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- ABSTRACT . 

"5’ In establishing scaling laws for physical models to simulate sediment 
transport ra_te in the vicinity of the bed _in unidirectional flovis, it has been a 
common practice to neglect the effect of the relative depth and consider only the 
shear Reynolds number and the mobility number. As a result, scale effects are 
introduced in the model because of the influence of) flow depth on bed form geometry 
which in turn affects the friction factor and the sediment transport rate. This 
paper describes an experimental study to systematically measure the effect of the 
relative depth on sediment transport rate. 

atsuufi 
5' En établissant des lois d'E_chelle pour les modéles physiques qui simulent le 

transport des sediments 5 proximité du lit en présence d'écoulements 
unidirectionnels, on a eu pour habitude de laisser pour compte 1'effet de la 
profondeur relative et de n_e retenir que le nombre de Reynolds pour le frottement 
et le n_om_bre de la mobilite. I1 en reaulte donc que des effets dréchelle aont 
introduits dans le modéle E cause de 1'influenc'e de la profondeur du debit sur 1_a 

géométrie du lit, ce qui, en retour, influe sur le facteur de friction et le taux 
de transport des sediments. Le present document décrit une etude expérimentale qui 
cherche 5 mesurer de fagon systématique l'effet de la profondeur relative sur le 
taux de transport des sediments. 
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IHTRODUCTIOI ' 

Design of scale models of flows transporting sediment is £5 straighforward 
because of the large number of characteristics parameters that c_on_tol the 
phenomenon. It often involves neglect of one or more parameters so that a small 
scale model is possible. When a parameter is neglected in a scale model, a certain 
amount of error is introduced when transfer-ing the model results to prototype 
condition_s. Such errors are usually called the errors due to "scale effects". 

i 

it 
is desirable to have some quantitative knowledge of these scale effects in order to 
assess the reliability of a physical model. In this paper, the effect of the 
relative fldw depth, Z = h/D59 (h is the flow depth and D50 is .the median size of 
sediment) which is often _neglected in modelling the bed load transport ofsediment 
is invest-igated using a laboratory sediment transport flume. 1 

Factors Affecting Bedload Transport '

. 

Yalin (1971) has shown that when considering the motion of the bed load 
sediment particles en masse, the effect of the sediment density can be neglected 
and any property relating to bed load transport is governed by three dimensionless 
parameters as expressed below. 

nA = oA(x, Y, z) (1) 

where HA is a dimensionless form of a property A, X is the shear Reynolds number, 
Y is the mobility number and Z is the relative depth. The erpansion of X, Y, and Z~ 

are; shown below 
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where v* is the shear velocity, V and 9 are kinematic viscosity and density of 
fluid respectively, and Y3 is the submerged specific weight of sediment. Yalin 
(1971) further shows that the realization of a practical all scale model 
considering all the three parameters listed above is not possible. A compromise is 
to ignore the relative depth parameter Z and design the model based only on the 
shear Reynolds number and the Mobility number. 

By neglecting the relative depth parameter, it is assumed that the effect of Z 
on the property un_de_r i_nvestigat~ion is small. It can be shown (Yalin (1971)) that 
if the transport rate of bed load is investigated then the neglect of Z implies the 
assuriiption that the equivalent sand grain roughness of sand bed (KB) is 
independent of flow‘ depth. The above assumption is not always true. It may be 
true if the flow is over a plain rough bed. However;-if the ‘flow is over a dune 
covered bed then the size of the dune will depend on the flow depth and 
conseljuently the values of K8 and the .form drag will change depending on the 
value of the flow depth. Since the sediment transport rate is governed by the 
effective skin friction shear stress which is the difference between the total 
shear stress and the shear stress corresponding to the form drag, one can expect an 
influence of the Z parameter on the bed ‘load transport rate. 

