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Rough DNrart

INTRCDUCTION

One of the variadbles that affects the flow resistance and
the sediment discharge in alluvial channels 13 water temperss
ture. Although the role of temperature has beon studied by a
nuber of investigators, its multiple effects are not under-
stood well. Data from provious studies, seemingly, have not
bteen consistent. As a result, conclusions about the effects
of temporature changes have been contradictery. The only
generally agreed upon conclusion seens to be that the effects
of temperature changes can be very significant.

In an effort to reconcile previcus experimental differences
and to gain additional information, the effects of terperaturs
changes on flow resistance and sediment transport wvere investi-
gated in @& laboratory flume.The fnvestigation was made as a
part of a peneral study on fluvial mechanics that is being
conduoted by the U. S. Ceolorical Survey at Colerado State
University (Simons and others, 1961j Simons end Richardson,
1961).

Fortunately, previous studies 4in an J=ft flume and a 2-rt.
fluze on the effoct of fine sedinment on flow phenomena (D, E.
Simons, E. Ve Richardson, and ¥, I, Haushild, written
compunication, 1961) have provided scma insight into the
nature of teazperature effects.




Pefinitions

In this study, the only sediment yresont in the
experimontal system was the bed material, which was sand. Thus,
the suspended sediment concentrations and the total sodizent
concentrations were derived entirely from the bed material.
Ordinarily, such concentrations would be designated as
suspended-ded-paterial concentrations and total dbed material
concentrations, respectively, in order to differentiate them
from the fine sediment concentraticns (wash load eoncentrations)
and total sediment concentrations. Eowover, for bricfness in
this report the prefix "ded material® has not been used, 7The
reader should bear in mind that the data snd findings pertain
only to bed material conodntrnﬂom. Yhensver the data and
£indings are discussed in terzs of natural stresms and data
froz other investigators are used and discussed, thoe prefix
"baod materisl™ hes been incluled as a part of the terms.

 Definitions of scma of tha important terms used in this
report are as follows:

Sodimonty Fragmental materisl that originates from
wvaathering of rocks and that is transpoarted by, suspended in,
or deposited by water.

. Solinment concentration: The ratio of the welght of sedimert
to the weight of watere-sedicent mixture, in parts per millicn.

Susrpanded padimentt f£odinsnt that at any given tinoe is
moving in suspension in a fIuid and is meintained in suspensdion
by the upward compoments of turbturlent curraats or by colloidal
suspension.
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Jotal sedimentip A prefix for the terns conscentration and
discharge to denote totality, regardless of the mode of
transport of the sediment or 1ts sourcs.

Riprles: Swoall, triangular-shapod sand waves on the channsl
bottom that are simllar to dunes, but that have sugh smaller and
" more uniform emplitudes and lengths.

Duneg: Triangular-shaped sand waves on the channsl bottom
that have a gentle upstream slope end a steep dmtim slope.

Elang kod: A bed form in which there ere no sand waves
on the channel bottom and the bed relief is flat. |

£tanding waveas Curved, symsmetrically-shaped sand wvaves
on the chonnel bottom that remain virtually stationary. With
standing waves the water snd bed surfaces sare roughly parallel
and in phase at all times.

Antidunos: Curved, symmetrically-shaped send waves on the
channel bottom that move upstream. With antidunes, the water
and ded surfaces are roughly parallel and in phase except at
tizes when the water-surface waves build up, then bregk 1like
surf.

loxer floy regivei A eatogory for flows baving bed forms
of ripples, ripples on dunes, or dunes.

| Unper Llou yecimeg A category for flovs having bed forms
of plane bed with sediment movement, standing waves, or
antidunes. | |

Egual trangif rate: A method of sampling suspended
sedinent in which a sampler that colleats water-sediment
mixture everyvhere at streanm velooity is traversed, et a




¢ , B e

constant rato, throughout most of the depth of varticals
equally spaaed across the flow. Conocentrations deternined
froa samples collected by the ETR method are velocity-weighted
mean qeoncentrations.

