






























































































































































































































































































































































































-176-

Here the mean velocities are quite small and the eddy can move towards 

the bed almost unhindered. In other words, once an eddy enters this 

region the chances of it impacting onto the bed are high. 

Experiments were performed in the flume to determine the 

critical conditions for grain motion and the position at which motion 

first occurred. A dune covered bed of sand grains, d = 0. 564 mm, 
s 

was developed by running the flume for 30 minutes at a mean velocity of 

1. 13 ft/sec at a: depth of 0. 347 ft. Under these conditions the bed trans-

port rate was high with bed features forming rapidly. There was only 

a small amount of material in suspension. The dunes had developed to 

h . h f . 1 1 . b f th fl d an average eig t o approximate y 2 in. e ore e ow was stoppe . 

. The flow was then started again at a very low mean velocity and 

increased in small steps until motion was observed. It occurred first 

in the troughs and at the base of the upstream slope of the dune. Motion 

was intermittent with 5 or 6 grains moving simultaneously from a small 

area. In the trough there did not appear to be any preferred direction 

of motion even within one bur st. Grains appeared to move away from 

a center as in the jet experiments. On the dune slope the preferred 

direction was downstream, but there were many instances in which 

grains moved laterally and upstream. 

The dye injection technique outlined in Section V-B- 2 can yield 

further information about the structure of the flow over the dunes. A 

flow over a dune bed which can move the sediment grains, also moves 

the dunes. By placing a dye tube beneath such a bed, the flow structure 

at all points on the dune profile can be observed as the dune moves over 

the end of the tube. A typical dune velocity is 1 inch in 10 or 15 minutes, 
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which allows ample tir:ne for observations at each point on th e profile. 

Four dis tin ct regions will be discussed; the trough, the dune cres t, 

the upstream slope and the region near the stagnation streamline. 

(i) The Trough. Dye appeared at the grain surface as a c ircular 

patch approximately i in . in diameter. From this patch filaments of 

dye could be seen rising from the bed·. Each filament twisted as it ros e . 

Often filaments would <lisper s e quite suddenly and disappear into the 

main flow. Some moved slowly up the face of the dune towards the crest. 

Those that reache d the crest b ent over in a downstream direction and 

were swept away. The intrusion of fluid from the main flow into the lee 

of the dune could b e clearly s een. Dye filaments would all move rapidly 

sideways , some to the left and some to the right, and then be turned 

towards the bed or be <lisper s ed. When this occurred, the grains in the 

trough could be s een moving rapidly across the bed, some even jumping 

from the bed and being carried away . The observations showed con­

vincingly that the lee of a dune is not a region of quie scent fluid, but 

one in which frequent bursts of motion occur. Thes e bursts had a very 

definite effect on th e sediment grains. More detail is given in Sec-

tion V-D. 

It is not clear why the dye filaments formed. The dye could have 

left the bed from all points of the patch formed on the surface. Instead 

it preferred to flow across the surface, concentrate in spots, and then 

leave the b e d from these spots. A possible explanation is that the dye 

concentrates in plac e s where the vorticity is high. These would be the 

ends of vortex lines w hich extend out into th e flow. Another possible 

reason is the existence of very local pressure fluctuations w hich suck 

the dye out from between the grains and cause a filament of dye to form. 
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(ii) The Crest. In this reg1on the mean velocity of the flow is 

high, and the dye was swept across the grain surface as soon as it 

appeared. There was a tendency for the dye to move in streaks which 

were carried over the dune crest. Some of the streaks tended to curl 

downwards forming small regions of high dye concentration which re-' 

sembled she d vortices. Others curled upwards and disappeared in the 

main flow. Occasionally all of the streaks would dip sharply into the 

trough, showing the intrusion of an eddy into the lee-side region of the 

dune. 

(iii) The Upstream Slope. Dye moved up the slope, remaining 

in close proximity to the grain surface. When viewed from above , the 

dye sheet had a streaky appearance which was similar to that observed 

with a flat bed, (see Section V - A). Occasionally dye filaments could be 

seen rising from the b e d and mixing with the main flow. This motion 

was infrequent and always accompanied by intensified grain motion. 

