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ABSTRACT

The study investigates mean velocity distribution of uniform turbulent flows over
smooth channel beds and compares these profiles with certain available models.
Experiment results show that velocity profiles can be estimated by certain theoretical
models provided that some parameters are approximated and flow conditions are
defined. The theory that some models are universal and can be used for all types of
flows in the general sense can not stand.

KEYWORDS: Open channel; Velocity profiles; Velocity distribution; Velocity
components; Shear velocity; Smooth beds.

INTRODUCTION

Real fluids are usually classified into two categories of laminar flow and turbulent
flow. Almost all geophysical (natural) flows are turbulent which in nature occur in
rivers, lakes, estuaries and oceans. Almost all the flows in man-made hydraulic
structures, such as spillways, weirs, convergence channel, irrigation networks, water
supplies, sewers, harbours and fluvial works are turbulent.

Velocity profiles resulting from turbulent flow over plane structures are of great
interest to the engineer. It is the mean (time averaged) velocity distribution near the
planes which governs shear stress on the bottom. Bottom roughness, bulk fluid velocity
and fluid properties such as viscosity and density are the primary factors which regulate
the resultant velocity variation.

The many studies of open-channel flows indicate that, like boundary layers and
closed channel flows, open channel flows also consist of two regions, a near wall
region, and an outer region near the free surface. For two-dimensional open channel
flows, the near-wall region is controlled by the inner variables, namely the kinematic
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viscosity,v, and the friction velocity, /.. Figure (1) shows a sub-division of the open-

channel field. The features of the near-wall region are virtually the same as those
observed in the boundary layers and closed-channel flows, as pointed out by Coles
(1978). On the other hand, the outer region is controlled by the flow depth, h, and
maximum main stream velocity, Umax.

The flow in natural streams and in rectangular channels of finite aspect ratio, b/h
(in which b = width; h = the depth of flow), is distorted by lateral diffusion of
vorticity from the channel sidewalls and transverse circulations generated by secondary
currents. The resulting velocity distribution can then be closely predicts, if it can be
predicted at all, only by means of numerical integration of the three dimensional
equations governing the fluid motion, Deardorff (1970) and others. There are, however,
practical situations involving channels and conduits where the sidewall effect and
secondary currents, though present, are too weak to cause pronounced distortion, and in
these situations the involved computational procedures used in the studies previously
mentioned can be replaced by simpler methods. The theoretical investigations of Prandtl
(1933) and Von Karman (1930) on flow through pipes, and experimental studies of
Nikuradse (1933) have led to rational formulas for velocity distribution and hydraulic
resistance for turbulent flows over flat plates and circular pipes. These formulas have
been extended to open channel flows. Although there are some general similarities
between the pipe flow and the open-channels flow, certain factors such as the presence
of a free surface, three dimensional nature of flow due to non-circular cross-section of
the channel, and non-uniform distribution of sheer along the wetted perimeter,
distinguish open-channel flow from pipe flow
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Figure 1: Sub-division of the open-channel field, Nezu and Nakagawa (1993)

THEORY OF TWO-DIMENSIONAL VELOCITY

As shown in Figure (2), U, V, and W denote the components of mean velocity; u,
v, and w denote the fluctuations and u’, v’, and w’ denote the r.m.s. values, i.e.,
turbulent intensities, in the x-direction( stream wise with the origin at the channel
entrance), y-direction (vertical wise with the origin at the channel bed), and z-direction
(span wise with the origin at the channel center), respectively. The continuity and
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Reynolds equations derived from the Navier-Stokes equations, for steady, two-
dimensional (2-D) open-channel flows are as follows; Nezu and Nakagawa (1993):
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Figure 2: Coordinate system in open-channel flows

where P is the mean pressure, p the fluid density, g the gravitational acceleration, v
kinematic viscosity, and 6 the angle of channel slope to the horizontal axis. The symbol
V? denotes the Laplacian operator. In uniform open-channel flow, for which V =0

and ;—x = 0, equation (3) can be integrated in the y-directional as follows:
E ={h—vylgcosf + {11: -v) @)

where h is the flow depth. The quantity of v is the magnitude of the vertical fluctuation

at the water surface; it reduces to zero due to the existence of the free surface (free of
shear, free of turbulence). The first term on the right hand side of Equation (4) is the
hydrostatic pressure distribution; the second term indicates the contribution of
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turbulence to the mean pressure . A combination of Equations (2) and (4), after

integration, leads to

iE—Aa_v—lrz—f=U.:(1 —%; ®)

