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SI'UMARY

Fol lowing fron earl ier work on sediment in serders carr ied out at the

I lydraul ic Research Stat ion (HRS), a nelr  prograume of work, funded by

Construct ion Industry Directorate of Departmeat of the Environment (Oon),  is

under way at l lydraul ics Research (HR). A 300 'nm diameter concrete pipe is

be ing  s tud ied  w i th  a  0 .72  nn  sand,  a t  concent ra t ions  up  to  the  l in i t  o f

depos i t ion ,  over  a  range o f  f low ve loc i t ies  f rm 0 .5  to  1 .3o /s .  P ipe- fu l l

and  par t -  fu l l  cond i t ions  are  be ing  s tud ied ,  and head- loss  due to  the

presence of the sediment is being measured. In this report  the experimental

r ig  and ne thodo logy  are  descr ibed in  de ta i l ,  and  da ta  so  fa r  co l lec ted  a t

the l i rni t  of  deposit ion are conpared with exist ing fornulae. Measured

values of hydraul ic gradient without sediment present ere analysed to assess

the  e f fec t  o f  shape fac to r  on  res is tance.  Measured va lues  o f  ve loc i ty  a t

the threshold of movement are cdtrpared with exist ing theories.
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Qs volumetr ic  f low rate of  sedimenc
* r

Q s  t r a n s p o r t  p a r a m e t e r  i n  M a c k e  e q u a t i o n  ( =  e s . y . g . ( s - I ) . w " ' )

R hydraul ic  radius

Re Reynoldrs number (= 4VR/ v)

Rey nodi f ied Reynoldrs number (= Vy/  v)
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1 .

1 . 1

ItrTRODT'CTION

Background

Recent research on the movement of sedinent in

p ipes  has  shown tha t  the  ve loc i ty  necessary  to

maintain deposit- f ree condit ions is dependenc on

a number of factors including the type and

diameter of the pipe, and the concentrat ion and

character ist ics of the sediment.  A program of

experimental  work was carr ied out by May (11) at

the l lydraul ics Research Srar ion ( I IRS) wirh rhe

intent ion of producing design reconmendations

appl icable to storu and coubined senerage

systems. Pipe diameters of 77 s and 158nm were

studied with non-cohesive sediments of s izes in

the range 0.6 to 8nm with a specif ic gravi ty of

2.65. May developed a new theoret ical  model for

the transport  of  sediment at low concentrat ions

in  p ipes ,  and a  des ign  fo rmula  was proposed,  based

on this and on the experioental  results.

A number of ear l ier studies, including those of

Robinson and Graf (16),  Laursen (9) and Novak and

Nal lur i  (14) each produced their  own formula for

predict ing the l in i t  of  deposit ion. These were

compared with the new data, and each gave widely

varying predict ions of concentrat ion for the pipe

s izes  and sed iment  s izes  covered by  the  I IRS s tudy .

This highl ights the l in i tat ions of design formulae

which are empir ical ly der ived, when i t  is at tempted

to extrapolate beyond their  measured range.

The I IRS formula had a theoret ical  basis,  but i t  was

necessary  to  in t roduce an  empi r i ca l  fac to r  to

account  fo r  the  e f fec t  o f  the  sed iment  s ize  re la t i ve

to  the  p ipe  d ianeter .  P ipes  used in  s to rm sewerage

sys tems are  typ ica l l y  o f  la rger  d iameter  than those

used fo r  the  HRS s tudy ,  and th is  has  been



a drawback to most

t ranspo r t  i n  p ipes

s tud ies  o f  sed imen t

ca r r i ed  ou t .

of  the

s o  f a r

1 . 2  P r e s e n t  s t u d v

CIRIA (2)  commissi -oned a repor t  a imed at  rev iewing

the present  problem of  sediment  in  s torm and

combined sewers and ident i fy ing what  research was

necessa ry  t o  c l ose  the  p r i nc ipa l  gaps  i n  p resen t

know ledge .  A  spec i f i c  need  wh ich  the  repo r t

i den t i f i ed  was  fo r  ' r l abo ra to ry  s tud ies  t o  c l a r i f y

sca le  e f f ec t s  i n  mode l l i ng  non -cohes i ve  sed imen t

movementrr .

A new prograume of experiuental work is under way at

I lydraul ics Research,  extending the scope of  the

ea r l i e r  expe r imen ts  t o  l a rge r  p ipe  d iame te rs ,  and  to

those of  the type more commonly used in sewerage

systems.  Exper iments are current ly  in  progress on a

sect ion of  300nn d iameter  concrete sewer p ipe

moun ted  i n  a  t i l t i ng  f l ume  wh ich  w i l l  a l l ow  p ipes  up

to 450nm diameter  to be studied.  The a im of  th is

research is  to  determine how accurate are the design

c r i t e r i a  a l ready  p roposed  when  app l i ed  t o  p ipes  o f

larger  d iameter  t .han those previously  s tudied.  I f

necessa ry ,  new  des ign  c r i t e r i a  w i l l  be  deve loped

wh ich  can  be  app l i ed  t o  p ipe  s i zes  cove r i ng  the  fu l l

r ange  o f  bo th  s tud ies .  I t  i s  i n tended  to  f u r t he r

extend the sLudy to sediment- laden f low over  a

depos i t ed  bed .

In  t h i s  repo r t ,  t he  resu l t s  so  f a r  ob ta ined  a t  t he

l imi t  o f  deposi t ion are compared wi th the or ig inal

I1RS formula and wi th those proposed by I ' lacke (10)

and  mos t  recen t l y  by  Na l l u r i  and  Maye r l e  (13 ) .  The

laE te r  two  fo rmu lae  a re  a l so  compared  w i th  Ehe

ea r l i e r  HRS da ta .  Measu red  va lues  o f  t he  f l ow

veloc i ty  at  threshold of  movement are a lso compared

w i th  t he  f o rmu lae  de r i . ved  by  Novak  and  Na l l u r i  ( 14 ) ,



TEST

ARRATICBI{ENT

(15 )  f r on  the i r  ex tens i ve  s tud ies  o f  t he  i nc ip iea t

mot ion of  sediments over  a wide range of  bed

roughness and par t ic le  s izes.  The measured values

of  hydraul ic  gradient  wi thout  the presence of

sed imen t  a re  ana l ysed  to  assess  the  e f f ec t  on

resis t .ance of  changing shape of  cross-sect ion at

d i f f e ren t  f l ow-dep ths .  l l ead - Ioss  da ta  a t  t he  l i n i t

o f  deposi t ion are compared wi th ex is t ing theor ies.

The experiments are being carr ied out in a converted

2.44m wide  t i l t i ng  f lume (see f ig  1 )  in  wh ich  f low

is suppl ied to the test pipe by up to three punps

hav ing  a  to ta l  capac iey  o f  a round 0 .25  n3 /s .  P ipes

up to 450nn diameter can be studied, but in i t ia l ly a

300nm dia. concrete pipe has been instal led. The

pipe is mounted in one side of che f lume, the other

half  of  the f lume act ing as an overf low channel.

Flow into che head of the system can pass into the

selter pipe over a L.22s wide rectangular thin plate

weir or,  depending upon the sett ing of a t i l t ing

we i r ,  a  cont . ro l led  propor t ion  can be  a l lowed to  pass

down the overf low channel.  This system al lows f low

into the sewer pipe to be var ied rapidly for

accura te  s imu la t ion  o f  f loods .  In  add i t ion  to  the

main  f low,  sed iment  i s  rec i rcu la ted  n i th  a  smal1

proport ion of the l iquid discharge, by a slurry pump

whose discharge is measured using an

electro-magaetic currenc meter.  The sediment

concent ra t ion  in  the  rec i rcu la t ion  p ipe  is  measured

us ing  a  in f ra - red  sensor .

The  p ipe  be iag  tes ted  has  a  t o ta l  l eng th  o f  21m and

nominal  in ternal  d iameter  of  300nar.  I t  is

2.1  Genera l

layout



compr i sed  o f  2 .52s  l ong  sec t i ons  o f  ROCLA

spun-concrete sewer p ipe and was measured to have a

mean internal  d i -ameter  of  298.83mm, wi th a standard

dev ia t i on  o f  6  =  2 .B9mm (see  f i g  2 ) .  The
s

indiv idual  lengths of  p ipe have a spigot-and-socket

t ype  o f  j o i n t ,  and  shou ld  be  l a i d  w i t h  sp igo ts

point ing downstream. For  pract ica l  reasons ic  was

necessary to f ix  the p ipe to the bulkhead at  the

upstream end,  so the p ipe was la id wi th sockets

point ing downstream. This has the ef fect  that  the

jo ints  present  a smal l  (approx 2-3nur)  expansion in

the downstream di rect ion,  and thus deposi t ion wi l l

not  be encouraged at  the jo ints .  In ternal  gaps

bet\reen the pipe lengths vary from zero to

approximately 20mm depending on the fit at

ind iv idual  jo ints .  The p ipe was la id on wooden

blocks such that  the inver t  was as level  as possib le

when the f lume was 1evel .  Subsequent ly  inver t

levels  were checked a long the p ipe and,  at  gauge

posi t ions,  deviat ions f rom mean inver t  level  were

found  to  l i e  i n  t he  range  -0 .2 { , - i € .1um.  Fo r  a l l

po in t s  measu red ,  -4 .9 { , - ;Q .4mn .  P ipe  s lope  can  be

var ied up to around 1/100.

Each p ipe length has two 900 x 90mn s lots  cut  in  the

top  to  a l l ow  obse rva t i on  o f  bed  cond i t i ons  a loog  the

leng th  o f  t he  p ipe .  F lush - f i t t i ng ,  e ranspa ren t  l i ds

were  bu i l t  t o  re -sea l  t he  p ipe  fo r  t es t s  a t

p ipe - fu l1  f l ow  wh i l s t  s t i 1 l  a l l ow ing  obse rva t i on  o f

t he  bed .

Depth in  the p ipe can be contro l led us ing an

ad jus tab le  s l u i ce  ga te  ac  t he  downsEream end r  f l ow

f rom the  p ipe  fa l l i ng  f r ee l y  i n to  a  hoppe r  whe re

sed imen t  i s  a l l owed  to  se t t l e .  The  sed imen t  i s

ex t . r ac ted ,  w iEh  a  sma1 l  p ropo r t i on  o f  t he  f l owr  f r om

the  bo t tom o f  t he  hoppe r ,  and  rec i r cu la ted  by  t he



slurry pump to the head of the

d i s c h a r g e  s p i l l s  o v e r  t h e  s i l l

outer tank, thus maintaining a

the slurry pump. Mesh screeos

prevent sediment in suspension

the outer tank.

sewer.  The remain ing

o f  t he  hoppe r  i n to  an

constant  head over

a round  the  s i l l

f r om escap ing  i n to

2. 2 Sediruent

concentrat ion

lneasure{Bent

The hydraul ic gradient along the pipe is measured

using f ive digi tal  depth gauges mounted above the

p ipe  a t  2 .52w in te rva ls  a long par t  o f  i t s  leng th .

The point gauges are f i t ted with a battery powered

e lec t ron ic  de tec tor  c i rcu i t ,  wh ich  emi ts  an  aud ib le
rrsqueakrr when the t ip of the gauge is in contact

w i th  the  na ter .  Th is  i s  o f  par t i cu la r  ass is tance

when measur ing  the  depth  fo r  par t - fu11 f low tes ts ,

when the r i later surface is measured direct ly,  and

f luctuat ions in leve1 cause the gauge to rrdiprr  into

and out of che water.  For pipe-ful l  f low the level

i s  measured in  s t i l l i ng  we l ls  mounted  on  the

t ransparent  perspex  l ids .  These s t i l l i ng  we l ls  a re

in cormunicat ion with the pipe via 0.5mm diameter

holesl  being smal l  enough to reduce periodic

f luctuat ions in water level to around t lmm.