(iv) The Stagnation Region. As the dune move s downstr e am, 

the dye patch on the grain surface moves from the crest towards the 

trough. As it nears the stagnation region the frequency with whiCh dye 

filame nts l eave the bed increa ses. The stagnation region is reached 

whe n the filaments start to move radially from a center at each burst. 

At this stage the eddy ac tion is .vigorous and frequent, the dye patch 
,... 

often appearii:ig to erupt from the bed in a cloud. Between the large r 

bursts, s o m e of the dye moved d ownstream t owards the next crest and 

some moved into the trough r egion. E ven this motion w as intermittent 

and punctuated with ejections of dye streaks from the bed. 
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These dye studies emphasized the importance of the dune con-

figuration in determining the flow structure ove r a dune bed. They 

also established that the two regions in which e ddy action is most pro-

nounced are the stagnation zone and the region in the lee of the dune 

face. 

Another aspect of the sedime nt fluid inte raction was revealed by 

the initiation of motion experiments on a dune bed. The critical mean 

velocity of flow was less with a dune covered b e d than with a flat bed. 

Two runs gave values of 0. 606 ft/ sec and 0. 5 91 ft/ sec with a depth of 

0. 347 ft. For the flat bed a velocity of O. 84 7 ft/s e c was required at 

the same depth. The sand size in each case was 0. 564 mm. Mennard 

(42) has reported this effect and m e ntions value s of about 5 . cm/ sec 

difference in the two cases. In the author's exp e riments the difference 

1 
is 7 2 cm/ sec. 

Reasons for the lower mean velocity ove r the dun e s can be found 

in the hypothe sis of impinging e ddies. At the base of the dune the flow 

is directed at an appreciable angle to the bed instead of being parallel 

to it. This not only has the effect of increasing the chanc e s of an eddy 

striking the bed, but also aids its progress to the b e d. In th e trough 

region, those eddies w hich imping e onto the b e d d o so without e n-

countering much r e sista nce from a mean flow and without hav ing to 

disrupt a sublayer. The dune also aids in another way; that of intensi-

fying the turbulent fluctuations near the bed. It is a case of fl ow o v er 

a rough boundary as opposed to flow over a smo oth one. Toge ther 

these e ffe cts sugg est tha t ove r a dune cove r e d b ed, flows with smaller 

mean v e loc itie s c a n p rovide the e ddy activ ity requir ed f or grain motion. 
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Summarizing this discuss ion of initiation of motion on a dune 

covered bed, it can be said that 

(1) The initial grain motion is intermittent in nature and occurs 

in those regions in which eddy action has been shown to be a maximum.· 

(2) A dune covered bed acts as an aid to the mechanism of 

grain motion, e nabling flows of lower mean velocity to initiate move­

ment. The reason for this is thought to be the resultant flow pattern 

which assists eddies to impinge onto the sediment bed. 

These two statements are indicative that a m echanism involving 

the interaction of turbulent eddies and the sediment grains is of im­

portance in the entrainment process. 

E. SUSPENSION OF GRAINS FROM A DUNE COVERED BED 

Consider now the conditions created adjacent to a dune covered 

bed by a flow transporting sediment in suspension. The mean flow 

velocity is considerably in excess of that required to initiate motion. 

Because the s edime nt has a finite fall velocHy and the impuls e s given 

to it by turbule nce act dow nwards as well as upw ards, many grains 

are r e turned to the bed. However, the concentration profile in a flume 

remains essentially unchanged w ith distance along the flume, which 

implies that sediment is b e ing continually entrained from the bed. 

There are four possible places for this entrainment to occur; 

from the troughs, from the crests, from the upstream slopes of the 

dunes, a nd fr o m the stagnation re gion. 

(1) The troug h is a region of strong e ddy motion. This was 

discuss ed in the previous sectio n w here it was shown that eddies leave 
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the main flow, cross the separation streamline and impact onto the bed. 

