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Abstract

Experiments were carried out to investigate the transverse mixing coefficients in an open rectangular channel
under different flow and bottom roughness conditions. Dye was continuously injected into the open channel flow at
the centre and the side of the channel. The dye concentrations at different downstream distances from the point of
injection were measured. Correlation of the transverse mixing coefficients with the product of the shear velocity and
flow depth was developed for four bed types. In agreement with the work of other researchers, the present work
shows that the transverse mixing coefficients vary with the product of the shear velocity and flow depth. It was
concluded from this study that the dimensionless transverse mixing coefficient remains virtually unchanged under
different bottom roughness conditions. Q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

When an effluent is discharged into a straight rect-
angular channel or river, it will be fully mixed across
the section before the longitudinal shear flow disper-
sion will tend to smooth out any longitudinal concen-
tration variations. If the depth is small compared to the
width of the channel, the mixing time will be mainly
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governed by the transverse mixing coefficient, which
usually includes both transverse eddy diffusion and
transverse dispersion. Transverse eddy diffusion is the
random scattering of particles by turbulent motion, and
is considered roughly analogous to molecular diffusion
but with a much larger value. Transverse or shear flow
dispersion is the scattering of particles by the diffusive
property of the velocity distribution or profile. Trans-
verse mixing experiments have been conducted in the
past by many other research teams, including Elder
Ž . Ž .1959 and Sullivan 1968 , who carried out their exper-
iments only in smooth rectangular channels. Sayre and

Ž . Ž .Chang 1968 , and Miller and Richardson 1974 con-
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ducted tests in rough channels using wooden cleats and
Ž . Ž .rectangular blocks. Okoye 1970 , Prych 1970 , and

Ž .Lau and Krishnappan 1977 conducted their experi-
ments both in smooth and rough channels under limited
bottom-roughness conditions. Field tests were under-

Ž .taken by Beltaos 1980 to determine the transverse
mixing coefficients of three river-reaches under open
water and ice-covered conditions, which differ from the
idealised case of a uniform straight wide channel of

Ž .constant depth. Chu and Babarutsi 1988 experimen-
tally investigated the transverse development of the
turbulent mixing layers in an open channel flow of
shallow water depth, but the study was limited to the
confinement effects. From the published results, it has
been shown that the non-dimensional transverse mix-

Ž .ing coefficients vary within a wide range 0.1]0.26 .
Previous researchers have conducted their experiments
under smooth andror limited rough-bottom conditions.
Furthermore, the channel sizes and hydraulic condi-
tions adopted by different researchers have been dif-
ferent. Hence experiments were conducted in order to
investigate the variation of the transverse mixing coef-
ficients under different flow and bottom-roughness
conditions in very wide channels.

2. Dimensional analysis

Since a theoretical relationship for the transverse
Ž .mixing coefficient « does not exist, it is useful toz

carry out a dimensional analysis and examine the vari-
ables which are important. In a straight rectangular
channel, the parameters affecting the transverse mixing

Ž . Ž .coefficient are: mean velocity u ; flow depth h ; width
Ž . Ž U.w ; bottom shear stress or shear velocity u ; density
Ž . Ž . Ur ; and viscosity m . If u , h and r are chosen as the

Ž .basic parameters, Fischer et al. 1979 has shown that:

« )u w ruhz Ž .sF , , 1) ž /u h mu h

in which « ruUh is the usual dimensionless transversez
mixing coefficient.

For highly turbulent flows with rough boundaries,
the effect of viscosity can be neglected. Hence, we can
write:

« wz Ž .sF f , 2) ž /hu h

Ž U .2in which fs8 u ru is the Darcy]Weisbach friction
factor. Thus we can see that the dimensionless trans-

verse mixing coefficient is a function of the friction
factor as well as the ratio of the channel width to flow
depth.