In  the ear l ier  I IRS tests,  dry sand was added at  the

upsEream end  o f  t he  t es t  p i pes  us ing  a  v i b ra t i ng

scren sediment  in jector l  and removed at  the

downs t ream end  by  co l l ec t i ng  i t  i n  a  hoppe r .  Th i s

was found to have a number of drawbacks. The

screw- in jector  was tending to gr ind the sand,

reduc ing  i t s  d50  s i ze  as  t es t s  rden t  on ,  a l so  i t  was

necessa ry  t o  keep  d ry ing  l a rge  guan t i t i es  o f  sand

a f te r  eve ry  t es t  be fo re  i t  cou ld  be  reused ,  and  the

in jec to r  cou ld  no t  be  re l i ed  upon  to  g i ve  a  cons tan t

r a t e  o f  s u p p l y .



In  order  to achieve the rnuch h igher  t ransporf  rates

expec ted  i n  t he  l a rge r  d iame te r  p ipes ,  w i t hou t

demanding huge quanci t ies of  dry sand for  every

test ,  a  nevr  method has been devised for  the present

se t  o f  expe r imen ts .  Th i s  uses  a  re -c i r cu la t i ng

sediment  system which measures sediment

concentrat ion by the in terrupt ion of  an in f ra-red

l i g h t  b e a m .  I t  i s . a n  a p p l i c a t i o n  o f  r h e  w i d e l y

used technique for  measur ing concentrat ion of  s i l t

pa r t i c l es  i n  suspens ion  us ing  a  l i gh t  beam,  and

a l l ows  we t  sand  to  be  con t i nuous l y  re -c i r cu la ted

wi thout  the need for  dry ing and weighing of

s a u p l e s .

At  the downstream end of  the sewer p iper  mixed

sediment  and water  fa l ls  in to a hopper,  where the sand

i s  a l l owed  to  se t t l e  t o  t he  bo t tom.  C lea r  l r a te r

over f lows into a separate,  surrounding tank,  through

mesh screens which prevent  any sediment  in  suspension

from escaping.  A s lurry  pump col lects the sediment

f rom the bot tom of  the hopper and rec i rcu lates mixed

sand and r t rater  at  a pre-set  ve loc i ty  to the head of

the system v ia a 75 mm diameter  p ipe.  The f low

veloc i ty  in  th is  sediment  return p ipe is  measured

using an e lect ro-magnet ic  current-meter  (ECM) which is

not  af fected by smal l  sediment  concentrat . ions.  The

sediment  return p ipe has a lm long perspex sect ion

part  l ray a long,  wi th an in f ra-red l ight  source mounted

aga ins t  t he  i ove r t  on  t he  ouEs ide  o f  t he  p ipe  ( see  f i g

3 ) .  The  sou rce  sh ines  a  "penc i l "  beam ac ross  t he

d iame te r  o f  t he  p ipe  to  a  senso r  oppos i t e  i t ,  a l so

moun ted  on  the  ou ts ide  o f  t he  p ipe .  Sand  pass ing

a long  the  p ipe  i n te r rup ts  t he  beam,  i nc reas ing l y  w i t h

i nc reas ing  concen t ra t i on ,  aod  reduces  the  s t reng th  o f

s i gna l  a r r i v i ng  a t  t he  senso r .  The  ou tpu t  s i gna l  i s

f ed  to  an  amp l i f i e r  un i t  wh i ch  conve r t s  t he  senso r

s igna l  t o  a  vo l t . age ,  nomina l l y  i n  t he  range  0 -1  vo l t ,

bu t  va r i ab le  us ing  ga in  and  ba lance  se tE ings .  Fo r



the sediment tests these were set to give an output of

.988 V for no signal reaching the sensor,  down to

around 0 . lV  fo r  c lear  l ra te r .  F rom the  anp l i f ie r ,  the

signal is fed both to a chart  recorder to produce a

hard copy, and through a vol tage-frequency converter

to a counter.  Ihe counter can be set to count over a

given t ime period frorn 1 second up to 9999 ninutes to

give a mean reading for that per iod. After passing

the sensor the sand and nater is fed back into the

head of the sewer piper thus maintaining a uniform

uean sediment transport  rate through the system. Fig

4 sholts schematically the layout of the measurement

and recording system.

The response of the infra-red device is dependent on

both sediment size and f low veloci ty in the sediment

pipe. The dependence on f low veloci ty is

advantageous, in that a wide range of t ransport  rates

can be covered by only a few pipe veloci t ies:

increasing the pipe veloci ty reduces sediment

concentrat ion for a given transport  rate, and

therefore reduces the response of che infra-red

sensor.  The f low veloci ty and sediment concentrat ion

in the sediment pipe can be al tered to sui table values

without affect ing the corresponding condit ions in the

ser rer  p ipe .

Before  the  sys tem cou ld  be  used,  i t  was  necessary  to

cal ibrate the infra-red sensor over a range of

sediment concentrat ions and sediment pipe f low

ve loc i t ies .  In i t ia l l y ,  a  0 .72mm,  aar ro l r  g raded sand

was chosen fo r  inves t iga t ion  a t  l im i t  o f  depos i t ion .

Based on expected cransport  rates for the range of

sewer  ve loc i t ies  to  be  s tud ied ,  in i t ia l l y  two

ca l ib ra t ion  ve loc i t ies  were  chosen,  and tes ted  over

the  fu l l  response range o f  the  sensor .

Before  and a f te r  each ca l ib ra t ion  a  sensor  read ing



was taken wi th no sediment  present .  This ,  the

[c lear-waterr r  reading,  was found to vary by a few

percent  f rom the one tesE to another .  At  the other

end of  the scale,  a reading nas taken wi th the

inf ra-red source swi tched of f .  This  reading was found

to be constant ,  conf i rming that  aobient  l ight  levels

rdere not  af fect ing the readings.

The sediment  sensor cal ibrat ions nere carr ied out

us ing  a  2  l i t r e  p las t i c  beake r ,  w i t h  ho les  o f  va r i ous

s i zes  d r i l l ed  i n  t he  base  to  a l l ow  a  range  o f

i n j ec t i on  ra tes .  The  ho les  ne re  t aped  ove r ,  and  the

beaker f i l led wi th sand and weighed.  I t  was then

mounted above the hopper at the downstream end of the

sener p ipe,  wi th a funnel  and ver t ica l  p ipe to catch

the sand f rom the beaker and carry i t  d i rect ly  dowo

to che s lurry  punp of f take.  Wi th the return p ipe set

at  the requi red cal ibrat ion veloc i ty ,  tape was removed

from one or  rnore holes,  and a stop watch was star ted.

Sand was then added to the beaker from a pre-weighed

supp l y ,  t o  keep  i t  t opped  up  to  a  cons tan t  l eve l .

I {hen a l l  the pre-weighed sand had been used,  the holes

nere fesealed and the stopwatch stopped.  The beaker

was t .hen reweighed,  and mean in ject ion rate calculated

as

in i t ia l  beaker sand + pre-weighed sand -  f ioa l  beaker sand

du ra t i on  o f  t es t

The amount  of  pre-weighed sand was chosen to g ive a

test  duracion of  at  least  f ive minutes -  at  the very

highest  in ject ion rates the amount  of  sand requi red

make a longer cal ibrat ion impract icabLe.  A hard copy

of  the cal ibrat ion output  was reta ined f rom the char t

recorder ,  but  actual  sensor  readings were obta ined

f rom the  coun te r ,  wh i ch  was  se t  ac  100s  coun t i ng

pe r i od .  The  cha r t  r eco rd  se rved  on l y  as  a  check  on

the  coun te r  ou tpue ,  and  was  use fu l  i n  de te rm in ing  how



s teady  the  sand  supp l y  ra te  rema ined  du r i ng  the  tes t .

I t  was  found  tha t  t he  l owes t  t r anspo r t  r a tes  (be low

approx  2g l s )  cou ld  no t  be  ach ieved  us iag  rh i s

arrangement as the saad tended to arch above the hole
in the beaker i f  i . t  was smal ler  than about  4mm, and a
s teady  ra te  o f  supp l y  cou ld  no t  be  re l i ed  upon .
Therefore,  a s imple v ibrat ing wire,  dr iven by s srnal l
e l ec t r i c  mo to r  was  used  to  a l l ow  a  sma l l e r  beake r  and
ho le  d iane te r  t o  be  used .  Th i s  a l l owed  ca l i b ra t i ons
to be carr ied down to 0.16 g/s,  which is  of  the same
order  at  the lowest  expected t ransport  rate to be
studied in  thq 300nm pipe.

I t  was necessary to normal ise the sensor output  in
some way to account  for  var i .a t ions in  the c lear-water

reading.  These var iat ions could be ascr ibed to two
ma in  causes :

Changes in  the  sens i t i v i t y  o f  the  sensor ,  due to
temperature and power f luctuat ions.

Ctranges in the transmissivi ty of the rrater due to
presence of f ines and air

o the r  poss ib le  f ac to rs  i nc lude  e rec t r i ca r  i n te r fe rence

from other equipment and physical movement of the
heads ,  bu t  t hese  a re  no t  t hough t  t o  be  s ign i f i can t .

I f  one int roduces a theoret ica l  ' rpure waterr r  reading -

ie .  the reading which is  obta iaable f rom water  wi th no
ai r  or  f ines present  -  t .hen the normal ised reading

w i l l  be  equa l  t o  t he  change  i n  s i gna l  due  to  t he
p resen t  o f  sed imen t ,  d i v i ded  by  t he  fu l l  r ange  o f  t he

ins t rument  .



l . e .

c lea r  wa te r  read ing  -  ac tua l  r ead ins
source of f  reading -  pure water  reading

I f  t he  sens i t i v i t y  o f  t he  senso r  changes ,  t he  a l l

readings below ' rsource of f r r  should change

p ropo r t i ona l l y ,  i nc lud ing  the  r rpu re  rde te r r r  r ead ing .

The re fo re ,  i f  i t  s re re  assumed  tha t  a l l  f l uc tua t i ons  i n

c lear  water  reading were due to changes in sensi t iv i ty

only,  then the quant i ty

source of f  reading -  c lear  wat ,er  reading
source of f  reading -  pure r rater  reading

should be constant ,  and i t  is  appropr iate to normal ize

the output  as

actual  reading -  c lear  water  reading

I f  a l l  f luctuat ions are due only to changes in the

transmiss iv i ty  of  the water ,  then Ehe r rpure r raterr l

reading would be constant  and i t  is  appropr iate to

use normal ize readings as

actual reading - c lear l rater reading

Ear ly  ca l ib ra t ions  tes ts  y ie lded a  very  non- l inear

relat ionship between sensor output and concentrat ion,
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vi th the sensor showing a tendency to trsaturaterr at

low concentrat ions. This non-l inear response was

unacceptable because, i f  short- term variat ions were

meaned w i th  respec t  to  t ime,  the  ca lcu la ted  mean

concent ra t ion  wou ld  be  d is to r ted  f rom i ts  t rue  va lue .

The character of the sediment transport  in the

sed iment  p ipe  -  w ide ly  spaced par t i c les  pass ing

rapidly across the beam - means that such a distort ion

cou ld  be  very  cons iderab le .  Th is  wou ld  be  s t i l l  worse

if  dunes nere passing along the sewer piper causing

loager-term variat ions in concentrat ion. By reducing

fhe strength of the source i t  was possible to achieve

an approxinately l inear response over about 702 of the

sensor  range.  ( i .e  f rom c lear  water  up  to  e

concentrat ion giving 707 of the signal for rrsource

off tr) .  For concentrat ions beyond the Linear range,

increases in concentrat ion produced progressively

smal ler changes in output signal.  This was expected,

as once the thickness of the sediment layer increases

s ign i f i can t ly ,  some o f  the  sand par t i c les  w i l l  l i e  in

the shadow of others, reducing their  net ef fect on the

signal strength reaching the sensor.  This does not

present a problem because, as mentioned, by noving to

a higher pipe veloci ty,  the higher Cransport  rates can

be measured within the l inear range of the sensor.