Since the dune pattern is not two dimensional, there is the possibility 

of fluid entering this region from the side in the form of a jet or, 

possibly, as a series of bursts. Interaction with the eddies, mentioned 

above, res-ults in a highly unsteady flow pattern. Grains in this region 

are observed to be in a state of continual jerky motion, and very seldom 

are they stationary. The movement is in no preferred direction and is 

often oscillatory. From time to time a large disturbance of short 

duration appears and grains, as in the 'jump' experiments of the pul­

sating jet, are lifted from the bed in a cloud. The trajectories of these 

grains are radial from the center of the disturbance and are curved 

away from the bed. A scour mark of somewhat circular shape can be 

seen on the bed after each burst. It is obliterated almost immediately 

by the continual motion of grains in the trough. Some of the grains 

lifted by the burst return to the bed in the trough; others are caught up 

in the main flow and are suspended. The bed geometry, which deter -

mines the flow pattern, is important in this process, e.g. jet-like flow 

between two dunes will suspend any grains that are projected up into it. 

Grains are sometimes thrown well up the back slope of a dune, from 

where they are swept away. 

Flow conditions in the trough parallel those of the pulsating jet 

becaus e there is no mean cross flow through which an eddy must pass. 

The mechanism by :Vhich grains leave the bed in this region is the same 

as that which causes jumping in the pulsating j et experiments. See 

S ection IV -E- 2. The mo st violent eddies caused grains to jump almost 

vertically from the bed. This could be done with the pulsating jet by 
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using a jet strength much greater than the critical jet strength for 

jumping. Flow conditions in the trough are probably represented more 

accurately by the pulsating jet, than those in any other region of the bed. 

(2) The back slope of the dune is a region in which the flow is 

parallel to the grain surface and conditions are thus similar to those on 

a flat bed. However, the probability of there being a thick viscous sub­

layer is small because there is not sufficient distance over which one 

can develop. Eddies being carried along in the flow can then impact 

very effectively onto the surface. 

Flow conditions which suspend sediment are such that grains on 

the backs of the dunes are in constant motion. It is a jerky, wavy 

motion in which grains often move in. a streaky pattern. The effect of 

an eddy is to disrupt this pattern. If the eddy is a violent one, grains 

move in groups which are suddenly accelerated or even lifted from the 

bed. These effects can be easily observed in a laboratory flume. 

(3) The dune crests act mainly as launching devices for the 

grains which are rolling up the dune slope. Many grains which roll to 

the crest tumble down the lee side, which results in a forward move­

ment of the dune as a ·.r;hole. Those grains which arrive at the crest 

with a sufficiently high velocity are, as a result of their inertia, 

launched from the crest into the main flow . Once over the crest they 

can be either suspended or returned to the bed. It is proposed that the 

high velocity of the grains launched from the crest is achieved with the 

help of eddy action in the region behind the dune crests. Observations 

of gi:ain motion, both up the dune slope and from the crest, leave no 

doubt that this is th e case. Suspension of grains from the dune crests 
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is thus dependent upon eddy action. The dependence is less direct than 

in other regions of the bed. 

(4) The stagnation region is that part of the dune profile where 

the separated flow from the previous crest impinges directly onto the 

sediment surface. It was noted in Section V-D that the flow in this 

region was very unsteady, with large fluctuations occurring frequently. 

This is demonstrated clearly by the action of the sediment grains. 

Motion is very similar to that described in connection with the trough 

region, but it is more violent and extensive. The bursts are not nearly 

as symmetrical as the ones in the trough. Most of the grains move 

downstream or laterally, and only a few are seen moving upstream. 

Most pursts cause grains to leave the bed. Many of the grains are pro­

jected right over the crest and are immediately suspended. This is the 

only region on the bed where more than just the topmost layer of grains 

is affected. The intensity of the fluid motion is often such that con­

siderable ·scour occurs. Any depression left on the surface by this 

action is quickly covered by grains from adjacent areas of the bed. 

The fluid flow pattern is very similar to that of the pulsating jet because 

the eddies carried by the flow impact directly onto the bed. On impact 

they are turned sharply and move either into the trough or up the dune 

slope. In so doing they exert large drag forc e s on the grains, causing 

their motion. 

Discussion in this section has described conditions which are 

parallel to those in Section V-D. The essential difference is that flow 

velocities are higher and eddy motions are more intense. The same 

conclusions can be drawn as to the i rrportance of the impinging eddies. 
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It is sugges t ed that grains are suspende d fr<)m the four regions di s-

cussed above prima rily as a r e sult of turbulent eddie s interacting 

with the b ed . 