at present, the quantitative information on the effect of Z parameter on bed 
load transport rate is lacking. Therefore, an erperimental study was initiated to 
systematically measure this effect. In order to isolate the effect of Z, it is 
necessary to conduct aperiments in such a way that both the shear Reynolds number, 
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X, and the Mobility number, Y are held constant while the parameter Z alone is 
varied. .This can be achieved by keeping the shear velocity, v* constant when 
the flow depth, h, is varied. In order to maintain vi, constant, the slope of 
the channel, s, has to be adjusted in such a way that the product. sh remains 
constant. by working with the same sediment (Y; 8116 D59 ire ¢0flB!"8flF) 8113 fluid 
(p and u constant) it is possible to achieve fined values of ‘-X and Y while Z is 
varying. The description of the experimental set up, the experimental procedure 
and the results are given in following sections. 

zxnuusnru. 
_

_ 

-The experiments were conducted in the sediment transport flu_me at the National 
water Resarch Institute, Burlington, _0ntario, Canada. It is a tilting flume, 
rectangular in cross section, 2m wide with glass sidewalls 3/4 m high and having an 
overall length of about .22 m. The flume could be tilted to slopes up to ill. 

water was fed from a large constant head tank through a l6 in (lo0_6 Inn) I.D. 
pipe, which was terminated by a diffuser in the head box of the flume. In 
addition, baffles were placed in the head box to improve the entrance condition. 
Sediment was introduced into the f-low from a gravity feed hopper 10C§,te_d abjove the 
entrance section of the Hume. The feed rate could be accurately controlled by 
using a rotatiing grooved shaft installed at the bottom of the hopper, which was 
driven by a variable speed motor. The flume channel floor was recessed 20 below 
the lip of the head box floor to permit placement of a sediment bed. The water 
level in the flume was controlled by a set of vertical louvres at the downstream 
end of the flume. The flow leaving the flume was split into three streams of" equal 
width, each of which flowed into a separate sediment trap. The two outside traps 
were used to collect sediment during the setup period. The centre trap was kept 
closed by means of a pneumatically controlled gate. 0n_ce the right flow conditions 
were achieved, the __centre trap was also opened to begin collection of sediment for 
weighing. With this procedure sediment transport from the centre l/3 of the flume, 
where the flow was close to being two dimensional, was collected. As a result the 
effects of aide walls could be nbre or less neglected. 

The sediment flume is equipped with a self propelled instrument carriage which 
can travel along the length of the flume on rails fastened to the laboratory 
floor. This carriage was used to make profile traverses of the mobile bed and 
water surface, as well as to level the sand bed. To measure the profiles, an 
adjustable instrument rack was used which was mounted on the upst-ream face of the 
carriage. The bed level and water level probes were mounted on this instrument 
rack. The bed level probe was an electro-optical sensor that follows the sediment 
bed and is able to pick up changes in bed elevation as small as 1.5 mm. The water 
level probe measured water surface elevations by maintaining contact with the water 
surface using the water as a conductor and keeping a constant resistance through a 
feed back syst. Displacement of the carriage along the length of the flunne was 
me_asured by an aluminum wheel whose circumference was ll/10 of the overall length of 
the flume. It was attached to the instrument carriage and travelled on the same 
rails. This wheel ensured precise measurement of profile lengths. Each of t-he 
profilers and _t_he_ measuring wheel provided a signal between 0 and 10 volts. These 
signals were fed through an A/D converter into an ARIISIA minicomputer which is run 
on a cm operating system. The profiling information was stored on 8 in (20 cm) 
double sided, double density discjs having a storage capacity of 981 K bytes. 