L T



EQUIFMENT AID PROCEDURE
A schexatic drawing of the flume end recirculation systen
used for this study is shoun in figure 1. The flumo is 60 ft

Figure l, == Schematie diagran of the flume.

long, 2 £t wide and 2=1/2 't deep, and has 1/2 in. clear-plastic
walls and & 1/% in. stainless-stesl plate bottom. The waterw
sedipent nixture is recirculated by pumping from the tailbox
through a pipe back to the head dox. The flow enters the hepd
box through & manifold diffuser and then passes through a
1attice and soreen arrangement which deoreases the size end
enexrgy of the turbulent ¢ddies. At times when it was necessary,
a wave digsipator was used at the flume entrance.

The depth of flow in the flume was controlled with a
vortical, adjustable talilgate when the flow was in the lower
regize., When the flow was in the upper regime, a weir was
placed at the exit of the flume to control both the depth of
sand in the flume and the depth of flow.

A carriage that moves 2long rails on the flume was used
for supporting various meassuring instruzents. The earriage is
built so that the instruzents csn be moved transversely as well
as longitudinally.

Cold water and stoam were used to vary the water temperaturs
in the flume and circulation systeas. For the lowetemperature




runs, a constant temperature was maintained by econtinually

adding water from the main and sllowing some recirculsted flow to
érain off, For the high-températuro runs, a constant temperature
vas maintained by adding steam to the system at tha tail bdox.

The bed material used in this study was sand having an

averege madian standard fall diametor (Federal Inter-igency

River Pasin Comrittes, 1957A) of 0.31 mm and a size distribution
ag shown in figure 2.

Mgure 2. ~= Composite size distribution of bed material.

The sand, which was obtained from the bed of the Elkhorn River
near Vaterloo, Nebrsska, oripinally had an average median fall
diameter of 0.23 mmg however, beesuss of its previous use in an
8«ft wide flume, the material had conrsened somewhat. The
gradation coefficiont of the bed material ¢, , (see p. )
as determined from a composite of all samples eollected cduring
this study was 1,57.

Throughout the study, two runs, one having 2 high water
temperasture and the other having e low water teaperature, were
made for cach discherge, basle flume slope, and tall gate setting,
In the first run of each palr of runs the desired discharge and
water temperature (high or low) were established, the tailikata
wags adjusted to produce a depth of flow of about 0,55 ft, and the
slopes of bed and water surface were allowed to adjust to
accommodate the resultant hydraulic and sediment eonditions.




Curing the period of tim required for tho system to reach
equilibrium, the tail pate was sdjnsted to maintain the re-
quired depthe After equilibrium was reeched, the final
moasurements were made. A run was considered to be in
equilibrivm vhen the bed confiruration remained essentinlly
the same over the length of the flume, except near the entrance
and exit, asd whan the slope was relatively constant with respect
to time, ¥For the second run in each pair of runs, cnly the
vater tomperature was changed and the system was allowed to
reach equilibrium, usually, without the flow being turned off.
To 1lixit the number of variables affecting sediment
transport and bed roughness, the depth was kept essentially
constant throurhout the study. However, as previcusly mentioned,
the depth 4n only the first run of each pair of runs was
regulated,




DATA COLIECTIORN

¥ith & rough movable boundery, uniform steady flow exists
cnly in a statistieal szense because of the instantancous
changes in both the magnitude and direction of the veloacity of
flow. As a result, representative average values for 211 the
basie varlables had to be obtained by making succescive
zeasurenmgnts during relatively long periods of tinme after
equilidriun was reached, The frequency and the time period
over which the measurements wore taken depended msinly on the
bed form. For exsnple, & few slope measurements over a short
tine were sufficlent to give a reliadle aversge when the bed
form was riprlesj but, meny measurementis over a long time wore
required whon the bed form was dunes.

The basic data for this study wers collected from thirty
equilibriun runs that represent different bed forms (Simons and
Richardson, 1961) from plane bed and no sediment movement to
antiduzes. Fifteen were low-temperature yuns, end the other
fifteen were high~temporature runs.

The basic data are listed in table 1 and the methods used
to measure or compute the basie variables are explained in the
following sections.




Water-gurface slopes. were determined from pointerage
measurements of the relative water-surface'elevatidn at various
places along the fluxe, When the water surface was gmooth, or
relatively smooth, single measurements were made every two fost
2long the flume. Vhen the water surfage was rough and
fluoctuating, many measurements were made at throe stations along
the flume,

A slopo was dotcrzinod from each set of measurements Ly
graphing water-gurface elovation wversus distance and drawing an
estimated mean line., Vhen 2ll the graphs for a run were wvell
defined, the sverage of all slopes was used es the average slope
for that runj whereas, when the graphs were not well defined,
tho slops was determined by a combination of the graphiecal
pethod and the least square method, Cnly the slope measurecnents
that were taken after equilibrium gonditions had been attained
wore used to establish the average slope. Also, water-surface
elovations that reflected non-uniform flow at the entrance and
exit of the flume were digscarded.