F. SUSPENSION FROM A FLAT BED 

With increasing fl ow velocities the sediment bed changes from 

a dune bed to a flat bed. The bed is leve l except for two narrow bands 

at the side walls of the flume w h ere small dunes are found. The sedi-

ment transport rate is high with grains being move d both as suspende d 

load and b e d load. In elevation the flow appears as a dense cloud of 

sedimen t grains moving over a flat b ed. It is equivalent to a dust 

storm caused by high winds over a des ert. 

The hig h concentratio ns of suspended load make it impossible 

to observe any d e t a ils of g r ain motion. One c an only engage in specula-

tion concerning th e entrainment mechanism and th e applicability of the 

impinging eddy h ypothesis . Observations made of grain motion at low 

flow velocities over a flat bed must form the basis for any such specu-

lation and are rep or t e d at the end of S e ction V- C on page 1 71 . This 

discussion actually bears the same relation to S ection V-C as the last 

section did to V-D. 

At these h igh velocities the grains will be r o lling over the sur-

face under the action of the mean velocity. The sublayer, which has a 

n ominal thickness of y = 10 
0

V , is thinner than that at critical conditions 
.... ... 

on a flat bed. Grains r olli ng along will tend to disrupt the layer, and 

in all probability the layer w ill hav e a small e ffect upon the conditions 

at the b e d. 
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Increased flow velocities imply higher turbulence intensities. 

Thus, both the motion of the eddies thro ugh the fluid and also th e 

motion within the eddies, will be increased . As a counter to the effect 

of increased turbulence the higher shear stresses in the fluid near the 

boundary will cause greater disto rtion and perhaps disintegration of 

some eddies befor e the wall is reached. The relative importanc e of 

these two opposing e ffects can only b e estimated. Comparison of 

observations made of critical conditions with thos e made at highe r 

v e lociti e s over a flat bed, show that noticeable increases in grain agi­

tation take place as the flow velocity is increased. Based on this, it 

seems that the effec t of increased turbulence intensity w·ould be more 

important than the increased r esistance to eddy impingement by the 

faster flow. The author believes that the impinging eddy hypothe sis is 

applicable at these high velocities, although its effects upon a sediment 

bed have not been observed directly. 

Grains on the bed, because of their continual motion, are in a 

very loose state and encounter little inte rfer enc e from their neighbors. 

An eddy coming into contact with such a dispersed system would have a 

pronounced. effect upon it. Fluid motion within the eddy w ill increas e 

· the forces acting on the grains and those that are sufficiently exposed 

will experience a vertical force component w hich, if large enough, will 

cause grains to leave the bed. The high m ean velocity will carry them 

downstream a considerable distance befor e they can settle back to the 

bed. During this time, the probability of the turbulent fluctuations in 

the flow projecting the grain furth e r from th e bed and suspending it, 

is high . 
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If the vertical component of the forc e on the grain is less than 

the grain's submerged weight, there is another mechanism which can 

project grains from the flat bed. Locally, when the eddy makes con­

tact with th e bed, the grains are accelerated and will overtake and 

collide with those that are mov ing ahead of them. As a r es ult the 

direction of motion of the grain can be inclined to the bed, and if the 

velocity increase is sufficient the grain will be projected away from 

the neighborhood of the boundary. For this mechanism to be effective, 

the fluctuating natur e of the velocities adjacent to the bed is essential. 

If the flow velocity was constant in this region, then no grain could 

overtake another and be deflected into the flow. 

Until a method is devis e d to observe the motion n ext to a flat 

bed, the points outlined above must r emain speculation. They have 

however, been bas e d on obeervations made at lower velocities and are 

reasonable extensions of the conclusions draw n from the se observations. 
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CHAPTER VI 

SUMMARY AND CONCLUSIONS 

This study has attempted to clarify the process by w hich sedi­

m ent grains a r e first moved and then lifted from the bed of an alluvial 

stream. The Inain conclusions that may b e drawn are: 

A. From dye studies in the flume . 

1. Fluid motion in the sublaye r of a turbulent boundary layer 

over a flat sediment b e d is irregular and unsteady. 

2. Bursts of fluid leave the sublaye r and mix w ith the fluid in 

the bounda r y layer . 

3. Continuity implies that when bursts of fluid l eave the bed, 

there must b e a flow towards the b e d. 

4 . On a dune bed the m ost unsteady regions of flow a re the 

trough, and that region near the stagnation point on the b ack slope of 

the dune . 