Ca l ib ra t ions  l re re  ob ta ined a t  ve loc i t ies  o f  0 .69 ,  1 .39

and 2.1-5n/s which gave consistent resuLts covering

t ranspor t  ra tes  f rom 0 .16  up  to  a round 50g/s .  The

cal ibrat ions l rere determined using both the

normal iz ing techniques described above, and very

l i t t le di f ference was found between them, both giving

a response which could be regarded as approxirnately

l inear over 707 of ful l  range, and boch having a

standard deviat ion of.  8.47".  I t  was decided that chere

was more evidence that f luctuat ions were due to

changes in  the  t ransmiss iv icy  o f  the  water ,  than to
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3 .1

EXPERII{ENTAL

PROCEDI'RE

Clear  water

roughness

changes in the sensi t iv i ty  of  the measur ing system, so

the cal ibrat ions chosen for  use in  the exper iments to

measu re  the  l im i t  o f  depos i t i on  we re  those  ca l cu la ted

us ing

actual  reading -  c lear  r ta ter  reading

Figure 5. shows the cal ibrat ion obtained at veloci ty =

1 .39m/s  in  the  sed iuent  re tu rn  p ipe .

Once some ini t ia l  problems were overcone, the

infra-red sensor proved to sork wel l ,  and is saving a

great deal of work in the shape of drying and weighing

sand samples .  By  a l low ing  the  sys tem to  se t t le  fo r

around 30 minutes before using i t  for meaaurenentst

var iat ions in clear-nater reading have been reduced to

below 5t,  an.d i f  a clear-water reading is obtained

immediately before or after each sediment test,  these

variat ions should not adversely affect the accuracy of

the concentrat ion measurement.

Before any exper iments wi th sediment  took p lace,  a

se r i es  o f  c l ea r -wa te r  t es t s  h te re  ca r r i ed  ou t ,  i n  o rde r

to obta in an est imate of  the value of  k"  (Nikuradse

equivalent  sand roughness)  for  the actual  p ipe being

studied,  and in order  to develop a workable system for

se t t i ng  un i f o rm  f l ow  cond i t i ons  a t  pa r t - f u l 1 .

Clear-water  roughness $tas a lso measured immediate ly

p r i o r  t o  each  l i n i t  o f  depos i t i on  t es t ,  a t  t he  same

f low  cond i t i ons  as  t hose  to  be  s tud ied  a t  l i n i t  o f

d e p o s  i t i o n .
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The procedure  adopted  in  a l l  these tes ts  was to  se t  a

par t i cu la r  d ischarge w ichout  sed iment  p resent ,  then

ad jus t  the  f low depth  to  the  requ i red  va lue ,  and take

a measurement of hydraul ic gradient using the digi tal

po in t  gauges.  For  p ipe- fu l I  tes ts ,  the  s lope o f  the

pipe was set at some convenient value such that !f,acer

surfaces at the gauging points were within the

s t i l l i ng  we l ls ,  and as  low as  poss ib le  to  mia imise

leakage around che l ids. The pipe was surcharged by

lowering the downstream sluice gate gradual ly unt i l

th is state was reached. The slope nas not changed

from one test fo the next unless necessary for this

reason. A ' rst i l l -waterrr  reading was taken at each

f lume slope sett ing, this reading accing as a datum

for calcuLat ion of hydraul ic gradient.  The reading

was obtained by stoppering the sener at the

down-s t ream end and f i l l i ng  i t  s low ly  un t i l  a  s t i l l

nater level could be measured in each of the gauged

st i l l i ng  we11s.  These s t i l l -water  read ings  nere

checked periodical ly to ensure thac the gauges had not

moved.

For  par t - fu l l  tes ts  the  s lope vas  ad jus ted  to  ach ieve

cond i t ions  as  c lose  as  poss ib le  to  un i fo rm f low.  Th is

l tas not.  always easy, part icular ly i f  normal depth vas

c lose  to ,  o r  less  than c r i t i ca l  depth  fo r  the  requ i red

veloci ty.  Disturbances of the f low at entry and exi t

f rom the pipe cause the water surface to f luctuate

per iod ica l l y  by  2 -3mn a t  the  gauge pos i t ions ,  and

i r regu la r i t ies  in  p ipe  sec t ion  a t  the  jo in ts  and

elsewhere cause standing rraves with anpl i tudes of up

to 15mm for subcri t ical  f lows, and as much as 20mm

when the f low is supercr i t ical .  This means that some

gauge readings are noc representat ive of the average

depth in the vic ini ty of that gauge, and that the mean

ve loc i ty  can vary  s ign i f i can t ly  f rom one sec t ion  to

anoEher .  The c r i te r ia  fo r  ad jus tnent  o f  f lume s lope

and ga te  se t t ing  were  there fore  necessar i l y  f lex ib le ,
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and  no  s t r i c t  f o rmu la  cou ld  be  app l i ed  wh i ch  wou ld
de f i ne  che  f rbes t ' ,  app rox ima t i on  o f  un i f o rm  f l ow
cond i t i ons .  Gene ra l l y ,  i t  l r as  a r temp ted  to  ge t  a t
least  three of  the f ive gauges reading the requi red
depth to wi th in J2mml but  th is  was not  a lways
poss ib le ,  and  the  gauges  used  wou ld  va ry  acco rd ing  to
the  i nd i v i dua l  f l ow  cond i t i ons .  Once  the  s lope  was
se t ,  a l l  f i ve  gauges  were  read ,  and  ave rage  hyd rau l i c
g rad ien t  a long  the  tes t  sec t i on  was  usua l l y  ca rcu la ted
fron a l l  the readings.  The only except ion to th is  was
fo r  t es t s  a t  lm l s  f o r  y lD  =  0 .5e  when  i t  was  found
that the depth at gauge 3 was some 20mm lower than
e l sewhere .  I n  t h i s  case ,  t he  hyd rau l i c  g rad ien t  vas
calculated f rom the other  four  gauge readings.

In the measurements made immediate ly  preceding the
addi t ions of  sediment  for  s tudy of  l in i t  o f
deposi t ion,  two sets of  depth gauge readings vere
taken .  Fo r  p ipe - fu l l  t eses ,  t he  read ings  were  taken
in the same nay,  by lower ing the depth gauge gradual ly
un t i l  i t  t ouched  the  wa te r  su r face  i n  t he  s t i l l i ng
we l1 .  The  second  tes t  was  the re fo re  a  s i np le
independen t  repea t  o f  t he  f i r s t .  Fo r  pa r t - f u l l  t es t s ,
because of  f luctuat ions in  the \ rater  sur face,

determin ing the mean depth is  more subject ive.  For
th i s  reason ,  a  d i f f e ren t  c r i t e r i on  was  adop ted  fo r  t he
two sets of  readings.  For  the f i rs t  measurement  the
depth gauge was gradual ly  lowered unt i l  i t  was
considered that  the t ip  was submerged for
approximately  502 of  the t ime.  For  the repeat

measureoent  the t ip  was ra ised again,  the lowered
unt i l  the t ip  was cont inuously submerged.  In the
i n i t i a l  s e t  o f  t e s t s ,  u s i n g  c l e a r  n a t e r  o n l y ,  t h e
depth gauges were read once only,  us ing the "502
submerged r r  c r i t e r i on .
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3 . 2  T h r e s h o l d

movement

3 .3  L imi r  o f

depos i t ion

of

Tests were carr ied out to obtain an approximate value
for  the  ve loc i ty  a t  wh ich  iso la ted  sand par t i c les
would start  to move in the selser pipe. The procedure
l ras  to  se t  a  f low depth  and ve loc i ty ,  then add a  few
sand part ic les by hand and see whether they cont inued
to  Bove hav ing  fa l len  to  the  bed.  I f  the  par t i c les
fai led to lnove the veloci ty was marginal ly increased
and s lope re -se t  in  o rder  to  ob ta in  approx imate ly
uniform f low condit ions. This process was cont inued
until movement was observed. The rig rdas not
spec i f i ca l l y  des igned fo r  such measurements ,  and i t
nas  no t  p rac t icab le  to  care fur ly  pos i t ion  par t i c res  on
the  inver t ,  nor  to  car ry  ou t  tes ts  fo r  p ipe_fu l l  f low.
Two readings nere obtained, at approxi .mately f  ful l
and  $  fu l1  cond i t ions .

once the gradient  and sedimenc sensor reading had been
recorded for  c lear  water  condi t ions,  sediment  was
gradual ly  added to the system. The sedinent  used was
a narrow-graded sand wi th d50=0.72mn and speci f ic
g rav i t y  o f  2 .62 .  A  g rad ing  i s  shown  i n  F ig .  6 .  I n
order  to prevent  ismediate format ion of  dunes i t  was
found that the best oethod was to throw sand by hand
in to  t he  j e t  as  i t  f e l l  i n to  t he  hoppe r  f r om the
downstream end of  the sewer p ipe.  This a l lowed the
sand co mix v i th  the water  in  the hopper before being
ex t rac ted  by  t he  s lu r r y  puop r  ra the r  t han  t rave l l i ng
a long  the  sed imen t  p ipe  as  one  ' , s l ug r , .  A t  f i r s t  i t
was found that  large quant i t ies of  sediment  l rere
escap ing  ove r  t he  s i l l  o f  t he  hoppe r ,  so  t he  mesh
screens were added,  and the back of  the tank was
ra i sed  to  accomooda te  t he  add i t i ona l  head  d i f f e rence
ac ross  the  mesh .  Ano the r  d i f f i cu l t y  was  tha t  some  o f
the  sand  depos i t ed  on  the  s ides  o f  t he  hoppe r  ra the r
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t han  fa l l i ng  t o  t he  bo t tom,  t h i s  desp i t e  t he  s teep

(45 " )  s i des  and  cons ide rab le  t u rbu lence  w i th in  t he

hopper.  This became most  apparent  wi th the par t - fu1l

t es t s ,  whe re  the  d i scha rge  f rom the  sewer  p ipe  was

less ,  and  the re fo re  l ess  t u rbu len t  m ix ing  occu r red  i n

the  hoppe r .  I n  o rde r  t o  m in im ise  th i s  depos i t i on ,

water  je ts  were added in the corners of  the hopper to

wash the sand of f  the s ides and back in to suspension

where  i r  cou ld  be  co l l ec ted  by  t he  pump.

Sand was added unt i l  the l in i t  o f  deposi t ion was

observed.  At  low f low veloc i t ies (be1ow around ln/s)

th is  was taken to be the point  at  which par t ic les

would bunch together and cease to move for a few

seconds before being d ispersed and carr ied away by the

f l ow .  Th i s  cond i t i on  cou ld  be  sa t i s fac to r i l y  obse rved

f rom above  -  ve ry  eas i l y  f o r  p i pe  fu l l  t es t s  t h rough

the t ransparent  windows in the top of  the p ipe.  At

h ighe r  ve loc i t i es ,  as  w i t h  t he  ea r l i e r  HRS tes t s  i t

was found that as sand was added there was a gradual

t r ans i t i on  f r om f l ume  t rac t i on  t o  f l ow  ove r  a

cont inuous moving bed.  In th is  case,  as concentrat ion

is  increased,  a l though par t ic les on the inver t  may be

in cont inuous mot ion,  they are not  being moved

direct ly  by the f low,  but  are being carr ied a long by

shea r  f o r ces  t ransm i t t ed  by  t he  l aye r  o f  pa r t i c l es

above.  The l in i t  o f  deposi t ion is  taken to be the

s ta te  when  pa r t i c l es  on  the  i nve r t  a re  s t i l l  j usC

be ing  ooved  d i rec t l y  by  rhe  f l ow .  A  sma l l  i nc rease  i n

concen t ra t i on  w i l l  cause  the  pa r t i c l es  on  the  i nve r t

to become c losely packed and move only due to forces

transmit ted by the layer  above.  Eventual ly ,  when the

concentrat ion in  the f low is  h igh enough,  the moving

depos i t  w i l l  t h i cken  un t i l  t he  shea r  f o r ce  exe r ted  on

t .he  pa r t i c l es  on  the  i nve r t  i s  equa l  t o  t he  f r i c t i ona l

res i s tance  and  they  w i l l  cease  to  move .  C lea r l y  i n

th i s  i ns tance  i t  i s  no t  poss ib le  t o  j udge  when  l i u r i t

o f  depos i t i on  has  occu r red ,  so le l y  by  obse rva t i oas
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f rom above, as the slow-moving deposit  on the invert

is obscured by a continuous moving bed above it. For

this reason i t  nas necessary to instal l  r r indows along

the invert  of  the pipe to al low observat ion from

be 1ow.