The river wash sand used for the experiments was fairly uniform in size with a 
median sieve diameter of 1.2. (Figure 1). Host of the grains were rounded with 
specific gravity of about 2.65 a porosity of_0.lo5. ‘ 

PROCEDURE 

Prior to each test, the granular bed was carefully levelled while the flume 
was set at zero slope-. To begin a given test», water was passed very slowly over 
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Fig.1 GRAJNSIZE DISTRIBUTION OF TEST SAND 

the levelled bed unt-il a depth of several cm had been obtained. At this point the 
flume was set at the desired slope and the point gauge, placed at the beginning of 
the working section,’ was set at the desired depth. The inst-rument carriage was 
then placed in position so that the bed and water surface profiles were at the same 
location. The water was allowed to continue rising slowly until the water surface 
contacted the point gauge. ht th-is instant, the computer was triggered to take a 
10 second sample from the two profilers to obtain the reference voltages that are 
needed for the computation of the average flow depth from the traces of bed and 
water levels. Once this initializing was completed, a profile of the plane bed was 
taken, at the same time obtaining reference voltages at the beginning and end of 
the ll m long working section for the distance measuring wheel. The initial bed 
slope was then computed and compared with the pre-'-set slope of the flume. 
Normally, the agreement between these slopes was very good and the bed profile was 
adopted as the reference profile for monitoring the flow conditions during the 
test. 

Once the reference values for the instruments had been obtained, the flow was 
gradually increased, allowing the depth to rise to almost the full height of the 
flume walls. The flow was "then kept at this depth as the discharge was increased 
to the pre-determined required _valu'e toe ensure that there was no bed material 
movement during this phase. when the desired discharge had been obtained the 
louvres at the end of the flume were opened to reduce the flow depth slightly below 
the desired value to allow for subsequent -increase due to the dune development. 
With the onset of sediment transport_the sediment feeder was turned on. 

As the flow transported sediment, dune patterns began to for-m. "The bed levels 
and water levels along the centre line of the flume were then monitored at regular 
intervals of time by traversing the probes along the length of the working 
sect-ion. After each traverse, the slope of the water sur-face was computed by 
performing a linear regression on the measured water levels. If the computed slope 
is different- from the desired slope adjustments to the louver‘-gate are made until 
the two slopes become equal. 
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F|g.2 VARIATION 0F THE COMPUTED BED stoma DEPENDING on THE nuns PROFILE 
WITHIN THE WORKING sscnou. 

As the transport rate is not known appriori, the setting for the feed rate is 
established by a trial and error procedure. At the beginning of the test, a 
particular feed rate was set and the bed levels were monitored. Cs_lcula__tion of the 
bed slope by pe'r.formi'ng linear regression analysis on the measured bed levels was 
found to be an unsatisfactory approach as the slope of the bed_ depended on the 
positions of the crest and trough of the sand waves at the beginning and at the end 
of the traverse.

. 

To illustrate this problem, two bed profiles talten at 5 min interval are shown 
in Fig. 2-. The slopes computed using linear regression for these profiles are also 
given; It can be seen that the computed slopes depend on the position of dune 
patterns within the working section. The solid trace begins with s crest of a dune while the dotted trace begins with a trough. Notice that the solid trace gives a 
much, higher slope than thedotted one. Since the changes in bed slope can occur‘ 
only over a longer time duration, the observed difference in slope over a 5 minute 
durat-ion has t_o do with the position of the dune patterns and it does not reflect 
the true change of bed slope. .- 

To overcome this problem, an alternate approach was devised which -invovles 
comparing the bed profile with the original plain bed profile and computing the net 
volume of sediment that is eroded or deposited within the working section. This 
net volume was not as sensitive to the location of the crests and troughs with 
respect to the length of record as the slope and also it gave an indication as to 
whether the bed is aggrading or degrading. If the net volume is negative then the 
bed is degrading and the amount of sediment feed is not enough to cjompenaate‘ the 
transport rate and if the net volume is positive then the reverse is true. 
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Therefore, by monitoring the bed levels at regular intervals of time and computing 
the net volume of sediment deposited or eroded from the bed with respect to the 
original bed level, it was possible to adjust the feed rate to match the transport 
rate and to obtain an equil'ibr.ium flow condition with the desired slopes. When the 
feed rate is adjusted, it takes a considerably longer time for conditions to 
stabilize and often it may take one or two days ‘before the equilibrium conditions 
can be established. Because of the limited capacity of the sand hopper, sometimes 
the tests had to be terminated before the equilibriuin conditions are attained. In 
this case, the bed was releveled and the test restarted. 