5. Fluid ent ers the l ee side r eg ion o f a dune from the main 

fl ow over the c r est, in irregular bursts . 

6. Bursts of fluid ris e from the b ack slope of the dune and 

m ix with the mai n flow in a manner similar to that obs e rve d ove r a 

flat bed. 

B. From observations of grain mot ion. 

1. Unde r critical conditions for grain motion o n a flat b e d, 

the motion occurs in intermitte nt bursts over small areas of the bed. 
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2. As the flow v e locity over a dune bed is increased from 

below the critical value, the grains which move first are those in 

regions where the unsteadiness of flow was shown to be a maximum. 

(See A-4 above. ) 

3. The critical mean flow velocity for initiation of grain 

motion, at the same flow depth, is less for a dune bed than for a flat 

bed. The reason for this is thought to be that the flow pattern over 

the dunes assists th e e ntrainme nt process. 

4. Suspension from a dune bed occurs at all points on the 

dune profile. The manner in which grains leave the bed differs from 

one region of the profile to another. At each point the grain motion 

can be explained in terms of the obs e rved flow pattern at that point. 

(See A-4, 5, and 6 above.) 

C. From the pulsating jet experiments. 

A piston pump and a cam mechanism were used to produce a 

pulsating j e t with a range of amplitudes and fr e quencies. The j e t 

issued from a tube placed v e rtically in a tank of still w ater, the base 

of which was covered w ith a b e d of loos e s e diment grains. The dis­

tanc e from the end of the jet tube to th e s e d i ment bed range d from 

0. 1 ft to 0. 3 ft. Puls e amplitude wa s d efin e d as the v olume of fluid in 

the puls e divided by the cross sectional ar e a of the j e t tube . The 

following conclusions may be drawn from the jet experime nts: 

1. There are two critical value s of jet strength: one at which 

grains start to roll across the b e d, and one at w hic h gra ins are p r o­

jecte d up fr o m the b e d. J e t str e n g th is define d in S e ctio n IV-B-1 , 

equation N o . 3. 
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2. Data from all the experiments can be correlated in terms of 

three parameters formed from the experimental variables. When 
Ud 

plotted in the form A /h against --
5 

, the data define a family of c;:urves, 
. \} y -y d 3 

each of which corresponds to a particular value of [ + V~ J. Defi-

nitions of all the symbols can be found in the list starting on page 192. 

Figure 4-16 pre sen ts the data determined from critical conditions for 

grain movement, and Figure 4-17 shows the data from critical con-

ditions for grain jumping. The critical jet strength at a given tube 

height, and for a specified fluid and sediment combination, can be cal-

culated directly from Figure 4-18 ('move') or Figure 4-19 ('jump'). 

3. The relation between the maximum velocity produced adja-

cent to a boundary by the pulsating jet, and the jet strength, can be 

written as a power law. 

4. Based on (3), an expression relating critical bed velocity 

to sediment and fluid properties, can be deduced. It has the same 

form as those derived by other investigators from experiments with 

turbulent flows over sediment beds, and predicts critical velOcitie s 

close to those observed in the field. 

5. The velocity produced adjacent to the sediment bed by the 

pulsating jet has a vertical component. The fluid elements follow 

trajectories inclined at an angle to the mean bed level. 

6. Under the action of the jet, grain motion is brief, inter-

mittent, and occurs only on a small portion of the bed. 

7. The pulse moves sediment grains by increasing the bed 

shear stress to a value exceeding the critical value for grain motion. 
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8. The pulse lifts grains from a sediment bed by rolling them 

to a position in which they are exposed to the action o'f the vertical 

component of velocity described in C-5, above. When this component 

is of the order of the fall velocity of the grain, the grain can leave the 

bed. 

From the conclusions listed in A and B above, it is hypothesized 

that turbulent eddies impinge directly onto the sediment bed. An e n­

trainment hypothesis based on this concept of impinging eddies was 

proposed and investigated using a pulsating jet to simulate the action 

of a turbulent eddy upon a sediment b e d. The hypothesis is presented 

in detail in Section II- 3. 