Cn the average, 5 slope measure=zents were taken during
cach run. The number of individual measurements depended on
the eondition of the flow.

Dizcharge
Discharge was mesgured with g ealibrated orifice meter
and water-air manometer. On the average, 8 readings were used
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to compute the mean discharges The maximun difforence in
discharge between the runs of cach pair of runs was 0.03 ofs.

wgte =

Vater temperature was measured with a mercury thermomster.
Usually about 6 temperature readings were used in determining
the mean temperature of each individusl rum. For the highe
temperature runs, temperatures varied from 23.4 to 3%.3%Tand
averaged 29°C; for the low-temperature runs, they varied from
740 to 1447°C and averaged 11.6°C. The maximum difference
between the temperature of any low=tempersture run and the
average temparature for ell such runs was 39.6 percenty the
maximum difference was 18.3 percent for the high~temperature

runse Also, on the average, the variation in temperature during

the runs was 1.4°C.

Danth
Individual depths vere detsrmined at ons-foot intervals

along the center line of the flums by computing from pointe
gape peasurements the difference in elevation detween water and

bed surfaces. The average depth, in turn, was computed from the

individual depths. Only those depths measured in the part of
the flume where the flow was stoady and uniform were used to
establish the average depthe. Pocause of the rapid changes in
vater-surface elevation at a point and the softéfiss of the bed
especislly cduring the runs in the upper flow regime, many depth
measuremsnts had to be made to obtain mccurafd ‘GFaFe depths,
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Cenerally, about 80 depth measurements were used in computing the
average depth for the runs in the lower-flow regime and about 120
woere used for the runs in the upper-flow regime, The average
depth for the thirty runs was 0.61 ft, snd the maximuz deviation
in the average depth for any run was 22 percent from this overe
all average.
Yeon Jeloodty

Hean velocity was coumputed by dividing the mean discharge by
the average flow area (rmeand epth times the width of the flume).
¥Moan velocities ranged from 0.86 to 5.73 fps.

Cadim

Samples of the water-sediment mixture were taken with a widthe
depth, integrating, total-load sampler at the flume exit to estabe-
lish the velocity-weighted total sediment concentration. 1In
general, 10 samples, eash of which consisted of about 86 pounds of
vater=sedizont mixture, were taken during a run. For runs in the
lower flow regime, the samples were collected throughout an
average period of 10 hours; for the runs in the upper flow regive
they were collected throughout an aversge period of about 4 hours.
Total sediment concontrations ranged from O to 29,600 parts per
zillion (prm).

AdodeSadina ”

Euspended sediment was sampled at the middle of the flume
with a @ epthe=integrating sampler. The sampler consisted of a
3« x 1/%~inch brass nozzle that was connected to a vacuum pump
and attached to a wading rod. The vaouum pump was used to
achieve a nozzic veloeity that was aepproximately equal to the
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mean velocity of the flows About 0.9 of the depth was saxzpled.
Whenever it was possidle, samples were taken on the crests of
be¢ forms. Four samples, each containing about 6.5 pounds of
wvater-zediment mixture, were collected by the equal-transit
rate method! for esch run.

In one run having antidumes (run no. 17), the suspended=
sediment eoncéntratian was slightly higher than the total
sediment eoncontration. This may have been a result of the
sawpling technlique or of sampling too close to ths bed; but,
probably merely indiecates that for this flow condition the
total sediment concontration and tho suspended-sediment
ccncantration are equal. Concentrations of suspended sediment
ranged from ¢ to 29,700 ppm.

Sad VMoterdel
Ded material was sanmpled during each run with a one-inch
diameter plastio tube by collecting fulledepth cores at S5-It
intervals slong the flume. For analysis, all the corss for each

run ware composited,.