It  was necessary to decide which sect ion of the pipe

should be used for deternining when the f low was at

the  l in i t  o f  depos i t ion ,  as  c lear ly  the  loca l

disburbances in the f low caused certain sect ions to

deposit  before others. A part icular sect ion around

nid- length was chosen, which seemed to be rr typical ' r  in

terns of how soon i t  would form a deposit  relat ive to

other parts of the pipe. Judgement was primarily

based on the condit ions at this point,  but the ful l

length of the pipe was always checked to ensure that

local dunes had not formed elsewhere.

Once i t  was decided that the f low was at the l in i t  of

deposit ion, a minimum of about 15 minutes l ras al lowed

for the system to reach equi l ibr iun. A ser ies of 5-10

consecut ive readings were recorded from the

concentrat ion sensor,  each reading represeot ing the

mean concentrat ion for a 100s period. The hydraul ic

gradient nas measured again, and for part- fu11 tescs

the slope was adjusted to restore uniform f low

condit ions i f  necessary. Two sets of water level

readings were taken for each test,  as with the

cl .ear-water measurement.  The f luctuat ions in t f ,ater

level already described tended t ,o make i t  di f f icul t  to

detect the sma1l increases in roughness betvreen clear

water and the l in i t  of  deposit ion. This was even so

for  the  p ipe  fu l l  tes ts  where  an  add i t iona l  p rob lem

was the presence of air  t ravel l ing along the pipe and

escap ing  in to  the  s t i l l i ng  we l1s ,  caus ing  fu r ther

osc i l la t ion  o f  che  co lumn o f  water .
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In  oos t  o f  the  tes ts ,  l in i t  o f  depos i t ion  cond i t ions

were maintained for the ten to f i f teen minutes whi lst

concentrat ion and head loss readings were being

recorded.  I f  th is  was the  caser  l in i t ing

concenLrat ion was calculated as above from the mean of

al l  readings. Sometiues however,  i t  was not easy to

ident i fy the l i rni t  of  deposit ion and achieve steady

condit ions. An inevi table consequence of reaching

l ini t  of  deposit ion is that the f low experiences some

decrease in sediment concentrat ion, so that the

downstream port ion of the pipe is starved of sediment

and the f low there wi l l  not be at the l in i t  of

deposit ion. The system employed for these tescsr of

recirculet ing the sediment to the head of the pipe

means that inevi tably there is a certain degree of

unsteadiness in the rate of sedinent supply,  and i t  is

only the meen concentration over several minutes that

remains constant. In soute cases it was found that

l in i t  of  deposit ion would be observed, but that due to

this starvat ion effect,  subsequent ly the concentrat ion

would fal l  to a lower value. I f  this was the case

only the readings taken when the f low was actual ly

observed to be at l in i t  of  deposit ion were included in

the calculat ion. Sini lar lyr water leve1 readings were

only used with the corresponding concentrat ion reading

taken for the same period.

Once the necessary readings had been taken at the

l im i t  o f  depos i t ion ,  the  s lu ice  ga te  was pos i t ioned

across the lower half  of  the outfalL in order to traP

Ehe sediment in the sewer pipe. The slurry pipe was

then al lowed to cont inue running unt i l  c lear water

f lowed pas t  the  in f ra - red  sensor .  Th is  c lear -water

reading was recorded for comparison with the

equivalent reading at the beginning of the testr  and

for calculat ion of act,ual  sand concentrat ion at the

l imit  of  deposit ion, using the normal i-zLag procedure

t .ha t  was  used fo r  ca l ib ra t ing  the  sensor  (sec t ion  2 .2 )
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4 HTPERII.{ENTAL

RESTILTS

4 . 1  F r i c t i o n

ana lys is

Detai ls of the results of the experiments carr ied out

so far are shown in Tables 1 and 2. Table 1

compr ises :  tes t  no . ,  da te ,  p ropor t iona l  depth ,  mean

flow veloci ty,  volumetr ic sediment concentrat ion,

\ tater temperature, Darcy-I{eisbach fr ict ion factor,

proport ionate increase in fract ion factor from clear

water.  Table 2 shows results at the l in i t  of

depos i t ion  on ly .

For pipe-ful1 tests,  the hydraul ic gradient was taken

to be the mean wat.er surface slope with respect to the

s t i l l -water  read ing .  Th is  was ca lcu la ted  d i rec t l y

f rom water  leve ls  in  the  s t i l l i ng  we l ls ,  us ing  leas t

squares regression. I f  one point gauge vas clear ly in

disagreement with the others it lras excluded from the

regress ion .

The method used to determine the hydraul ic gradient i

fo r  par t - fu l l  tes ts  \ ras  a  fo l lows.  Mean f low

veloci ty was calculated at each gauge posit ion, based

on che recorded f low depth and total  discharge.

Specif ic energy, E at each point could then be

determined from:-

E = y + v2 lzg ( 1 )

where Y is  depth at  the cent , re l ine.  V is  mean

ve loc i t y  a t  t he  sec t i on ,  ca l cu la ted  as  d i scha rge

div ided by f low area at  the sect ion,  and g is  the

g rav i t y  cons tan t .

The  bes t - f i t  ene rgy  g rad ien t r  m  (pos i t i ve  f o r  E

increasing in  the downstream di rect ion)  was determined

us ing  l eas t - squa res  reg ress ion  on  a l1  t he  po in t s .
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Al l  po in ts  nere  used to  avo id  d is to r t ing  the

calculat ion of mean veloci ty,  and because i t  was found

that calculated roughness values l rere more consisteat.

An except ion to this was the case mentioned in 5.1

wi th  V=1.Om/s ,  and y /d=0.5 ,  where  on ly  four  gauge

readings were used. The hydraul ic gradient i  was then

found f rom: -

i = S o - m

where So is the slope of the bed.

( 2 )

In  bo th  p ipe- fu l1  and par t - fu l l  cases ,  Darcy-Weisbach

f r i c t ion  fac to r  i s  ca lcu la ted  f rom:  -

). = SgRi /V2 ( 3 )

where R is the hydraul ics radius, calculated from the

mean depth along the prof i le.

A ' rmeasuredrr value of k" could then be determined from

the Colebrook-White formula for commercial  pipes

k  =  14 .sR (101/2  f r  - r .5URe/D (4)
s

where Re is Reynolds number (=4VR/ v)

For comparison, values of l lanningts n were also

ca lcu la ted  f roo

, ,  = R2/3 l t  lV ( 5 )
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4 . 2  R e s u l t s  f o r

c lear  na ter

Before tests with sediment rere ini t iated, a number of

measurements were made to determine the clear-nater

roughness value, k" to be used in the Colebrook-White

resistance foruula. I t  nas expected that the value of

k would remain approximately constant over the ful1s
range of f low condit ions to be studied. These

measurements covered f low veloci t ies in the range 0.L8

to  2 .09  n /s ,  a t  f low depths  approx imar ing  to  t  fu l l ,  t

f u l l ,  *  t u t t r  p i p e  f u l l ,  a n d  j u s r  b e l o w  p i p e  f u l l  ( y / D

= 0.95).  The measurements at y/D = 0.95 were nade in

an attempt to assess any inf luence the Lids night have

on the roughness. I lydraul ic gradient was also

measured immediately before each l imit  of  deposit ion

test,  with the saoe f low veloci ty and depth as that to

be studied. The previous I{RS tests had shown that if

any increase in head loss due to sediment was to be

observed, this measurement was necessary, and i t  was

not suff ic ient to rely only on a predicted value of L

or even on values measured at the same f low condit ions

but at a di f ferent t ioe.

A11 80  c lear -water  resu l ts  a re  inc luded in  Tab le  1 ,

and calculated values of k" are shown plotted against

Re in Fig 7. The results are reasonably consistent

over a wide range of Reynolds numbers, although there

are a number of out l iers,  occurr ing part icular ly at

low ve loc i t ies .  The overa l l  mean va lue  o f  k " ,  f rom

al l  measurements  i s  k "  =  0 .177m wi th  o"  =  .235m.

This suggests that i t  is higbly inprobable rhar any

roughness &easurement greater than 0.647nn (being ks +

2o_)  i s  cor rec t  and i t  i s  rhere fore  jus t i f iab le  tos
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exclude the four ouElying measurements from the

a n a l y s i s .

In  the  p ipe- fu l l  tes ts  the  second head loss  read ing  is

e f fec t i ve ly  a  repeat  o f  the  f i rs t ,  taken 2-3  minu tes

later in exact ly the aame way, so any di f ference

between the readings should result  only fron

unsteadiness in the f low or from experimental  error,

and the trro readings are thus essent ial ly independent.

For the later part- ful1 tests however,  the second

reading, taken with the gauge t ip cont inuously

submerged, inevitably shows a lower depth and hence

higher predicted mean veloci ty than the f i rst .  For

thie reason the predicted fr ict ion factor is

invariably lower using the second nethod. The true

uean depth should lie somewhere between the two

readings, as surface tension causes the 502 eubmerged

readings to give a sl ight ly high sett ing, and the

cont inuously submerged reading clear ly est imates too

low. It was hoped that the second method night give

rnore consistent results,  but f rom the readings

obtained so far,  this does not appear to be the case,

with che f i rst  method giving results si th less scetter

about the mean. For this reason the values obtained

with the gauge t ip ful ly submerged have been ent irely

excluded from the analysis.  Al1 the readings are

included in Table I ,  those obtained using the second

method being indicated *.

The mean of al I  the clear water measurements included

in the analysis is f"  = .1340nm, with o" =.0792mm.

The est i raated standard error of the mean is therefore

o  = .00975mn.  s iv ins .  .L275 <  k  (  .1405nm a t  a  502
n - s

conf idence 1evel.  The predicted values of Manning's n
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and ) ' ,  for k = 0.134nm with pipe-ful
s

shown along with the measured values

f i g s .  8  a n d  9 .

I  condit ions are

for comparison on

4 .3 Threshold

of movement

By t rea t ing  the  resu l ts  fo r  d i f fe ren t  va lues  o f  y /D

separately,  the mean value of k" can be observed to

vary  f rom 0 .258rnn a t  y lO =  0 .95  down to  0 .105nn a t  y la
=  0 . 2 5  ( s e e  T a b l e  3 ) .  T h e s e  v a r i a t i o n s ,  w h i l s t

de termined f rom on ly  a  few va lues ,  a re  s ta t i s t i ca l l y

signi f icant at a 507 conf idence level,  and denanded

fur ther  inves t iga t ion .  (see  5 .1 )

Only two tests l rere carr ied out and were intended only

as an approximate measure of the threshold veloci ty

for the pipe and sediment being studied. The results

are shown in table 4, along with predicted threshold

velocities from the formulae derived by Novak and

Nal lur i .  The or iginal  formula derived for smooth

p ipes  (14)  i s

v r s  =  0 . 6 1 ( e ( s - 1 ) d ) *  ( d / R ) - 0 ' 2 7  ( 6 )

Where s is specif ic gravi ty of the sediment.