Hhen equilibriun condition was achieved, the centre trap is opened for a known 
duration of time (usually a few hours) and the sediment is collected. At- the end 
of-the ‘sand collection period, the sediment trap was closed and a sample of the 
sediment feed at the hopper collected to verify the feed rate. When this was done, 
water and sediment feed were shut off and the test considered completed. 
Photographs of the dune bed were taken, the working section was re-V-levelled and the 
net volume of deposition.or scour determined by removing or adding mater-ial to 
return the bed to its original plane bed level. lhe net volume was compared with 
the computed net volume of scour or depjosition. For successful tests there was 
always good agreement between these values. lhe sediment in the center trap was 
removed and its submerged weight determined by standard methods. the transport 
rate was then compared with the feed rate.

' 

' 

Due to time "constraints, only four different values of Z were tested for 
constant values of X and Y. The hydraulic characteristics of the tests are 
summarized in Table l. 
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RESULTS AID DISCUSSIGI 

For the present case X and Y are both held constant‘ and thus equation (1) is 
reduced to 

q,, 
= fill] (2) 

where q* = 01/zq,/(YaD5°)3/2 (qs is the submerged weight of transported material 
material per unit time and unit width). Data from Table l were plotted as q* vs Z 
in _l-‘igure 3, with X = 67 and Y = 0.1-5. A anooth average curve was drawn 
through the four data poin_ts, showing that there is a non‘-linear decrease in q* as Z increases from about 80 to 200. The rate of decrease becomes less as Z 
increases indicating that q* approaches a constant value of about l.l_5 when Z > 200. 

A possible explanation for the observed effect of Z on the sediment transport 
rate can be offered as follows: In a study on geometry of dunes, Yalin and Karahan 
(1981) had observed that the dune steepness _A/A (A is the dune—height and A is the 
dune-length) is s function of both the mobility number, Y and the relative depth, z 
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and plotted a family of curves giving the dune steepness in terms of Y,/Yu.(Yu. 
is thje critical mobiljity nuxnber for the initiation of sediment transport) and Z. 
These curves are reproduced in Fig. lo. For the present runs the ratio Y/Yer 
takes a constant value of 3.95 and hence the var-iation of the dune-steepness with 
respect to Z can be obtained by picking off the intersection points between the 
vertical line corresponding to Y/Ye‘. = 5.95 and the curves representing different 
Z values in Fig. lo. A graph so constructed is shown in Fig. 5. It shows that the 
dune-steepness increases as Z increases, but the rate of increase becomes less and 
less and it tends to approach a constant value of about .035 for values of Z > 200. 

As the dune-steepness increases, the form drag ‘increases thereby reducing the 
effective shear stress responsible for bed load transport. Therefore, the 
-reduction of bed load transport rate for increased values of Z in the range between 
80 and 200 can be attributed to the increase in the bed form steepness f_or thje same 
range of Z parameter.

V 

The present results indicate that if the model and prototype values of Z are 
greater than about 200, then there may not be scale effect even if the Z parameter 
is not taken into account in designing the model. But, if the prototype Z value is 
larger than 200, and if the model_Z value is less than 200 then, the scale effects 
will then begin to show. This effect will increase as Z value of the model 
decreases (i.e., the sire of the model decreases). The transport rate measnred in 
the model will be an overestimate of the actual transport rate in the prototype. 
The percent error in the transport rate obtained for the data in Fig. 3 for 
different values of Z are given in Table 2. These results clearly show that for 
small models scale effect errors can be large, exceediyng values of 30! for models 
for which Z < 75 and the mbility number is 0.15. 