Farticle-Cize Distridutiong
Farticle-size distributions of the total sediment discharge,
suspended=-gedinent discharge, and bed material were determined
by the wvisual sccurulstion tube method (Federal Intoreigencey

1. The sawpling tochnique corresponded to the ETR methodi however,
bacause watoresediment oixture was not collected everyvhere at
strecam veloclty the 7R method was not adhered to strictly.
frobably, the measured eoncentrations are only sliputly different
gzau th:ga that would have been measured Af the ETR maethod had

on used.
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River Basin Concittee, 19572). Craphs of the size distributions
were plotted on lopgarithmie prodbability paper for esc¢h run in
order to establish the median standard sl diametlor and the
gradation coefficient . The median standerd f2ll dlancter is
the size for which 50 per cent, by welipght, of the sediment is
finer or cosrsers The n-adotion coefliciont 13 defined ast

= 1/2 (dl e T“*)
where dyg and dgp, are the sizes for which 16 and 8% percert,
respectively, of the material is finer.

" Eald Veloodty

Values of/an estimate of the fall velceity of the bad
material at the tempersture of esch runm, were couputed by
aprlying a corrective veloeity to the standard fall veloecity cof
the median fall diameter. Yor the compulations, a shape factor
of 0.7 was used and fall velosities of the median fall dlsmetors
and corrective _velaéitio: were deternmined from Tables 2 and &,
rospectively, of Rerort No. 12, "Oome FPumdarentals of Farticle
Size Analysis® (Federal Inter-iAgency River Basin Commission,
19574). Tha range of fall velocities of bosd zmterisl was {ronm
0.12 to 0,17 frse. The average fall velocity of bed material
for the low~tomperature runs was 0.13 fps, and thot of the highe
temperature runs was 0.16 £ps.
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EFTECT OF TEMIERATURE ON TIE SEDIMCNTATION FLUID

AND PARTICLE CHARACTERISTICS

Changés in terperature affect toth the density and vizsosity
of flow, 1In 2 natural stream densities vary, bessuse of
tompoarature changes, a moxiomum of about 1 percents however,
viscosities can vary as much as s bout 150 pereent. In this
study the average wster teuperatures for the lowe and highe
temperature mms were 11.6 and 29.0°C, respectively, for which
the Xinematic viscosities are 1.35 x 1077 and 0.8 x 1077
square fect por secend--2 variation of about 52 percent.
Viscosity among other things, affests the fall veloeity of the
gedinment particles. Thus, whenever tho temporature changes,
tho viscosity chenges and in turn, the fall veloeity of the
sadinent 1s alterad. Firure 3 shows the degree that the fall
velocity of different sizes of natural sand particles varies

Figure 3 - Variation of £all velocity with temperature for
‘@ifferent noninal & amoters (naturally wonn'qugpg~»*ta
particles having a shape factor of 0.7). S

with temperature.

Peceuse the varistion of viscosity with tempersture is
different for different fluids, the wveriation of 31l veloeity
with temperature also is different for difforent flulds. D. B
Simons, E. Ve Richardgon, and W. L. Faushild (writton communi-
cation, 1961) measured changes in viscosity with temperature
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for various pei'centago dispersions of bentonite and keolin in
wvater. The dispersions behaved as non-Nowtonian fluids, that
1s, there wvas no constant proportionality factor (viscosity)
betwsan the rate of deformation and the thear stress. They also
conputed fallvelocities for particles having shape factors of
0.7 by using the measured aprarent viscosity for e¢ach disporsion
with the drag coefficient-Reynolds nuxbsar rolation (Federal
Inter-igency River Basin Commissien, 1957). The computed fall
velocities for oaoh‘ dispersion were closs to those mezsured in
8 visual sccurmlation tude 4in which theo saettling medium was the
dispersion, The arrvcmsnt‘botween the computed and messured
fall velocities indicates that the spparsnt viscosity curves
they presented can b¢ used with the drag coefficient-Reynolds
rnunber relation to compute f2l1l velocities in like dispercions
at various temperaturcs. TFirure %, which 4s based on such

Figure #- Varistion in fall velocity of median particle size of
Elkhorn River, Rebraska sand with fluld temperature in disztilled
water and in § porcent, by welght, dispersions of kaolin and
bentonite.