I t  p red ic ts  a  s l igh t ly  lower  va lue  o f  th resho ld

veloci ty than those rneasured in the concrete pipe.

Novak and Nal lur i  (15) extended the study to include

groups of part ic les on smooth and rough beds. They

found that threshold veloci ty for a single part ic le on

a rough becl (Vtr) was higher than a smooth bed, and

tha t  the  ve loc i t ies  were  re la ted  as

V t r / V t s  =  1 +  1 . 4 3  ( d / k ) - 0 . ' +

23
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4 . 4  R e s u l t s  a t

l in i t  of

deposit ion

In carrying out the seudy they roughened che bed

sur face  ar t i f i c ia l l y  by  g lue ing  sand or  sandpaper  to

i t ,  k  in  equat ion  (7 )  be ing  the  s ize  o f  roughness .

The snal lest roughness size that was studied was

0.3mm, and the sediment size was always greater than

the roughness size. By considering the concrete pipe

being st.udied here to be rrrough'r rather than rrsmoothrl

i t  i s  poss ib le  to  ca lcu la te  l rha t  k  s ize  is  needed in

the formula to br ing predicted and measured values

together.  These k values come out to be only .0013

and .0016nm, in both cases far below the roughnesses

studied by Novak and Nal lur i ,  and by their  cr i ter ia

the pipe shouLd therefore be considered ' rsmoothrr.

This suggests that further study of incipient motion

on rr intermediaterr surfaces such as concrete would be

va luab le .

Readings of sedinent concentrat ion and hydraul ic

gradient were obtained for both part- ful1 and

p ipe- fu l1  f low cond i t ions .  Tes ts  w i th  the  p ipe

f lowing half- ful l  were carr ied out over a range of

f low ve loc i t ies  f rom 0 .7  to  1 .3n /s .  One tes t  was

car r ied  ou t  w i th  y /D=O.75 a t  lm/s  and,  fo r  p ipe- fu l l

f low,  tes ts  covered the  range 0 .5  to  1 .2n /s .  AL l

these results ere presented in TabLe 2. In some cases

it  was decided at the t ime the observat ions were made

that  cond i t ions  were  e icher  s l igh t ly  above or  s l igh t ly

below the l in i t  of  deposit ion as def ined in sect ion

3.1 ,  and these resu l ts  a re  labe l led) tD OR{-LD as

appropriate. As previously mentioned, once the l in i t

of  deposit ion was reachedr two readings of hydraul ic

gradient were takeo in order to deteroine any head-

loss  resu l t ing  f rom the  presence o f  the  sed iment .  In

the  f i rs t  tes t  to  be  car r ied  ou t  (Tes t  A1) ,  a  number

o f  read ings  nere  a lso  taken a t  concenLra t ions  be low
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the l imit  of  deposit ion, in the hope that the increase

in head-loss with increasing concentrat ion would be

observab le .  The resu l ts  f rom th is  f i rs t  ces t  nade i t

c lear  tha t  the  inc reases  wou ld  be  so  smal l  re la t i ve  to

the scatter in readings that this would be

unrea l i s t i c ,  so  in  subsequent  tes ts  read ings  o f

hydraul ic gradient were taken only at l i rni t  of

depos  i t ion .

For  the  na jo r i t y  o f  par t - fu l l  tes ts ,  a l l  the  gauge

readings were included when calculat ing the mean

energy gradient,  even i f  there was considerable

disagreeaent between individual gauges. This is

because otherwise, i f  one is to be consistent and

exclude the gauge reading ent irely from the analysis,

the calculated mean veloci ty and hydraul ic radius are

also affected. General ly i t  was found that including

al l  the gauge readings gave roughness values which

Irere rtrore consistent with the overall mean, than by

select iveLy excluding gauge readings which showed

higher or lower levels than the others. The only

except ion  to  th is  was fo r  the  Les ts  a t  1m/s  fo r

y/U=9.5, where che level at  gauge 3 was over 15mm

lower than for the other four readings. This could

not be explained as merely a random f luctuat ion in

level1 but seemed to indicate that there r i las a short

s t re tch  o f  supercr i t i ca l  f low w i th  subcr i t i ca l  f low

either side of i t  -  obviously far f rou uniform f low

condit ions. I t  was decided therefore that this gauge

reading was whol ly unrepresentat ive at this velocicy,

and the analysis was based on the other gauge readings

where f low was uore uniform.

As was the case with clear- l rater roughness

measurements, readings of hydraul ic gradient taken

with the gauge t ip cont inuously suboerged were

excluded from the arralysis.  This rneans that the

increases  i -n  res is tance inc luded in  Tab le  I  a re  f rom
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AXALISIS AM)

DISCUSSIOtr

5 .1  Ana lys is  o f

c lear-water

resu l ts

one pa i r  o f  read ings  fo r  par t - fu l l  tes ts ,  and are  the

average o f  two pa i rs  o f  read ings  fo r  p ipe  fu l l  tes ts .

A number of these results show a decrease in

resistance at the l imit  of  deposit ion compared with

that for c lear qrater.  Such an effect is improbable,

and is almost certainly due to the high var iabi l i ty in

meesurements due to f luctuat ing rdacer levels,

non-uniform f low, and non-uniforni ty of pipe sect ion.

The Colebrook-White formula was used with the

calculated values of f r ict ion factor to determine a

value of k_ for the pipe in sediment-free condit ions.s -
For part- ful1 tests the rearranged form of the formula

lras as in equat ion 4.

k"  =14.8R (  n-L lz /L-2.51/Re f i )  (4)

This is the form used in the I IR tables for hydraul ic

d e s i g n  o f  p i p e s  ( 6 ) .

The subst i tut ion in the formula of 4R=D for open

channe l  f low is  w ide ly  used to  des ign  p ipes  fo r

par t - fu11 f low cond i t ions .  I l ydrau l i c  rad ius  is

straightforward to calculate, and by using 4R there is

no  incons is tency  be tween par t - fu l1  and p ipe- fu l l

condit ions. I lowever,  this assumes that the shear

s t ress  is  un i fo rmly  d is t r ibu ted  around the  sec t ion ,  as

i t  i s  fo r  the  p ipe  f low ing  fu1 l ,  and tha t  the  a l te red

ve loc i ty  d is t r ibu t ion  in  the  par t - fu11 p ipe  has  no
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ef fec t  on  res is tance.  The resu l ts  ob ta ined here  seem

to show signif icant var iat ions between the determined

va lues  o f  k  fo r  d i f fe ren t  f low depths .  There  have
s

been a number of past studies of the effect.  of  shape

fac tor  on  hydrau l i c  res is tance.  Enge lund (4 )  p roposed

the use of a rrresistance radiusrr in place of hydraul ic

ra,dius, and developed a theory based on certain

assumptions about the dist .r ibut ions of veloci ty and

shear stress. The method involves rather lengthy

calculat ions, and Engelund made a number of

sinpl i fy ing assumptions appl icable to wide channels in

the ful ly rough region. These assumptions would not

ho ld  fo r  the  par t -c i rcu la r  sec t ion  cons idered here .

Kazemipour (7) carried out numerous experinental

studies on channels of var ious cross sect ions, and

also incorporated data from other researchers in

der iv ing  an  essent ia l l y  enp i r i ca l  cor rec t ion  to  be

appl ied to the fr ict ion factor for open channels which

would al low the use of standard pipe resistance

formulae. One such study concentrated on

semi-circular channels (8)r and fol lowing on from this

Na l lu r i  and Adepo ju  (12)  used th is  da ta ,  a long w i th

data frou May (Ll)  anct a large quant i ty of further

data of their  own to develop a formula which was

appl icable to f lorr  depths greater than 0.5D. The

drawback to both these studies on pipe channels is

that they were empir ical ly der ived from smooth pipe

data. The Kazemipour formula shi f  ts values of l ' .  to

f i t  the Karman-Prandt l  equat ion

Ll ,n = 21og Re trf, -0. g ( 8 )

and Nal lur i  and Adepoju compared thei r  data wi th rhe

B las ius  equa t i on

) r  =  0 . 3 1 6 /  R e  0 . 2 5
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Kazemipour also carr ied out work on non-circular

channe ls  (7 ) ,  and ver i f ied  th is  w i th  a  l in i ted  amount

o f  da ta  in  the  t rans i t ion  reg ion ,  so  tha t  h is

correct ion shi f  ts the data onto the Colebrook-I . fhi te

formula for open channels (subst i tut ing 4R=D). The

correlat ion he found was not very high, however,  so i t

is by no means certain that his method is appl icable

in the transi t ion region. The Nal lur i  and Adepoju

method suggests an equat ion of the saoe foru as the

Blasius equat ion, but incorporat iag a shape factor

ylPt and using a modif ied Reynolds number, Rey =

vY/ v.

Compar ing the k-  va lues determined for  each f low depth
s

and shown in Table 3. ,  the overal l  t rend is  of

increasing res is tance wi th depth up to a lmost

p ipe - fu l l ,  t hen  fa l l i ng  aga in  f o r  p ipe - fu l l  f l ow .  A

surpr is ing resul t  is  that  res is tance appears to be

minimum for  *  fu l l ,  but  i t  should be st ressed that  the

da ta  a t  f l ow  dep ths  o the r  t han  p ipe - fu l1  and  ha l f - f u l l

are l in i ted.  By adopt ing the mean value of  k"  =

.12 lnn  a t  p i pe - fu11 ,  and  ca l cu la t i ng  f r i c t i on  f ac to r

at  each of  the other  f low depths us ing Colebrook-Whi te

with 4R=D, these values can be coopared with the

measured values to obta in the requi red (correct ion

fac to r r r .  These  fac to rs ,  wh i ch  a re  app l i ed  t o  L

appear in  Table 5,  a longside the calculated Kazemipour

fac to rs  f o r  sem i - c i r cu la r  p ipes .  Kazemipou r  pub l i shes

a curve which a l lows the correccion factor  to  be

ca l cu la ted  fo r  f l ow  dep ths  g rea te r  t hao  ha l f - f u l 1 ,  bu t

does  no t  sugges t  cha t  t he  me thod  i s  app l i cab le  i n  t h i s

range .  The  ca l cu la ted  fac to rs  f o r  i lO  =  0 .75  and  0 .95

a re  i nc luded  on l y  f o r  i n te res t .  A l so  i nc luded  a re  t he

fac to rs  de r i ved  f rom h i s  ea r l i e r  wo rk  oo  non -c i r cu la r

channe l s ,  and  pe rhaps  su rp r i s i ng l y  t hese  fac to rs  seem

to matct r  the measured
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data  fo r  f low depths  above ha l f - fu l l  reasonab ly  we l l .

A t  f low depths  o f  ha l f - fu l l  and  be low the  p iccure  is

more unclear,  with the semi-circular method predict ing

correct ions much greater than those observed, and very

d i f fe ren t  f rom those genera ted  f rom the  non-c i rcu la r

( rec tangu lar )  ne thod.

Although Nal lur i  and Adepojurs formula is intended for

d i rec t  use  on ly  in  smooth  p ipes ,  a  cor rec t ion  fac to r

can be calculated by conparing their  formula with the

Blasius equat ioa. These correct ion factors are given

in the table and suggest a much greater shi f t  than

Kazeuipourrs method.

In Table 3 are the recalculated values of k" af ter

correct ing 7r using Kazemipourrs method for

non-eircular channels,  which of al l  the schemes aeems

to  f i t  the  da ta  bes t .  The resu l ts  a re  acceptab ly

un i fo rm fo r  a l l  bu t  the  ha l f - fu l l  resu l ts ,  g iv ing  an

overal l  mean of k"=.136nn, but suggest ing that the

value of k =.1-21un for the pipe-ful l  data may be more
s

appropriate. I t  appears that the var iat ions in

resistance are smal ler than could be expected, and the

overal l  mean value of k"=.134nm seems to be a good

est imate of the roughness of the pipe being studied.