== ) - i
— = U = gh{sin8 cos@ﬁ} = ghl, (6)

. dh
where U. is the friction velocity and 1. is the energy gradient, i.e. I, = sinf# — cos@ =

Equation (5) indicates that the total shear stress t varies linearly from the value 1, at the

bed (v = 0) to zero at the free surface (¥ = h).

FLOW FIELD IN OPEN CHANNEL

In bounded shear flow, fully developed turbulent shear layers consist of inner and
outer regions Cebeci and Smith (1979); Coleman and Alonso (1983). The upper limit
of the boundary influence, on the top of the boundary layer, is at the time location of the
maximum velocity displayed by the local velocity profile.
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Figure 3: The zones and regions of bounded shear flow, Coleman and Alonso (1983)

Within the boundary layer thickness, the bounded shear flow can be divided as
shown in Figure (3) into the outer, or wake region, and an inner or wall region. Above
the boundary layer top is the free stream zone. Figure (3) is a non-dimensional plot in
which the local velocity U, at a distance Y from the boundary, is normalized by the
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boundary shear velocity g — [%/p to give the similitude term U" =—, and Y is

u + LT!_"-
normalized with viscous length 7~ to give the dimensionless Y- coordinate Y7 = K

THE OUTER REGION (CORE LAYER)

The flow in this region is influenced by the constrain of the entire periphery of the
channel geometry in case of flow through channels. This layer is controlled by the flow
depth and the maximum velocity, Umax, and it extends up to the free surface of flows
through open-channels. The distinction between the turbulent flow in the inner region
and that in the outer region stems from the fact that the turbulence in the inner region is
directly influenced by the wall, whereas it is not in the outer region, through there is still
some interaction between the two regions.

FRICTION VELOCITY

Detailed investigation of turbulent flow in open-channel flow requires accurate
evaluation of the friction velocity Ux. This parameter is the most fundamental velocity
scale with which to normalize mean velocity and turbulence. The friction velocity can
be determined by various methods such as using Reynolds stress distribution uv (y), in
conjunction with equation (5).

SMOOTH BED MEAN VELOCITY PROFILES

In the two-dimensional analysis of fluid flows, the mean velocity distribution in
the plane perpendicular to the solid boundary is of great interest to engineers. A number
of analytical investigators (Willis 1972, Song and Yang 1979, Still 1982, Coleman and
Alanso 1983, Vendula and Achanta 1985; Willis 1985) and experimental investigators
(Kamphius 1974, Bayazit 1976, Zippe and Graf 1983, Sarma et al. 1983, Kirkgoz 1989,
Ferro and Baiamonte 1994, Song et al. 1994, Xinyu et al. 1995) have sought to
determine the vertical distribution of velocities for turbulence shear layers on both
smooth and rough surfaces.

THE LAW OF THE WALL
gt =yt for Y7 << B (viscous sub layerformula) )
u* =%]n(_?"'_"j + A for BE£Y*<Re, (loglaw formula) ®

where x is the von-Karman constant ( x = 0.400 — 0.412) and A is a constant of integration
(A= 49— 7.0)andB is a damping factor (8 = 2€)

U h
Reg = —
v
THE VELOCITY DEFECT LAW
Ut =ZIn(y") + 4+ wly/h) o

for the outer region velocity distribution. @(y/h) is a wake function given empirically
by Coles (1956)
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wiyin) =2

E =

Ein‘j[%j (10)

where I1 is Coles’ wake strength parameter.
Equation (9) & (10) yield:

Upae =U* = =1In(7/; ) + T eos? () (1
In which

- U!"ﬂﬂx
Unax = U,

Since the velocity distribution is determined over the whole flow depth by the log-wake
law, the bulk mean velocity U,, and friction law are obtained as:

V27C, = Zn(Re J27C, )+ (4 —2) += (12)

T

¢, m2 {-’_)' is the friction coefficient, and Re = Im”® s the Reynolds number based

on the bulk mean velocity U,, and flow depth h. For smooth bed inner region x = 0.41
& A =5.29 Nezu and Rodi (1986).