computations, shows that for a ssmple of Elkhorn River sand whose
pedien fall diameter i3 about 0.26 mm, ths absolute rate of
change of fall velocity with tenperature 41s less with the water=
clay dispersions than, with distilled water, at least, throughout
the range from 10 to %0°C. Figure 5, vhich 13 derived from the
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Flgure 5 « Relative variation of 31l veloelity of median
particle size of Elkhorn River, Nebrasks sand with fluid
tempersture iri distllled water and in $ percent, by waight,
dispersions of kaolin and dentonite.

curves of Figure %, shows that relative rates of change of fall
veloelity with temperature s8lso are less with the wvater-clay
dispersions than with distilled watare This graph wsy also be
interpretod to indiczte thot with watere-clay dispersions, when
the fall wvelocity of the particles is decreased by & change in
tho dispersion, the relative rate of change of full velocity
with tonperature decreases. Thug, cven though the addition of
fine sediment may cauge the viscosity of a éispersion to vary
with tomperature ¢to a grester extent then the viscosity of dlige
tilled wator, the not effect may be that the variation of fall
veloeity with tesperature is reduced.
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EXFERTMINTAL RESULTO

The water temperatures and total sediment concentrations
associated with the palrs of low= and highetemperature runs zre
shovn in Figure 6. In the fipure straight lines join the runs

Figure € « Temperatures and total sedizent concentrations fo
each pair of runs,.

¢f each pair. In the lower flow regime, the data indicate that
wvhen the bed form was ripples an 'incroase in ¢ emperature caused
sn increase in the total sediment concentrationj whon the bed
forp was dunes with ripples superposed a temperature increase
czuged the total sediment concontration to deoreasej and when
the bed form wvas dunes a tomperature increase caused either an
insreass or a decrcase in the total mdiment concentration. In
the transition betwsen tho lower and upper regimes of flow an
inercase in temperature caused sn increase in the total sediment '
concentration. In the upper flow regime, when the bed form was
plane or m=ild antidunes an inorsase in temperature caused either
&n ineressa or a decrease in tho total sediment concentration;
however, when the bed form was antidunses s temperature increase
coused a deerease in the total sediment concentraticn.

The changes in the flow resistance that resulted from the
teuperature changes are shoun ia Figure 7. In the figure lines
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Figzure 7 - Tezperatures and resistance coefficionts for each

paiy of runs.

Join the runs of each pair. In the lowver flow repgirme the
resistonce to flow generally decreased when the temperasture was
increased. In the upper flow regime temporature increnses,
1ikewlse, were assoclated with decreases in flow resistance,
Towever, in the transition betwesn lower and upper rogimes of
flov, tha flow resistance increased when the teuperature waos
increased.

In several pairs of runs the bed fora was changed as & -
result of the temporaturs change (ses figures 6 and 7).
Actually, the most dramatic changes in bed form occurred in the
three pairs of runs classifiad as transition, particularly in

runs 7 and 8. FHowever, because of the range of conditions
covared by the term "transition”, the chenge in bed form has
not been indicated in the figures. In the three pairs, the
low=tenporature runs wvere associsted with relatively flat beds
(see Fipure 8); whereas, tha high tempersture runs were
Figure 8 « Dad form in low~teumperature trensition runss
As Fun $ B« Fua $ Co RUn o

associated with beds having slightly washed out dunes. (see
Flgure 9). Algo, in the low-temperature transition runs both




Figure 2 « Eed form in highetemperature transition runss
Ae FRun $ Be. Pun $ Ce¢ Run .

the flow resistances and tho total sediment concentrations were
low, end in the high-temperatura transition runs both the flow
registances and the total sediment congentraticnswere high.
The apparent contradioctory nature of the data on both
flow resistance and sedirent concantration corresponds with the
findings of other studies. Iane and others (1949) reported
that for comparable mosn ¢aily dlscharges in the Colorado River,
daily suspended-bed-material discharges pre two to three times
greater in the winter than they are in the summer, Straub (1954)
found simdilar increases in the Migscuri River., Mublell and
others (1956) reported that in the ¥1ddle lIoup River at Dunning,
Nebraska both the suspended-bed-nzterial concentration and the
total bed-material concontration increased when the temperature
decreased. They also reporied that the flow resistance
docrecsed when the temperature decreased, On the other hand, o
(1939) observed that sedirent concentrstions increasod when the
water tecperature was increased. likewise, M. G Mostafa (written
comrmnication, 1%49), on tho basis of his studies with fluids
having vastly éifferent viscosities, concluded that s fluld having
a high viscoszity world in most esses transport a lower total bode
material discharge than a fluid having a low viseosity; in other
words, an inerease in water temperature should usually increass
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the total bedematerinl éischarpe. Othor exporimenters (J. S.