I t  would seem that none of the avai lable methods for

incorporat ing shape effects in the calculat ion of

hydraul ic resistance match the data obtained here

f rom a  c i rcu la r  p ipe  f low ing  par t - fu l l  in  the

transit ion region. The results do shov that a simple

subs t i tu t ion  o f  4R=D is  no t  necessar i l y  most

appropr ia te ,  bu t  tha t  var ia t ions  are  genera l l y  smal le r

than those found in studies of smooth pipes.
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5.2  L in i t  o f

depos i t  ion

Laursen (9 )

v / (2g (s -1 ) y ) i  =  t  cu l l 3

where Cv = volumetric concentration of sediment

Equa t i on  10  i s  a  bes r - f i r

g raph i ca l  r ep resen ta t i on .

Macke  (10 )

More  da ta  a re  necessa ry  f o r  pa r t - f u l  I  cond i t i ons
before conclus ions can be drawn regarding the ef fect
of  shape factor  on the roughness,  but  a mean value of
k"  has been measured which is  consistent  wi th the
des ign  va lue  o f  k "= .15mm g i ven  i n  l lR  Tab les  (6 )  f o r
spun -conc re te  p ipes .

For each of the tests a mean concentrat ion was
determined from the output from the infra_red sensor.
A corresponding mean f low depth which was noninal ly

i /n= t ,  o -7s ,  o r  0 .5  was ca lcura ted  accura te ly  f rom the
f ive gauge readings. From this a rnean veloci ty could
be determined, and these values are plotted in f ig.
10. A number of predict ion formurae are added to the
f igure  fo r  compar ison  in  the  case o f  p ipe- fu l l  f low.

The formulae consider:-

( 10 )

car r ied  ou t  in  S I  un i ts  by  May (11)  to  Laursenrs

Q s * =  1 . 6 4 x 1 0 - 4  n r 3 ( 1 1 )
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wh ich  i s  equ i va len t  t o

Where w is  the  fa l l  ve loc i ty  in  m/s ,  V  is  in  n /s  and A

i n  m 2 .

M a y  ( 1 1 )

cv  =  2 .05  @21^) . (a7ny0 '6 (u  r /e ( " -1 )D)1  5 ( r -u . /u )a  ( r r )
r0T-

where VE is the threshold veloci tv.

Na l lu r i  and Mayer le  (13)

v / (g (s - t ;6 ;+=s .s6  c ;0 '18 r -1 'ou ( * /u ) -0 '2Dsr -0 '4  (14)

Where Dgr is the dimensionless grain size proposed by

Ackers  and Whi re  (1 ) .

Dsr = (g(s- l  ) l  v2)L l3 .  u ( 1 5 )

Foruulae for  the calculat ion of  k inemat ic  v iscosi tv

and  fa l l  ve loc i t y  a re  g i ven  i n  Append i x  1 .

The resul ts  at  p ipe- fu l l  show a consistent  t rend of

increasing concencrat ion wi th increasing veloc i ty ,  the

actual  concentrat ions being somewhat  Lower than those

p red i c ted  by  a l l  t he  f o rmu lae  unde r  cons ide ra t i on .

Over the range of  va lues studied i t  can be seen that

the s lope of  the Laursen equat ion does not  seem to

ma tch  the  da ta  we l l ,  and  the  va lues  i t  p red i c t s  a re  up

20 t imes h igher  than those ueasured.  The formula by

Na l l u r i  and  Maye r l e  was  de r i ved  by  reg ress ion  ana l ys i s

v =  1 .98 i -0 '6  
'0 '3  

[ t " - r ) .A .cv  f  
' '  

< r r>
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of  recent  data f rom a study of  a l52mm perspex p ipe

w i th  sed imen t  s i zes  i n  t he  range  0 .5  <d  (  g .74mm.  I t

predicts  h igher  concentrat ions than those measured,

bu t  f o l l ows  the  ove ra l l  t r end  o f  t he  new da ta .

Macke der ived h is  formula f ron a large quant i ty  of

data both f rom his  own studies and those of  other

resea rche rs .  I t  can  be  seen  tha t  t h i s  cu rve  l i es

c lose  to  t ha t  o f  May ,  bo th  o f  t hese  fo l l ow ing  the  da ra

c lose1y ,  bu t  cons i . s ten t l y  ove rp red i c t i ng  t he  measu red

concentrat ions.  The May formula inc ludes a t ransi t ion

parameter  incorporat ing the threshold veloc i ty ,  which

a l l ows  t ranspo r t  t o  cease  a t  a  ve loc i t y  g rea te r  t han

zero.  Mayrs recommendat ion was that  the threshold

ve loc i t y  be  ca l cu la ted  us ing  Novak  and  Na l l u r i r s

formula for  inc ip ient  mot ion on a snooth bed.  I f  th is

procedure is  fo l loved,  the h igher  of  the t l ro  curves

shown on the p lot  is  generated.  The approximate

measurements of  threshold veloc i ty  for  the concrete

pipe studied here suggested that  the srnooth p ipe

predict ion of  Novak and Nal lur i  was too 1or . r .  By

pu t t i ng  t he  measu red  th resho ld  ve loc i t y  i n to  l { ay , s

fo rmu la  t he  l ower  cu rve  i s  p roduced  ( l abe l l ed  May - ) ,

which demonstrates an improved f i t  to  the measured

v a l u e s .

When  cons ide r i ng  t he  resu l t s  a t  ha l f - f u l l ,  i t  can  be

seen  tha t  t hey  a re  l ess  cons i s ten t ,  measu red

concentrat ions being scat tered over  a much wider  range

fo r  a  g i ven  ve loc i t y  t han  fo r  t he  p ipe - fu l l  r esu l t s .

Some of  these show higher  concentrat ions than for

p ipe - fu l l ,  o the rs  l ower ,  w i t h  no  one  se t  p redominan t .

The formulae of  Macke and of  May both predict  that  the

t ranspo r t  r a te  aE  ha l f  f u l l  w i l l  be  t he  same as  fo r

t h e  s a m e  v e l o c i t y  a t  p i p e - f u l 1 .  i . e .  t h e  c o n c e n t r a t i o n

w i l l  be  doub le .  The  Na l l u r i  and  Maye r l e  f o rmu la ,

wh i ch  does  no t  i nc lude  f l ow  a rea  as  a  pa rame te r  i n  t he

reg ress ion ,  p red i c t s  t ha t  t he  same concen t ra t i on  o f
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sed i&en t  can  be  ca r r i ed  a t  ha l f  f u l l  ( i . e .  t . r anspo r t

ra te  i s  ha l ved ) .  Th i s  wou ld  seem to  be  more  i n  l i ne

wi th measurements so far  obta ined for  the concrete

p ipe r  i f  t he  ' rmean"  e f f ec t  i s  cons ide red .  I t  i s ,

howeve r ,  d i f f i cu l t  t o  d raw  conc lus ions  based  on  such

w ide l y  va ry ing  resu l t s .

A stat is t ica l  summary of  che goodness of  f i t  o f  the

var ious foruulae is  g iven in Table 6.  I t  can be seen

that  none of  the formulae f i ts  both the p ipe- fu l l  and

pa r t - f u l l  da ta  we l l .  The  May  fo rmu la ,  us ing  the

measu red  th resho ld  ve loc i t y ,  f i t s  t he  p ipe - fu l1  da ta

best ,  wi th a mean Cv-measured/Cv-predicted of  .892 and

standard deviat ion of  L7.67.  The over-predict ion of

ha l f - f u l 1  concen t ra t i ons  i s  much  no rse ,  v i t h  a  mean  o f

. 515  and  6  =  39 .47 " .  The  bes t  f i t  f o r  t he  ha l f - f u l l
s

da ta  i s  f r om Na l l u r i  and  Maye r l e ,  w i t h  a  mean  o f  . 653 .

The scat ter  is  considerable,  but  inherent  in  the data

rather  than h ighl ight ing an inadequacy of  the

fo rmu la .

A v isual  compar ison of  the foroulae can be achieved by

p lo t t i ng  t he  da ta  i n  a  d i f f e ren t  f o rma t ,  o f  a

t ransport  parameters against  a veloc i ty  parameter ,  or

shear s t ress parameter  in  the case of  l lacke.  These

a re  shown  i n  f i gu res  11 ,  L2 ,  13 .  The  ac tua l  sca t te r

as observed on these p lots  is  somewhat  decept ive as

the var ious t ransport  parameters conta in Cv ra ised to

di f ferent  porders,  but  the f igures serve to show how

we l l  each  p red i c t i on  f o l l ows  the  t rend  i n  t he  new

d a t a .

In the ear l ier  l {RS study,  and data col lected then were

compared wi th those predict ion forrnulae which were

ava i l ab le .  I t  was  found  tha t  no  ex i s t i ng  f o rmu lae  was

close to the oer ' r  data set .  The formulae of  Macke and

of  Nal lur i  and l , layer le have been publ ished s ince that

study,  so a compar ison of  these \d i th  the or ig inal  l iRS
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da ta  i s  i nc luded  he re .  A  s ta t i s t i ca l  summary  i s  g i ven

in  Tab le  7 . ,  and  the  da ta  i s  p resen ted  g raph i ca l l y  i n

f i gu res  14 ,  15 ,  16 .  The  exac t  da ta  seE  used  he re

d i f f e r s  s l i gh t l y  f r om tha t  used  by  May  to  de r i ve  h i s

formula,  in  that  the Macke and Nal lur i  and Mayer le

fo rmu lae  i nc lude  f r i c t i on  f ac to r  l ,  i n  t he  p red i cc ion ,

and th is  was not  a lways measured by May.  May grouped

some of  the HRS data to s inpl i fy  the analys is  and th is

grouping is  a lso removed f rom the present  compar ison.

The most  obvious f ind ing is  that  Mackers formula is  a

long way f rom the resul ts  obcained for  gravel  s ized

pa r t i c l es .  Th i s  i s  no t  su rp r i s i ng r  as  Macke ' s  t heo ry

i s  based  on  pa r t i c l es  i n  suspens ion ,  and  the  g rave l

was cer ta in ly  being t ransported as bed-1oad.  This is

a lso t rue however of  much of  the sand data,  which the

Macke formula f i ts  very wel1.  The range of  sediment

s i zes  i nc luded  i n  Macke ' s  s tudy  was  0 .1  <  d  (  3mm,  and

sediment .  s ize appears in  the formula only in  terms of

f a l l  ve loc i t y .  I n  t he  p resen t  compar i son  th i s  has

been  es t ima t .ed  f rom an  emp i r i ca l  f o rmu la ,  ( see

Append ix  1 )  and  i s  t he re fo re  a  po ten t i a l  sou rce  o f

e r ro ry  bu t  i t  seems  un l i ke l y  t o  accoun t  f o r  such  a

la rge  d i sc repancy .  One  poss ib i l i t y  i s  cha t  t he  g rave l

was being t ransported in  such a way that  par t ic les

neve r  l e f t  t he  i nve r t ,  bu t  s i np l y  s l i d  o r  ro l l ed

along.  This would cercain ly  be a oode of  t ransport

wh i ch  Macke ' s  f o rmu la  wou ld  no t  be  app l i cab le  t o ,  bu t

th is  in format ion rdas not  recorded when the t lRS

exper iments were carr ied out ,  and so cannot  be

con f i rmed .