Coleman and Alonso (1983) gave a multiple-zone model, equation (13), of
velocity distribution throughout the complete inner and outer regions of smooth and
rough open channel flows provided that k™ <2 2000

T

=¥ 'z;‘{r. + {1 + (20t + AcH)]P[1 — exp (Z2= )]} "%dr‘- + (:—_} (1-%)+
) -2

Where ¢ " is a dummy variable and
AT = _'%.L— = dimensionless boundary layer thickness = h,

&

If a standard value of x such as 0.41 is used, the model requires independent prediction

(13)

of the parameters A™,k, and n in order to have practical use.

At* =09 [(k) 2 —k;exp b)] (14)

k,; = dimensionless equivalent sand roughness

EXPERIMENTAL SETUP AND PROCEDURE

The experiments were performed in 5.5 m long, 0.25 x 0.25 m cross section glass
walled flume with an adjustable bed slope, see Figure (4). The channel bed was used
directly for the smooth bed experiments. For all tests, water at room temperature was
the fluid media and the flow was steady uniform. All flow velocities were measured at
mid-verticals of the flow cross-section, where the flow supposed to be least affected by
three dimensionalities. Velocity components were measured by the Laser-Doppler
Anemometry (LDA) system. Two flow regimes were utilized, the normal (uniform)
flow regime for which the flow surface draws down in the downstream direction, and
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the back water flow regime where the flow surface was kept horizontal by some kind of
weir located at the outlet end of the flume. The aspect ratio (i.e., the width-to-depth
ratio) of flow varied between 2.27 and 16.13.

Some details of the tests are summarized in Table (1) , in which q is the unit
discharge of flow; 4 is the flow depth R;, in the hydraulic radius of the flow cross-

section; U, is the bulk mean velocity of flow; b/h is the flow aspect ratio; Fr = (‘—"_;]
= W

is the flow Froude numbers; R, = (%) is the Reynolds number; Y is the shear
velocity calculated from the energy grade line, 7/ is the friction velocity from the
measured Reynolds-stress profile; #7'® is the shear velocity determined from the log-
distribution ¥~ = %!H{F*J +A with k =040 and A =55 ; U™ is the shear

velocity determined to fit linear velocity distribution in the vicinity of smooth wall
(viscons sublayer),
ut=v*

Figure 4: Experimental equipment, schematic diagram

RESULTS AND DISCUSSIONS
The results of the test described in Table (1) are presented in Figures (5) to (10).
Figure (5) gives the normalized measured velocity distribution.

DETERMINATION OF SHEAR VELOCITY

The shear velocity has been obtained from the measured Reynolds stress
distribution when available, or by using the normalized measured velocity distribution
in the viscous-sublayer given in Figure (6). Assuming that the velocity distribution in
the vicinity of the smooth wall is linear, and then the shear velocity can be obtained
from Equation (7). The calculated values of the shear velocities using Equation (7) are
given as U,':B-' in Table (1). These values seem to compare well with those given by other

methods. It is clearly seen from Figures (6) and (7) that the viscous sublayer thickness
tends to decrease with increasing Reynolds number. It is also seen that the velocity
flow, U, keeps almost constant values near the free surface of flow.