3. Experimental apparatus

The experimental apparatus used in the present
study is depicted in Fig. 1. It consisted of a straight
rectangular open channel of approximately 10 m in
length and 400 cm in width. A smooth steel plate was
screwed onto the bed of the channel. The slope of the
channel could be adjusted from q18 to y18 using
electric control switches and was shown as a counter
reading, so as to simulate different flow conditions. A
gate valve controlled the recirculation pump discharge,
while a downstream manometer provided the pump
discharge rate. For measuring the flow depth of water,
two point gauges were mounted on the rails at the two
sides of the open channel. In order to produce a
uniform flow, the point gauges were used to measure
the flow depth of water over a distance, say 4 m. It was
assumed that a uniform flow had been produced if the
difference in water level between the point gauges did
not exceed 4 mm. The degree of error included in the
4-mm difference in depth for the uniform flow condi-
tion was extremely small over a 4-m span between the
two point gauges. A gate was located at the down-
stream end of the channel, and was adjusted up and
down so that a uniform water depth could be achieved.
Rulers were fixed on the two sides of the channel and
on the point gauges for measuring the longitudinal and
transverse distances.

The transverse mixing coefficients were measured
for four different types of bed conditions; smooth bed;
bed with steel mesh; bed with sandpaper; and bed with
small stones. The original channel bed was composed
of steel plates with a standard roughness of 0.061 mm,
which could be classified as a smooth bed relative to
other bed conditions. The bed with steel mesh was
composed of 1 cm=1 cm square steel mesh with a
standard roughness of 0.5 mm. For the bed with sand-
paper, sandpaper with a standard roughness of 0.2 mm
was stuck to the bottom of the channel. For the bed
with small stones, small aggregates of standard rough-
ness 2 mm were placed on the bottom of the channel.
Table 1 shows the standard roughness values together
with the relative roughness of the channel beds em-
ployed in the study.

4. Experimental procedure

The appropriate bed bottom-roughness condition was
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Fig. 1. Schematic layout of the experimental apparatus.

prepared and the bottom slope was adjusted. The gate
valve was opened fully and the pump was started to
allow the water to circulate through the channel. The
flow depth varied from 2 to 10 cm. The outlet gate was
then adjusted until a uniform flow was reached by
measuring the readings between the two point gauges.
The flow rate, in the range 0.004]0.02 m3rs, was then
determined by measuring the difference in mercury
level from the manometer. A 100-ml burette was then
used to discharge Rhodamine B solution continuously
over 60 s into the uniform flow, either at the centre, or
at the side of the channel under different bottom
roughness, flow and bottom slope conditions. The dis-
charge was uniform and occurred over a long enough
time so that the concentration data could be obtained
for steady state conditions. At 2 m and 4 m down-
stream from the injection source, seven to nine water
samples were taken across the full cross-section of the
channel flow. The dye concentrations in the water
samples after the mixing were then determined by
using a spectrophotometer calibration chart.

Ž .E-mail address: cekwchau@inet.polyu.edu.hk K.W. Chau .

Table 1
Roughness values and relative roughness of the channel beds
employed in the study

Type of bottom Absolute Relative
Ž .roughness roughness cm roughness

Smooth 0.0061 0.001]0.003
Sandpaper 0.02 0.004]0.006
Steel mesh 0.05 0.008]0.014
Small stones 0.2 0.035]0.051

5. Results and discussions

In these experiments the flow was highly turbulent,
with Reynolds numbers ranging between 104 and 105,
and the width of the channel was also very large
compared to the average flow depth. The calculation of
the transverse mixing coefficient requires the determi-

Žnation of the dispersion width defined as the width
within which concentration values were higher than 5%

.of the mean concentration under complete mixing
conditions. For complete mixing from a centreline and

Ž .side discharge, Fischer et al. 1979 stated that:

0.1uw2
d Ž .« s and 3z l

0.4uw2
d Ž .« s 4z l

respectively, where l is the length of the complete
mixing of the dye and w is the dispersion width.d

Ž . Ž .Eqs. 3 and 4 hold for the present data set. Graphs
of results for centreline and side injections show simi-
lar distribution of the data. Hence in the summary of
results, distinction is no longer made between the cen-
treline and side injections.