I f  the gravel  data are excluded,  then the l ' lacke

fo rmu la  c l ea r l y  pe r fo rms  we11 ,  pa r t i cu la r l y  f o r  t he

152mrn p ipe data,  where the mean and standard

dev ia t i on  a re  comparab le  w i t h  t hose  f rom May ' s  own

fo rmu la .  Some o f  t he  da ta  f a l l s  i n  Macke fs  ' rReg ion

* -tL
I I r '  ( a^  (2x10  ' ) ,  

be ing  l ower  t r anspo r t  r aEes  where- s

h i s  f o rmu la  does  no t  app l y .  By  remov ing  these
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5.3  t lead- loss

a t  l im i r  o f

depos i  t ion

few po in ts  the  f i t  i s  a lmost  unaf fec ted .

Na l lu r i  and Mayer le 's  fo rmula  does  no t  g ive  such a
good f i t ,  a l though fo l low ing  rhe  t rends  in  the  da ta
qu i te  we l1 .  As  prev ious ly  ment ioned,  i t  p red ic ts  the
sane concentrat ion of sediment at hal f- ful l  f10w as at
p ipe- fu l l .  The HRS dara  d id  nor  fo l low thar  par re rn ,
so  the  fo rmula  under -pred ic ts  narked ly  a t  ha l f - fu l l .
The f i t  w i th  g rave l  da ta  i s  good,  and i f  resu l ts  ac
p ipe- fu l l  f low are  compared,  the  e f fec t  o f  p ipe  s ize
is  a lso  accounted  fo r  sa t is fac to r i l y .

Overal l ,  the broad agreement between these formulae is
encouraging. The new results for the concrete pipe
are showing lower concentrat ions at the l in i t  of
deposit ion than expected. This could be accounted for
by the uncertainty of def ini t ion of the l io i t  and the
method of observat ion used here. I lowever,  these are
not thought to vary signi f icant ly from the cr i ter ia
used in the IIRS study, although the measurement

technique is di f ferent.  I f  the changes are due to the
larger pipe dianeter and the higher roughness of the
pipe then clear ly attent ion must be turned to those
aspects of the formulae which account for these
ef fec ts  -  ryp ica l l y  (R/d50)1  and rh resho ld  ve loc i ty  o r
f r i c t ion  fac to r .

The changes in f r ic t ion factor  f rou c lear- r rater  to

l i n i t  o f  depos i t i on  a re  shown  i n  f i g .  17 .  The re  a re

12 cases in  which measured value of  ) r "  increased wi th

Lhe  add i t i on  o f  sed imen t ,  and  6  i ns tances  when  i c

aPParen t l y  f e l l .  ove ra l l ,  t he re  i s  a  mean  i nc rease  i n

i r  o f  4 .27 ! . -05  o r  0 .612 .  I f  r he  nega t i ve  resu l r s  a re

assumed  to  be  abe r ra t i ons ,  and  ass igned  ze ro  va lues

t h e  i n c r e a s e  i s  4 . 6 3 8 - 0 4  o t  2 . 5 5 " A .  Q u i t e  c l e a r l y ,

35



t he  deg ree  o f  sca t te r  i n  t he  read ings  i s  l a rge ,

meaning that  i t  is  not  possib le to deduce

s ta t i s t i ca l l y  s i gn i f i can t  resu l t s  f r om such  a  sma l l

da ta  se t .  None the less ,  by  neg lec t i ng  t he  nega t i ve

va lues  and  p resen t i ng  t he  o the rs  as  p ropo r t i ona te

increases in  res is tance d iv ided by concentrat ion,  a

comparison can be made with the well known equation

der ived by Durand and Condol ios (3)  f ron studies of

sediment  in  f lume t ract ion.

0 / C v  =  6 4 8 .  ( g ( s - 1 ) R / v 2 . c d ) 1 ' 5 ( 1 6 )

where  0  =  ( I - ) ' o ) / I o

This compar ison is  shown in f ig .  18,  assuming Cd=1,

and i t  can be seen that  the corre lat ion is  very poor .

There is  no apparent  t rend of  increasing res is tance

wi th increasing concentrat ion in  the resul ts  col lected

so far ,  the systemat ic  var iaLion in  O/Cv being sole ly

due to the dependence of Cv on V at the l imit of

deposi t ion,  hence why the data fo l low a much steeper

l ine in  than that  of  the formula.  This f ind ing of

sma l l e r  i nc reases  i n  head - l oss  w i t h  t he  conc re te  p ipe

than n i th,  for  insEance,  the smooth p ipes used in the

HRS study is  to  be expected.  The ef fect  of  adding

sediment  in  s lnal l  concentrat ions is  to  add a drag

fo rce  (exe r ted  by  t he  pa r t i c l es  on  the  f l ow) ,  caus ing

an addi t ional  hydraul ic  res is tance to that  exer ted by

the p ipe on the c lear-water  f low.  I f  the res is tance

o f  t he  p ipe  i s  a l ready  s ign i f i can t ,  t he  e f f ec t  o f

add ing  the  sed imen t  w i l l  c l ea r l y  be  l ess  t han  i f  r he

p ipe  were  hyd rau l i ca l l y  snoo th .
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coacl,usroNs
After  a lengthy per iod of  equiprnent  development ,

par t icu lar ly  for  the sediment  sensor,  the measurement

appa ra tus  i s  wo rk ing  we l l .  I t  i s  now  poss ib le  t o

gather  re l iab le data rapid ly  over  a wide range of  f low

cond i t i ons .

The measuremencs of  hydraul ic  res is tance taken wi th

c lear  water  have been consistent  over  a wide range of

veloc i t ies,  and have conf i rned a k"  va lue for  the

300nrn d ia.  spun-concrete p ipe which is  wi rh in the

range recommended for  p i .pes in  c lean condi t ion.

There appears to be a smal l  e f fect  upon res is tance

due to var iat ions in  cross-sect ional  shape under

pa r t - f u l 1  cond i t i ons ,  appa ren t l y  show ing  res i s tance  to

be lowest  at  quar ter- fu11 f low.  When these var iat ions

are compared wi th resul ts  of  prev ious researchers for

smooth p ipes they appear to be less than expected,  and

the var iat ions do not  fo l low the same pat tern wi th

changing depth of  f low.

The approximate measurements of  threshold veloc i ty

suggest  thaf  the veloc i ty  requi red for  inc ip ient

mo t i on  i n  t he  conc re te  p ipe  i s  a  l i t t l e  h ighe r  t han

that  for  a smooth p ipe as studied by Novak and

Nal lur i .  l lowever,  the roughness of  the concrete p ipe

is  too srnal l  to  a1low thei r  correct ion for  rough p ipes

to be appl ied.  Fur ther  s tudies of  inc ip ient  mot ion on

such sur faces of  in termediaEe roughness would be of

va lue .

The  i nc rease  i n  res i s tance  w i th  t he  add i t i on  o f

sed imen t  i s  t oo  sma l1  t o  be  measu red  sa t i s fac to r i l y

w i t h  t he  p resen t  a r rangemen t ,  and  the  sca t te r  i a

measured values is  h igh.  A number of  the tests have

shown  dec reases  i n  res i s tance  a t  l i n i t  o f  depos i t . i on
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coopa red  w i th  c l ea r -wa te r ,  bu t  t h i s  i s  a lmos t

cer ta in ly  due to measurement  errors.

The conclus ion Eo be drawn is  that  changes in

res is tance due to the presence of  sediment  (pr ior  to

deposi t ion)  are probably not  s igni f icant  compared wi th

other  ef fects due to jo ints  and non-uni forn i ty  of  p ipe

s e c t i o n .

The concentrac ion measurements at  the l in i t  o f

deposi t ion in  the 300nn concrete p ipe are consistent ly

loser  than those predicted by any of  the recent ly

der ived formulae.  The resul ts  obta ined in p ipe- fu l l

f low show a consistent  increase wi th increasing

ve loc i t y ,  and  the  ra te  o f  i nc rease  fo l l ows  the  pa t te rn

predicted by chose formulae.  The reason for  the lower

concentret ions is  not  known cer ta in ly ,  but  is  l ike ly

to be due to one of  three reasons.  F i rs t ly ,  the

c r i t e r i on  f o r  assess ing  the  l i n i t  cou ld  be  d i f f e ren t ;

a l t e rna t i ve l y ,  t he  p ipe  d iame te r ,  be ing  l a rge r  t han

a lmos t  a l l  t hose  s tud ied  p rev ious l y  cou ld  be  caus ing

the  d i sc repancy ,  and  th i s  i s  t he  sca le -e f f ec t

par t icu lar ly  h ighl ighted by CIRIA as requi r ing

a t ten t i on .  F ina l1y ,  t he  d i f f e ren t  su r face  tex tu re  o f

the p ipe could be the cause,  a l though May's formula

takes sonte account  of  th is  by us ing threshold

veloc i ty ,  and the other  formulae under considerat ion

inco rpo ra te  f r i c t i on  f ac to r  i n  t he i r  ana l yses .

The  pa r t - f u11  f l ow  resu l t s  show a  d i sappo in t i ng l y

l a rge  deg ree  o f  sca t te r ,  t he  cause  o f  wh i ch  i s  s t i l l

unknown. This scat ter  makes i t  d i f f icu lc  to deduce

whe the r  t he  ra te  o f  sed imen t  t r anspo r t  a t  ha l f - f u l 1

f l ow  i s  equa l  t o  t ha t  a t  p i pe - fu l l  f o r  t he  same

ve loc i t y ,  o r  i f  i t  i s  l ess .  I t  i s  hoped  tha t  f u r t he r

t e s t s  w i l l  r e s o l v e  t h i s  u n c e r t a i n t v .

The  ana l ys i s  o f  t he  o ld  I IRS  da ta  i n  compar i son  w i th
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TABLES.





TABLE 1 :

Tes t
No

Date

29 los 187
2e  l os l 87
2e  l l s l 87
04106187
04 l06 l87
04106187
04106187
04106187
04106187
05106187
05106187
05106187
05106187
os  106187
08l06 187
08 l06 t8 t
08 106 187
08106187
08 la6 187
0e  l06181
23106 187
24106187
07 107 187
07  l 07  187
07 107 187
08107187
08107 187
08107187
08 /08 /87
04108187
04108187
04108187
04108187
os  l 08 l87
05 /08 /87
os los  187
os l08187
281r0181
30 /  r0 /82
04 lLL l87
L7 lLL l87
1 8 / 0  1 / 8 B
1 8  / 0 1  / 8 8
1 9 / 0  1 / 8 8
l e  / 0 1 / 8 8

Cv
(pp* )

;
( n / s )

L .286
.925
.545
.520
.520
.730

1 .020
1 .382
1 .950
1 .735
1 .370

.7  57

.7  57

.493

.458

.461

.731

.981
1 .396
2 .090

.494

.494
1 .524
L .023

.63

.470

.469
1 .638
L .643

.470

.470
1 .069
1  . 608

.643

.639
1 .021
L .022

.180

.779

.494

.460

.901

.  901

.901

.892

Experinental  results

v lD F r T
(  "c )

. 604  13 .6

.418 L4.4

.24L  14 .8

.482  13 .5

.481  L4 .2

.674  L5 .7

.956  15 .  9
L.278 L6.4
1 .799  16 .9
2.4L7 L4.2
1 .905  14 .5
1 .052  14 .8
1 .046  14 .8

.682 L4.7

.315  13 .7

.314 L4.2

.499  14 .6

.663  15 .0

.983  15 .5
1 .435  L4 .9

14 .3
(1s  )
(1s)
13.4
( 1 5 )
( 1 5 )
1 4 . 5
1 5 . 5
1 6 . 5
1 3 . 0
1 3 . 0
1 3 .  1
1 3 . 1
1 3 . 6
1 3 . 6
1 3 . 6
1 3 . 4
1 1 . 4