If the effect of a turbu l ent bounda ry layer upon a sediment bed 

is to be adequately repres e nted by the pulsating j e t expe riments, the 

characteristic featur e s of one must be reproduced in the other. For 

the jet these features are: 

(i) The existence of t wo critical j e t strengths , (C-1), 

(ii) the intermittent and local nature of the grain motio n, 

(C-5), and 

(iii) the intro duction of a vertical component of velocity 

adjacent to the bed, (C -6 ). 

The equivalent of the t w ·o critical jet strengths, mentioned in 

(i ) above, can b e infe rr ed from the exis tenc e of a flow velocity for 

which motion occurs by rolling and sliding , and the r equirement of a 

considerably higher velocity for grain suspension fr om a b e d by a 

turbulent flow . They may b e int e rpre t e d as t wo critical levels of e ddy 

activity . The presenc e at th e boundary of a turbulent flo w , of the 
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effects mentioned in points (ii) and (iii) above, was established by 

observations of grain motion and the movement of dye filaments, see 

B-1 and A-2. 

From these observed similarities it is inferred that the entrain­

ment mechanism in the two cases is the same. H e nce the mechanism 

by which a turbulent eddy, upon impact with a sedime nt bed, moves 

and then suspends sediment , is the same as that outlined for the 

pulsating jet in Section IV-E and summarized in C-8 above. 

The author does not claim to have complete ly solved the prob­

lem of fluid and grain interaction, or even to have prove d that the 

proposed mechanism is the only one which can result in the entrain­

ment of sediment grains. An entrainment hypothesis has, however, 

been proposed. Evidence in favor of its validity has been presented 

and may be summarized in three points : 

I. The flow structure implied by the hypothesis is consistent 

with that reported by other workers after extensive investigations. 

2. Simultaneous observations of dye filaments and grain 

movement give a visual correlation between the violent disturbances 

in the sublayer, and the grain motion. 

3. The hypothesis can explain many of the observed features 

of grain motion on sediment beds. 

An important consequence of the entrainment hypothesis is that 

grains cannot be lifted from the b e d without the pr e s ence of turbulent 

fluctuations adjacent to and dir ected towards the b e d. 
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LIST OF SYMBOLS 

pulse amplitude 

constant used in King's Law 

diameter of jet tube 

constant used in King's Law 

sediment concentration 

sediment concentration at y = a 

drag coefficient 

lift coefficient 

diffusivity 

grain size for which 84 . 1% by weight of sediment 
is finer, {similarly for dlS. 

9
) 

functions of y s - y, h, v 

tube height 

current flowing in hot wire 

jet strength 

jet strength required to overcome the resistance 
offered to the pulse by the fluid 

jet strength required at the bed to cause grain motion 

von Karman constant 

Reynolds number based on fall velocity 

Reynolds number based on shear velocity 

electrical resistance of hot wire 

electrical resistance of hot wire at temperature of fluid 

Shield's parameter 



S. G. 
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u c 
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u' 
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LIST OF SYMBOLS {Cont'd) 

specific gravity 

slope of amplitude-frequency curve when plotted 
on logarithmic paper 

period of bursts of grain movement 

exit velocity of pulse = 2Aw 

shear velocity 

maximum velocity that occurs at the bed during the 
passage of a pulse 

critical velocity for grain motion 

velocity of fluid over hot film sensor 

streamwise velocity fluctuation 

voltage output from hot film sensor 

fall velocity 

lateral velocity fluctuatio n 

slope of line s of constant 13 in Figur e s 4-16 and 4-17 

elevation above the bed 

dimensionle ss coordinat e y+ = 

a.
1

, a.2 numerical coefficients 

j3 parameter characterizing s e dime nt and fluid = 
d 3 

[y~-y-7]1/2 

y specific weight of fluid 

y 
5 

specific weight of sediment 

0 sublaye r thickness = 11. 6 u\) .... 
..... 

e: cavity depth 
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LIST OF SYMBOLS {Cont'd) 

roughness paramete r 

diffusion coefficient for sediment 

e angle of repose 

\) kinematic viscosity 

p density of fluid 

density of sediment 

geometric standard deviation 

bed shear stress 

cdtical value of b e d she ar stress 

dimensionless paramete r 

dimensionless parameter 
\) 

w pulse fr e quency 

pressure diffe rence 

density differ e nce 

subscript 1 r e f e rs to critical conditions for moving 

2 
subscript 

2 
refers t o critical conditions for jumping 
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