A summary of the results showing the variation in
the calculated transverse mixing coefficients for differ-
ent bottom roughness and flow conditions is shown in
Table 2 and in Figs. 2]5. In the figures, lines showing
linear fit to the data, with R2 values based on regres-
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Table 2
Experimental measurements of transverse mixing in a rectangular open channel with smooth sides

UType of Channel Mean depth Mean velocity Shear velocity Transverse « rhuz
UŽ . Ž .bottom width w of flow u cmrs u cmrs mixing coeff

2Ž . Ž . Ž .roughness cm h cm « cm rsz

Smooth 400 2.7]5.3 37.5]55.4 1.9]3.5 0.92]2.72 0.14]0.21
Sandpaper 400 3.7]6.0 31.3]41.3 2.0]4.0 1.32]4.56 0.14]0.21
Steel mesh 400 4.5]8.8 25.7]35.5 2.2]4.3 1.45]4.82 0.13]0.19
Small stones 400 4.8]8.0 26.3]33.4 2.2]4.5 1.89]7.37 0.15]0.24

sion analysis, are also shown for each roughness condi-
tion. The form of data presentation in Table 2 is used
since it can be compared directly to Fischer et al.
Ž .1979 .

In agreement with the work of other researchers, the
present work shows that the transverse mixing coeffi-
cient is a linear function of the product of the shear
velocity and flow depth. No significant change in the
dimensionless transverse mixing coefficient was found
for the different channel bottom-roughness conditions

examined under the current ratio of channel width to
flow depth. The dimensional analysis only gives the
existence of a relationship between the parameters,
which may still be valid, since a larger or discernible
variation may exist between the transverse mixing co-
efficients for different roughness conditions under other
width to depth ratios. For the different bottom-rough-
ness conditions, the dimensionless transverse mixing
coefficient was in the range 0.13]0.24. The analysis of
error percentages for the different roughness condi-

Ž . UFig. 2. Transverse mixing coefficient « vs. u h for smooth channel.z
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Ž . UFig. 3. Transverse mixing coefficient « vs. u h for channel with sandpaper.z

Ž . UFig. 4. Transverse mixing coefficient « vs. u h for channel with steel mesh.z
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Ž . UFig. 5. Transverse mixing coefficient « vs. u h for channel with small stones.z

tions is shown in Table 3. Using linear regression for
all the data, an average value of the experimental
results is

U Ž .« s0.18hu 5z

and for practical purposes, the result is correct within
an error band of approximately "30%. Figs. 6 and 7
show the three-dimensional data space representation
of the relative roughness krh; the channel width to
flow depth ratio wrd; and the shear velocity to flow

U Žvelocity ratio u ru for the previous work Elder, 1959;
Sayre & Chang, 1968; Sullivan, 1968; Okoye, 1970;
Prych, 1970; Miller and Richardson, 1974; Lau and

.Krishnappan, 1977; Fischer et al., 1979 and for the
present work, respectively. It can be seen that the
range of channel width to flow depth ratio wrd in the

Ž .present work 45]148 is much higher than that in the
Ž .previous works 5]35 . This may be due to the different

flow regimes under consideration, i.e. different channel
width to depth ratios.

6. Conclusions

Under different flow and bottom-roughness condi-
tions in very wide channels, it is concluded that the
average dimensionless transverse coefficient is 0.18 for
a rectangular open channel with an error band of
approximately 30%. The result is a little bit higher than
the average dimensionless transverse coefficient of 0.15

Ž .suggested by Fischer et al. 1979 , which had a compar-
atively much larger error band of 50%. This can be
seen as a supplement to the previous work since the

Table 3
Dimensionless transverse mixing coefficients and analysis of
error percentages for different roughness conditions

UType of bottom « rhu Errorz
Ž .roughness percentage %

Smooth 0.17 y18 to q24
Sandpaper 0.18 y22 to q17
Steel mesh 0.16 y13 to q27
Small stones 0.21 y29 to q14
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Fig. 6. Data space of krh, wrd and uUru in previous work.

flow and bottom roughness conditions are not the
same, particularly in terms of the channel width to flow
depth ratio.

7. Nomenclature

( .h: flow depth cm

Ž .l: length of complete mixing cm
Ž .u: mean flow velocity cmrs

Ž .w: flow width cm
Ž .w : dispersion width cmd

Ž 3.r: density grcm
Ž .m: viscosity grcmrs

U Ž .u : shear velocity cmrs
Ž 2 .« : transverse mixing coefficient cm rsz

Fig. 7. Data space of krh, wrd and uUru in this study.
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