Journal of Engineering Research (Al-Fateh University) Issue (12) September 2009 7



6L'1 OPESS | €9°0 | 067 | SLEO | 9€0°0 | 00'IS | 016l LME
8¢l IST6Y | TH'0 | 19°€ | 9LTO | S¥O0 | 0£69 | 0161 omd
L60 C06Cr | LTO | 9ST | 961°0 | SSO0 | 09°L6 | 0161 sMd
8T'I £618y | BE0 | 9¢°€ | 8STO | LVOO | OSHL | O1'61 rMd
SO'I 0CSkY | I¥'0 | SLT | OITO | €500 | 00'L6 | OT'61 | 00000 | EME | Yoows
060 LyvOy | €20 | LTT | EL1°0 | 6500 | 00011 | ¥0'61 [#i%: |
El'l 8096 | L¥'O [€191| ¥L1'O | #10°0 | 0S'SI 0LT SN
Sl PECO6T | SSO |¥9°01 | OVTO | 0TO0 | 0S €T §9°¢ YN
CT 0TSLS | 180 | 88S | 6FF'0 | TEOO | 0STH | O1'61 EN
0ro S6°¢C 0s6ty | SE0 | EI'v | 89T0 | 1400 | 0509 €D | € ysnoy
0€0 S1¢ 009¢y | 1€0 | S8°€ | 6FTO | €400 | 0099 7D |z ysnoy
0¥ 0 0L'1 00SI¥ | 8T0 | LSE€ | 1€TO | SYOO | 00°0L 1D |1 ySnoy
€S0 or'1 oLl 00€0¥ | STO0 | 6T€ | €ITO | LVYO'O | 00'9L Mg | jloou§
010 Shv | 09F | 00T6¥ | S9°0 | 8T9 | LOV'O | 000 | 08°6€ $19000| €9 |¢€ysnoy
010 OI'v | OF'F | 0SE0S | SL'O | 169 | 8¥F'0 | 8TO'0 | 0T9€E 7d | T ydnoy
010 00 | OTF | 008IS | €60 | 96'L | 91S0 | STOO | OV IE | 0T91 19 | 1ydnoy
0£0 Sv'E 0S¢ | SL°E | 006ES | I€T |000T| 890 | 1TO0 | 00ST CN | Yylooug
010 OL'E | L9E | 0069% | 6¥°0 | ITS | 8EE0 | SE00 | 00'8F £V | £ ysnoy
0€0 0CT¢ | 8Tt | OSTBY | 850 | 18'S | LLED | TEO'O | 00'EY TV | Tysnoy
0€0 08T | OLT | 00€8Y | 650 | 88°S | I8€0 | TEO0 | 0STH £21000 | 1V |1ySnoy
0€0 617¢C 0CC | 8I'T | 00I6¥ | S9°0 | ST9 | SOPO | 0£00 | 00O IN | yioous
Wl G 6D TE [ [ an (oD ® | ® | © ) (s) ME ©] @ | ©
240§
(s/wo) | (s/wo) | (s/wo) | (s/wd) (sw) | (w) | (ww) |(us) | pog | ON | odhy | Boy
U |lwl |l |0 |egN| ™ | M43 | “n | N 4 b |[uuey) | uny | pag | Moy
sjuawLadxa 10y s1ajourered moy ay) Jjo Areumnng | ajqe

September 2009 8

Issue (12)

Journal of Engineering Research (Al-Fateh University)



50 | —

1.0 ——————— : e |
SMOOTH BED SMOOTH BED—-NORMAL FLOW
o N1 O N1
® N2 ® N2 a
0.8 v BWS g O N3
v BW4 v N4 B®
D N4 7 v N5 o}
= N3 -E:- (>
& BWS |
% 0.6 o BW6 { E 30 E?
) © BW7 = s
&
dﬁ 20 | ¥ (o] f
& °
o}
=}
0 ;
U (m/s)
Figure 5: Non-dimensional velocity Figure 6: Measured velocity distributions
distributions for smooth bed for smooth bed in normal flow regime
120 T
SMOOTH BED-BACKWATER FLOW
O BW3
100 ® BW4
O BW5 ¥
v BW6 o)
o BW7 vO
~ 80
3 YO ®
] :,
= vO [ I 4
60 L)
vO eV
» 8
vOo L I 4 o
40 [ ] o
YO [ 24 (m]
oy B
VO ey i
20 |- VO ey o |
) v
%O .' E
@ v E
v m|
o n 2
0 ‘ﬂﬂf@
0.0 0.1 0.2 0.3 0.4 0.5
U (m/s)