¥eliown, written commmunication, 1042; and Barton and Albertson,
1553) sizilarly have indicated that an incresse in temperature
incrcases the sodiment transport. Data collected by D, B.
Sixons, E. Ve Richardson, and W. L. Hsughild (written
communic ¢lon, 1961) in the same flume &3 was used in this study
indicate that whon the viszcosity 1s increased by the addition
of fins sediment (comparable to an inerease in viscozity by a
reduction in tempersture), the flow resistance and bed-mstarial
consentration may either increase or decreasej the changs
depends on the con’itions of flow.

The most striking facts frow the data are that both the
total sediment concentraticn and flow resistence (and shear)
change wvhen the temperature changes, and that the cbserved
changes corresprond in one way or sncther with those observed by
most other invectipators. These facts seen particularly
significant because they indicateo that the offeots of texperature
changes, like the effects of some other varisbles, ere not alvays
direct and in the same dircetion.




ARATYSIS OF THE DATA

It has been found by many investigators that the size of
bed material has a ¢considerable effact on the amount of
Mipent transported in alluvial channels., &imons and
Richardson (1961) found by comparing the data eollected for
different bed materials that the size of bed material, as
characterized by the median standard fall dismeter, has an
inportant effect on the forms of bed roughness which, in turn,
affect the rate of sediment transportation., Beoause the fall
dianeter is determined from fall veloeity, the variation in
bed form and other flow phenomena that occur with different
f£all dismeters actually reflect the effects of the fall
velocity of the bed material, Thus, whenever the viscosity of
the sédimentary fluid changes because of a temperature ghange,
the fall nlocity changes and the influence of the bed material
on the rate of sediment transport and the flow resistance is
altered,

The shear on the M, Yo » bas beenplotted against the
total bed-material concentration with the form of bed roughness
as a third variable in Figure 10. The data used for the graph

T

e

Figure 10 « Relation between bed shear and total ded-material
concentration in an 8«ft. wide flume for relatively constant
water temperature and depth.




were collected in sn S-ft flume and were for a relatively
constant water temperature and depth (Simons and Richardson,
19613 Simons, Richardson, and Albertson, 1961). A similar
graph with data from this study also has been prepared (see
Figure 11).

Figure 11 « Relation detween bed shear snd total sediment
congsntration for the lowe and high-temporaturse runs.

resmesaion

In toth figures there are two relations. Filgure 10 shows
distinet relations for the 0.28 mm send and the 0.45 mm sand,
and figure 1l gives sepsrate relations for the lowe snd highe
temperature runs. Fach curve {n these figures shows that in
the lower flow regime the total seliment concentration increases
as the shear on the bed increases; in the transition, the
concentration remains about constant, but the ghear suddenly
dgereasesy and in the upper flow regime the goncentration
increosses as the shear on the bed inoreases. Also the rate of
change of concentration with shear, 4C / 47 , s the greatest
in the lover flow regime Just before the sudden decreass in the
sheay., If represcntativu T2ll velocities are substituted for
the sizes and temperastures indicated in firures 10 and 11
respsotively, 1s apparant that there is a different shear-
concentration reletion for each fall veloecity.

The relative positions of the curves in the two figures
are somevhat different. Fossibly, the differences betweaen the
relations exist because the two gands given in figure 10 have
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different size gradations; whereas, in figure 11, the size
gradation was ¢onstant, except as it was modified by
temporature. However, the differences could algo reflset the
 effect of different sized flumes. In any case, the fipures
indiacate that for a given chonnel shape and depth, there is

a reasonably welledofined relation detween the shear on the
bed and the total ded-manterial eoncentration for every
different distridution of fall velocities of the bed material.




ENERAL EXPLATATION ¥OR TIi™FORATURE EFFECTS

Three fundsmental relationships provide the basis for a
general qualitative explanation of the effect of temperature
changos on sediment transport and flow resistance in alluvial
channels, These relationships arer (1) For every different
bed material size gradation, fluid medium, depth, an® dasie
channel shape, there appears to be a general discontinuous
relation (such as those in figures 10 and 11) between the shear
on the bed and the total bedemnterial concentration; (2) The
influence of the bed material changes whenever its fall
velocities changej snd (3) The fnll velocities of the bed
matorial change whenever the properties of the settling medium
change.