To compare the present measurements of bed load transport rate with the 
existing data, thfe dimensionless transport rate q, was plotted against the 
mobility number Y as shown in Fig. 6. In this figure the present measurements are 
shown as triangles and the existing data are plot-ted as filled and open circles. 
It can .be seen) from this figure that the present data show a general agreement with 
the existing data. The variation with respect to Z that is apparent in Fig. 3 
shows up as experiment scatter in this figure. lhe range of variations is also 
suppressed because of the logarithmic scale used in this figure.
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The present measurements were also compared with the existing bedload 
transport rate equations and the comparison is shown in Fig. 7. Five equatiofns 
were sje1ect_e_d. Ifhese are: 

_ 
1) Bagno1d's bed load equation (1956) 
2) Einstein's bed load function (1942) 
3) Engulund 8 !_1a_n_sen (1961) 
A) Ackers and White (1973) 
5) Van Rijn (ma).

_ 

The detaiis of these equations can be found in the original references. From 
Fig. 7, it can be seen that all of the equations underpredict the transport rate. 
Predictions of Ackers‘ and White appears to he the closest to the measurement. 
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Fig.1 COMPARISON OF MEASURED BED LOAD TRANSPORT RATES 
WITH THOSE PREDICTED BY 1145 EXISTING EQUATIONS. 

. Hone of the above egua_tion__s contains the relative depth parameter 2 
explicitly. The variation with respect to Z predicted by these equations is due to 
the use of the effective shear stress which is evaluated independently of the 
equations. Therefore, the predicted variation does not reflect the equations‘ 
ability, but it is s measure of the ability of the method used to evaluate the 
effective shear stress. The equation of Engulund and Hansen predicts a reverse 
trend with respect to Z. This is due to the fact that the Engulund and Hansen's 
equation uses the inverse of the total friction factor which shows a decreasing 
trend with Z, even though the form drag component increases with Z. 
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SUHHARY AID (XJRCLUSIW 

The effect of the relative depth parameter, Z-, on the bed load transport rate 
of nbbile bed channel flows was investigated experimentally. Experimental results 
show that the effect is noticeable when Z is in the range of 80 to 200. lt 
diminishes for increasing values of Z. The implication of this result for the 
evaluation of the scale effects in physical models of mobile boundary flows is 
discussed. From this study one can conclude that forvtbe flows with Y/Yer of 
about 10.0, and the shear Reynolds number of about 67, the error due to the omission 
of 2 from scaling considerations will be negligible only if the Z values of both 
"model and prototype are greater than 200. If the prototype value is greater than 
20 and if the model value is less than 200, then the scale effects will begin to 
show and will increase for decreasing value of Z of the model. Au error as high as 
30! can be eipected if the model value of Z goes below 75. The error is in the 
positive side, i.e., the model will overestimate the sediment transpoit rate. 
Corrections can be applied to the model results if the variation of the sediment 
transport rate with respect to Z can be completely determined. 

The authors wish to acknowledge the help of Hr. Doug Doede, Research 
Technician, Hydraulics Division, for conducting the experiments. The authors also 
thank Dr. 'l'.H. Dick, Chief, Hydraulics Division, and D.r LL. Lau, Head, 
Environmental Hydraulics Section, Hydraulics Division, for c'i-Jitically reviewing the 
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LIST OF SYMBOLS 
~ D50 median size of sediment particles“ 

acceleration due to gravity a flow depth
_ 

_ 

i equivalent sand grain roughness height 
flow rate 
bed load transport rate per unit 

3 2 dimensionless transport rate I qs p / 0,959) I 
slope of uniform flow 
shear velocity - 

shear Reynolds number ; (v* D59/v mobility number = (pv*- /VsD§g) 
critical mobility number for in_iti_stion of sediment motion 
relative depth parameter = h/D59 
dune height 
dune length

V 

submerged specific. ve'ig'ht'of sediment 
kinematic viscos'it.y of fluid 
density of fluid 
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