Figure 7: Measured velocity distributions for smooth bed in backwater flow regime

LAW-OF-THE-WALL-DISTRIBUTION
With known values of shear velocities, the law-of-the-wall distributions are

calculated and given in Figure (8). The overall data in the turbulent part of the inner
region are best represented by Equation (13); Coleman and Alonso (1983) with
¥ = 0.41. In the same region the data compares fairly well with equation (8) with

different values of k.
¥ =10.41and A = 55, Kirkgos (1989)
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K =040 and A = 6.0, Xinyu etal. (1995)

For the range of Reynolds number conditions tested, Equation (8) is valid in the
range 30— 50 <Y~ = 400 — 600 see Figure (2). In Figure (8) the limiting values of x
and A are plotted and compared with the measured data which falls somewhere in the
middle of these limits. In the lower part of Figures (8) and (9) the velocity distribution
seem to compare well with Equation (7) showing the viscous sublayer for ¥~ = 5 — 7

30 =T ey ——— 30
|

+ |

|

u
+
U =2.5ln y +6 Xinyu etal. (1985)
25 U =2.44ln y +5.5 Kirkgoz (1989) | 25 ——Equation (13)
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quation (13)
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Figure 8: Law of the wall distribution for Figure 9: Law of the wall distribution for
smooth bed smooth bed with limiting values of kand A

VELOCITY-DEFECT DISTRIBUTION

In the outer region of the turbulent boundary layers the velocities are mainly
controlled by the turbulent shearing and the velocity distribution can be described, by
the velocity-defect law, such as,
Umar=l¥ = _ 5 441n (v/h3}, originally given by Prandtle (1933) which was supposed to

apply to both smooth and rough walls, and Coles’ law given by Equation (11).

The velocity defect distribution of the mean velocities is given in Figure (10), in
which the Prandtl Equation and Coles’ law are also included. The data points seem to
conform reasonably well for y/h = 0.03.

While the prediction of the velocity defect distribution by the Prandtl Equation is
reasonable, Coles’ expression, Equation (13), falls completely outside the data points
for parameter IT = 0.55. Zippe et al (1984) argues that the second term in Coles’ wake

law must have other constant in order to fit the channel data. In supporting their view,
Nezu and Rodi (1986) found that the profile parameter m was constant at a value of
approximately 0.2, which was considerably smaller than the Coles’ values of 0.55. They
also reported that the m value found by Steffler et al. (1985) was even lower (varying
between 0.08 and 0.15). In Figure (10), Coles’ velocity-defect law is drawn of
« = p.a1and m = 0.10. As may be seen from the Figure, Coles’ expression with the
fore mentioned values follows the experimental points reasonably well. This leads to the

conclusion that in open channel flows, the profile parameter m can be below 0.55 values
given by Coles (1956).
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CONCLUSIONS

Flow velocities were measured by LDA at mid-vertical of the flow cross-section,

where the flow is supposed to be two dimensional. From the presented data, it can be
concluded that:

For any turbulent flow conditions, determination of velocity distribution along the
vertical requires an acceptable estimate of the shear velocity, which is not an
independent parameter. It depends on other factors; hence it is quite valuable to
determine the shear velocity as close as possible to the actual value in order to be
able to have a reasonable close distribution to the real case.

Although von Karman constant,x, and the constant of integration, A, may have

some kind of universal value, it remains well known that each case of flow has its
own conditions and properties and it has to be treated within the frame of the
dependant parameters and their specific cases. Velocity profiles are extremely
sensitive to the x values and to a less extent to the A constant value.

Shear velocity of flow can be reasonably estimated from the measured Reynolds
stress distribution.

The distribution of flow velocity can be described by a theoretical model provided
that the shear velocity is known. The major data compares well with Coleman and
Alonso (1983) model which predicts the velocity profile throughout the complete
inner and outer regions of channel-flow.

The turbulence intensity distribution shows reasonable agreement with distribution
calculated by Nezu and Rodi (1985).
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