The implication of thase relationships is that for a given
depth and basic channel shape, the fall velocities of the bed
naterial determine the relation between the shear and the total
bed-nsterial concentration for a psrticular fluld wedium, and
that if the properties of the fluid medium change, the fall
velocities change and a nevw relation between the shear end the
total bed-material concentration is established. Eecause any
particularly bed material has many possible fall velocities,
many different relations between the shear and the total ded-
material coneentrttlonlzsznpgggigl:anltant depth and basie
channel shape.

When the temperature changes, the fall velocities of the
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bed material change. These changes eause the shear on the bed,
the total bed-mnterlal eoncentration, the flow resistance, and
sometimes the form of bed roughness to change. These factors
adjust until a state of equilibrium is reached in which their
mutual assoclation satisfies the specifie relation batween

the shear and the total bedematerial concentration for the new
depth and the new fall velocities of the bed material. The
mutual changes and their direotion depend on the relative
relation between the original and new shear-concentration
relations. : '

In general, there appear to de three areas of flow in
wvhich temperature changes have the most effact. The first
area is indicated in fisures 10 and 11 by the segments of the
curves that were defined for the lover-flow regime when the
form of bed roughness was mostly ripples. In this part, the
curves are almost parallel to cach other. Thhs, if the shear
changes only slightly when the temperature changes, the total
bed=material concentration might change apprecisbly. The
gecond area is indicated by the segments of the curves vhere
the sudden decrease in shears cccurredj these segments reflect
the transition between the upper and lower regimes of flow
when the form of bed roughness changed from dunes to plans
bed. In this area, if the shear changes only slightly, the
total bed-material concentration could change drastically.
The third area is indicated by the seyments of the curves
that were defined for the upper-flow regime. In this area,




the curves are rourhly parallel and have flat slopes,
Consequently, a temperature change might also cause a relatively
large change in the total bedematerial conecentration.




CONCIUSICNS

In this study, averapge woter tenperatures for the low= and
high-temperature s were 11.6 and 29.0°C, respectively, for

which the kinematie viscosities sre 1,35 x 10”7 and 0.8% x 1079

square feet por second. Purticles having shape factors of 0.7
and standard fall velocities oqual to the madian standerd fall
velocity of the bed mnterial have computed fall volocities for
these viscositles that average 0,13 and 0.16 feat por second,
respectively.

Even though the apperent viscosity of a water-fine
sediment dispersion may vary with temperature to a greater
extent than the viscosity of distilled water, the variation of
the fall velocities of sand particles with tompersture may dbe
less in the water-fine sediment dispersion than in distilled
vater.

Changes in water tempersture c¢ause changes in the sedimerd
eoncaentration, flow resistence, shear; and; sometimes, the bed
form. %he magnitude and direction of the changes are not the
same for all flows. ;

The most dramatic b:d form chenges in thh study were
obsorved when the flow was in the transition between the uppor-
and lowor-flow regimes and the bod changed from slightly washed
ocut dunes to nearly a plane bed.




The observed changes in {low resistance and sediment
transport correspond in one way or ancther with the changes
observed by other investigetors.

Craphs baged on data from an 8-t wide flume and from this
study show that with a dasic channel shape and relatively constant
depth,, the relation botween bed shear and total bed-mnterial
concentration is well dafined for every different fall velocity
of tho bed material, regardless of whather the fall velccity is
aifferont becauao'tbn bed material iz difforent or because the
viscosity of the settling mediun is different,

‘Fhen the temperature chanres, the fall velocity of the bad
material changes., This change oauses the shear on the bed, the
total bed-material concentration, snd the flow resistance to
ad just until a state of cquilibrium is reached in which the
mtual association of these variables satisfies the specific
shear-concentration relatiocn for the new depth and the new fall
velocity of the bed material,

In general, there soems to be three conditions of flow when
temperature changes cazuse the greatoat changes, percentagewise,
in ths total bedematerial concentration. These conditions are
wvhen the bed form is riprles, when the bed form is antidunes,
and vhen the flow is in the transition range.
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