bottom, the flow
structure in open channel flow 1is
controlled only from the bottom.

i1=0.3

10+

50

[2] Turbulent stress ! 3 ot
Vhe
Figure 3 shows the turbulent ;
stress profile (uu,vv). The vertical Figure 2 Velocity profile
turbulent stress (vv) distributes rather uniformly from

y/ho=0.3 to y/ho=1 in either flow. The horizontal turbulent stress
(Wu) decreases as y/ho increases from y/ho=0.2~0.3 to y/ho=1, and
the value in open channel flow 1s larger than that in the closed
duct. The distribution, is both uu and vv, of closed duct flow is
roughly correspond with the result confirmed by some researcher. The
distribution of the horizontal turbulent stress uu is conspicuously
decreased, but one of the vertical turbulent stress vv is not
declined larger than the horizontal turbulent stress uu.
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[3] Numerical calculation

The applicability of k-¢ was Lor ) O oen (a)
examined for open channel flow. $ 8y ¢ Closestun
0.8+ A open (w)
A closed(vw)
(1) Equations y o6
The following  three equations ho oar %y $0
were solved by the finite difference N I
method through the Crank-Nicholson o
scheme. The grid mesh was dy=0.1lcm &%' : ll et
and dt=0.01lsec. Egs. 1, 2 and 3 were . o 20 30
calculated as  the initial value Jiu/u, JVW/U,
problem. The convergent result was
solved as the steady solution. Figure 3 Turbulent stress

Table 2 shows the value of constants appeared in Egs. 1, 2 and 3.

U _ . 8 .., 38U

s gesing + ay(vtay) ; (1)
ok L 3 vy 0k

2t = Vt(ay) - & + Sy(ok ay) (2)

e _ d_y2 &2, _8.vg 3¢ '
t = C¢,"Cy k(zzg)® - Co 3y * Sy(o8 2y (3)

Table 2 Constant Number
Cﬂ» 081 682 ok Oc

0.0911.44 |1.92 1.0 1.3

(2) Initial conditions

The first grid point is indicated by the subscript 's’ in
Egqs. 4 and 5 which is located at Y+=50 (Y+=YUs=/v). The
measured value of the velocity distribution was used for the
initial condition. The initial distribution of the turbulent
energy and the energy dissipation rate were assumed uniform with the
value shown by Egs. 4 and 5.

Xs . - 3.33 , (4)

U, JCu : s
‘U*3

s T ®yg (5)

(3) Boundary condition

Firstly, the symmetrical condition at the center of the

closed duct was examined. This condition was shown to Eq. 6,
called a symmetric condition. It was applied to open channel
flows. Secondly, an another boundary condition was applied. It was

a simple model, called a free end condition at the cantilever, shown
by Eq. 7.

3U _ 8k _ Be_
5y = 3y - 2y 0 (8)
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3%y _ 8k _ 3e _
ay2 -0 B3y Ty -0 (7)

Figure 4 shows the comparison
between  the calculation and the
measured values of the mean velocity eq. O open ©48
distribution. The solid line 1is the ® closed L gq7
calculation of the one dimensional k-¢ (113
model. In the case of closed duct
flow using the symmetric condition, it
distributes on the log-law from the ¥y
bottom to the center. And it 1is o
satisfied with the symmetric 7] =
condition. In open channel flows, it
also distributes from the bottom to
y/ho= around 0.8, but the calculation
is different from measurements in
the region of y/ho>0.8, and the o8 : :  — o s
symmetric boundary condition is e 9 1e i
inapplicable to the free surface. In - U/lo
other words, the free end condition : .
is useful in open channel flow. Figure 4 Velocity profile

[ 24

[4] Turbulent energy k u-,s s 8

Figure 5 shows the distribution
of the turbulent energy k/Us? _which
is evaluated by k=1.5+(u2+v2)/2,

because of lack of the span wise y 8sr \

turbulence w. The symmetric boundary — K

condition gives good agreement, the hou'

measurement in closed duct flow. On %\

the other hand, the free end condition .

gives  better results than the err

symmetric condition.. However it

should be noted that the measurement 58 . s 1 4 . s
shows the smaller value near the s ' : 2 2 3 ¢
free surface which phenomena fact can k/Ug

not be included in the model. Figure 5 Kinematic energy
[5] Dissipation ratio 1

eq.6

Figure 86 shows the distribution of
the turbulent dissipation ratio
e+ho/Us?, Using the symmetrical
condition gives good agreement with y ®r ¢
the measurement in the duct flow, but
the agreement 1is not so good in the sk i

gl

case of open channel flow. In the ..
case of the free end condition, a } e
good agreement is obtained. But the 2

measurement reduces near the free ‘ ,
surface, and the free end condition « L . - ¢ s

is not able to  displayed  this oo 'dl}ug L
tendency in the same case of the 0/Vs
turbulent energy. ‘ Figure 6 Dissipation ratio

4.2 Wake flow

In the case of setting the vertical cylinder~ih the uniform flow, the
standing waves are remarkably generated in the wake of open channel
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flow. It 1is expected that the turbulent structure of the open
channel flow is considerably different from one of the closed duct
flow.

Horizontal turbulent stress

Figure 7 shows some example of wr ex o
measurements of the horizontal ¥ é)
turbulent stress profile. The
hydraulic condition CASE 3 and CASE 4 - q‘
in Table 1. The vertical
cylinder(®=3.2cm) 1is placed up 45cm ?9
from the measuring point at center of y ia
S;

[open]
uniform
wake(X=20cm)
wake(X=50cm)
[closed]
uniform
wake(X=50cm)

P@® OO

the flume. In the case of closed ..
duct flow, it reduces toward the ho &
center line in the  uniform flow. It A? o 4
is recognized characteristics of wake 4 tb 4
that it distributes - uniform  from 3 &
y/ho=0 to y/ho=1 in the wake flow. On o®
the other hand, in the case of open
channel flow, the horizontal turbulent pet
stress decreases toward the free —_— sy
surface in the uniform flow. In the
case of wake flow, its distribution Figure 7 Turbulent stress (uu)
for x=20cm is about constant from the

wall to the free surface, and for = urg

x=50cm  distributes uniformly near the {oper]
free surface and its distribution O uniforn
decreases with the increase of y/ho in éxﬁ&gg;
the region of y/ho<0.5. The wake in [closed]
the open channel is faster to decay @ uniform
than one in the duct, and so that the y |f& A sake(X=50cx)
structure of the wall turbulence o .
quickly recovers in the case of open
channel flow.
Vertical turbulent stress

Figure 8 shows the vertical -8 : : : : !
turbulent stress profile. In the ¢ 0w ® B W H
case of the uniform flow and of the v o
wake flow except the duct, it Figure 8 Turbulent stress (vv)

distributes uniformly. In the case of the duct in the wake flow, it
increases toward the center of the duct.

5. CONCLUSION

It is found that the following difference at the mean velocity
and the turbulent stress distribution between open channel flow and
closed duct flow.

(1)In the mean velocity distribution, the conventional symmetrical
boundary condition in closed duct flow is inapplicable at the free
surface in open channel flow.

(2)The free surface restricts the turbulent energy.

(3)The wake in the open channel is faster to decay than in the duct,
and the structure of the wall turbulence, in open channel flow,
recovers quickly. . ;
(4)The large scale motion of turbulence from the either boundaries
is interacted each other at the center of the duct. The turbulent
structure of open channel flow, on the other hand, is different from
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one of closed duct flow, because the large scale motion of turbulence
from the bottom is not reflected at the free surface.
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APPENDIX - NOTATION

The following symbols are used in this paper:

ho : = Depth of flow;

k = Turbulent energy;

suffix s’ = First point grid;

u, v, w = Turbulent intensity in the x, y and z direction
respectively;

X, ¥, Z = Streamwise, vertical and spanwise direction,
respectively;

Fr= o = Froude number;

Ygho

R = Hydraulic Radius;

Re= Qg%g_ = Reynolds number;

U = Local mean velocity in the x direction;

Umax = Maximum mean velocity;

Uo = Mean bulk velocity;

Uy = Friction velocity;

= Dissipation rate of turbulence;

= Von Karman's constant;

= Kinematic viscosity of water; and
v = Kinematic eddy viscosity.
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