. 7 3 6  1 1 . 7

. 6 8 1  1 1 . 4
1 0 . 7
1 0 . 0
1 0 . 0
L 2 . 5
L 2 . 5

I, l.o o dcv

r  r . -  bl'T-

1
2
3
6
7
8
9
1 0
1 1
l 2
1 3
r4
1 5
1 6
L 7
1 8
1 9
20
2 l
2 2
23
238
248
258
268
27A
278
2BA
288
R27A
R278
R28A
R288
R26A
R268
R25A
R25B
N 3
N4
N 5
SEDl
AlCLR
AlCLRI
AlSED
A1SED1

. 935

.944

.949

.504

.506

.507

.496

.506

.508

.248

.249

.249

.252

.25L

.7  54

.7  53

.752

.7  59

.728

.747
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0

.489

.253
1 .0
1 .0
1 .0
1 .0
1 .0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0 ,
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
6 .68
6 .68

.019349

.017311

.021857

.020572

.02L256

.017583

.o t1777

.0  18998

.020079

.0 20855

.018108

.021481

.02095  5

.420322

.a2449L

.028341

.018691

.016751

.015685

.0 15 148

.022491

.026460

.0 r  5593

.017651

.018815

.018025

.015601

.0L5776

.014968

.0  18855

.019645

.015456

.01  57  53

.019906

.018574

.0  17554

.0L7424

.032688

.019  1  15

.021387

.02 r000

.0t9624

.018078

.0  18027

.0 r8464
- . 0 2 0 5 9 1  - 3 0 8 2 . 5

. 0 0 3 1 5 1  4 7  1 . 7

+  Gauge  3  om i t t ed  (See  3 .1 )
*  G a u g e s  r f u l l y  i m m e r s e d '  ( S e e  4 . 2 )
O  Es t ima ted  tempera tu re



TABLE 1 :

Tes t
No

Cont I d

Da te v lD  V
(m/s )

Ft l rL 0/Cv

AlSED2
A1SED3
A1SED4
AlSED5
A1SED6
AlSED7
A1SED8
A1SED9
AlSED1
AI.SEDl
A1CLR2
AlCtR3
AlCLR4
A1CLR5
A2CLR
A2CLR1
A2SED
A2SED1
A3CLR
A3CLR1
A3SED
A3SED1
A4CLR
A4CLR1
A4SED
A4SEDl
A5CLR
A5CLR1
A5SED
A5SED1
A6CLR
A5CLRl
A6SED
A65EDl
A9SED
A9SED1
AlOCLR
AlOCLRl
AlOSED
AlOSEDl
A11CLR
A1lCLRl
A l1SED
A1 15ED1
Al2CLR

19 /0  1  /88
1el0u88
L9 lOL l88
L9 lOL l88
le  /01  /88
L9lo1- l88
20 l0L |  88
20 l0L l88
20 /01 /88
20loLl88
20 l0r  l8s
2210L188
2210r188
22 lO t l88
27  l o r l 88
27 lAL l8B
27 lOt lSs
27 lOL l88
29 l0 t l 88
29 loL l88
29 l0 r l s8
2eloL lsB
2e lor l8s
2910L188
2e  l0L l88
29 lOU88
02102188
02 l02 l88
02 l02 l88
02102188
02 lo2 l88
02102188
02102188
02102188
08 /02 /8s
08102188
09 l02 l8S
09102188
0e  l02 l88
0e l02 l88
oe l02 l88
09102188
09 l02 lB8
0e  l 02 l88
25  l 02 l88

T C v
( " c )  ( p p m )

L2 .5  11 .89
L2 .5  11 .89
13 .0  26 .0 t
13 .0  26 .01
13 .5  26 .7  |
13 .5  26 .7L
13 .5  26 .34
13 .5  26 .34
13 .5  29  . 86
13.  5 29.86
10 .5  0
10 .5  0
11 .3  0
11 .3  0
L0 .2  0
10 .2  0
10 .4  45 .50
10 .4  45 .50
10 .3  0
10 .3  0
10 .3  14 .50
r_0.3 14.  50
10 .0  0
10 .0  0
10 .0  7 .56
10 .0  7 .56
9 .8  0
9 .8  0
9 .8  0 .67
9 .8  0 .67
9 .9  0
9 .9  0
9 .9  4 .07
9 .9  4 .07
9 .8  69 .7s
9 .8  69 .7s

10 .2  0
L0.2 0
10 .2  55 .29
LO.2  55 .29
9 .7  0
9 .7  0
9 .6  2 .L3
9 .6  2 . r 3

10 .4  0

. 0 1 8 2 5 3

.0L8977

. 0 1 8 0 3 5

.018404
. 0 1 8 6 9 4
. 0 1 8 7 6 6
. o L 7 9 7 L
. 0 1 8 3 2 0
.01  8747
.0L8262
. 0 1 8 5 6 2
.0L7795
.0L7945
.0L8429
. 0 1 8 0 6 3
.0  1836 7
.0L7948
. 0 1 8 3 9 8
. 0 1 8 6 8 5
. 0 1 8 5 3 9
.0L9260
.0L942L
. 0 1 8 1 9 5
. 0 1 9 9 0 1
. 0  1 9 3 6 8
. 0 2 0 0 6 4
. 0  1 9 9 0  1
. 0 1 9 4 6 1
.0L9437
.020 148
. 0 1 9 4 3 3
. 0 1 9 8 3 2
. 0  1 8 7 8 5
.0L9022
.0L7462
.o t7  577
. 0 1 7 9 1 1
. 0  1 7 8 5 3
. 0  1 7 8  1 1
.0L7882
. 0 1  9 7 6 3
. 0  2 0 0 5 8
. 0 2 0 7 8 6
. 0 2 0 9  1 0

+ . 0 1 8 6 3 6

A

/ l ' -  L ' ,\--T-,'
' D

- .00831_3
.03L022

- .020102
- .000109

.0L5647

.019559

.023634
- .004672
.aL8527

-.007824

-699 .2
2649. t
- 7  7  3 .9

-4 .2
58s .8
732.3
897 .3

-L77  . 4
620.5

-262 .0

- 3 2 2 . 2
220.8

240L.I
2997 .7

2 2 2 2 . 2
7055.4

- 1 8 5 0 4 . 5

354L4.9

- 1 0 6 0 0 . 0
-  7633.9

7 1 .  8
0

2063L.9
23555.4

1 . 0  . 8 9 8
1 . 0  . 8 9 8
1 . 0  . 8 9 8
1 . 0  . 8 9 8
1 . 0  . 8 9 9
1 . 0  . 8 9 9
1  . 0  . 8 9 3
1 . 0  . 8 9 3
1 . 0  . 8 9 3
1 . 0  . 8 9 3
1 . 0  . 8 9 8
1 . 0  . 8 9 8
1 . 0  . 8 9 8
1 . 0  . 8 9 8
1 . 0  1 . 0 0 3
1 . 0  1 . 0 0 3
1 . 0  1 . 0 0 6
1 . 0  1 . 0 0 6
r . . 0  . 7  9 9
1 . 0  . 7 9 9
1 . 0  . 8 0 0
1 . 0  . 8 0 0
1 . 0  . 6 9 8
1 . 0  . 6 9 8
1 . 0  . 6 9 8
1 . 0  . 6 9 8
1 . 0  . 4 9 9
1 . 0  . 4 9 9
1 . 0  . 5 0 0
1 . 0  . 5 0 0
1 . 0  . 6 0 3
1 . 0  . 6 0 3
1 . 0  . 6 0 3
1 . 0  . 6 0 3
1 . 0  1 . 1 9 6
1 . 0  L . L 9 6
1 . 0  1 . 1 0 1
1 . 0  t .  1 0 1
1 . 0  1 . 0 9 9
1 . 0  1 . 0 9 9
1 . 0  . 5 4 9
1 . 0  . 5 4 9
1 . 0  . 5 4 9
1 . 0  . 5 4 9

. 5 0 1  . 9 9 7  . 9 2 8

- . 014658
.0 10047

.034816

.043467

.01 5800

.053339

- .0  12398
.023128

-.043142
- .031070

- .003970
.000000

.043946

.050  17  3

+  Gauge  3  om i t t ed  (See  3 .1 )
*  G a u g e s  ' f u l l y  i m m e r s e d '  ( S e e  4 . 2 )
( )  Es t ima ted  teope ra ru re



TABLE 1 :

Tes t
No

Cont I d

Date

25102188
1s l03 /88
15 /03 /  88
15 /03 /88
1s  /03 /88
l s l0  3 /  88
15  /03  /88
16 /03 /88
16  /03 /88
16 /03 /88
16  /03 /88
17 /03 /88
L7  l03 l88
17 /o  3 /88
L7  l 03 l88
18 /03 /88
18 /03 /88
18 /03 /88
18 /03 /88
2L103188
2L  lO3 l88
2]-103188
2L  103188
22103188
22103188
23103188
23 l03188
23103188
23 lO3 l88
24103188
24103188
241 03l  88
24103188
2s l03 l88
25103188
2s l03 l88
25103 lB8

F r T
(  "c )

e

/ I -  b . ,'-T-',

. 01  7815

.024604

.0  1253  1

- . 119611
- .097803

.0r_4160

.003036

.081035

.L2LOZL

-.026646
- .067909

- .153315
- .162063

.024589

.004347

.063325

.LL4822

0/Cv

2 5 4 . L

1 1 0 9 . 3
5 6 5 . 0

-28LL.7
-2299.L

433.4
- 9 2 . 9

L2228.9
- 1 8 1 1 6 . 9

- 9 6 8 . 2
-2467.6

-2975.8
-3145 .6

44L .2
78 .0

467 .2
841 .L

v lD  V
(u / s )

. 511  . 972

.504  .894

.497  . 910

.504  . 896

.497  .909

.25L  .994

.246  L .022

.74 t  1 .019

.7  34  1 .028

.734  1 .016

.730  1 .023

.493  1 .019

.487  1 .035

.490  1 .021

.481  1 .045

.498  .704

.490  . 718

.499  . 702

.485  . 7  28

.492  .814

.488  .821

.494 .8L2

.489 .823

.513  . 870

.507  . 883

.49 t  1 .131

.485  1 .148

.500  1 .104

.498  1 .108

.502  1 .195

.496  1 .213

.502  1 .191

.497  1 .208

.508  L .270

.502  1 .290

.519  L .237

.514  t . 25L

Al2SED
Al3CLR
A13CLR1
Al35ED
A13SED1
A14CLR
A14CLR1
A15CLR
A15CLR1
A]-55ED
A15SED1
A16CLR
A16CLR1
A16SED
A16SED1
A17CLR
A1 7CLRl
A175ED
A17SED1
Al8CLR
A18CLR1
Al8SED
A18SED1
A19SED
A195ED1
A2OCLR
A2OCLRl
A2OSED
A2OSEDl
A2lCLR
A21CLR1
A21SED
A21SED1
A22CLR
A22CLR1
A225ED
A22SED1

. 8 9 3  9 . s

. 8 2 8  1 1 . 0

. 8 5 1  1 1 . 0

. 8 3 1  1 1 . 0

. 8 5 0  1 1 . 0
1 . 3 7 7  1 0 . 8
1 . 4 3 0  1 0 . 8

. 7 0 5  1 0 .  2
. 7 1 8  1 0 . 2
. 7 0 9  L 0 . 2
. 7 1 8  1 0 . 2
. 9 5 9  1 0 . 2
. 9 8 2  1 0 . 2
. 9 6 3  1 0 . 5
. 9 9 9  1 0 . 5
. 6 5 8  1 0 . 9
. 6 7 8  r . 0 . 9
. 6 5 5  1 0 . 9
. 6 9 3  1 0 . 9
. 7 6 6  1 0 . 3
. 7 7 1  1 0 . 3
. 7  6 3  1 0 .  3
. 7 7 8  1 0 . 3
. 7 9 8  1 0 . 0
. 8 1 6  1 0 . 0

1 . 0 6 7  1 1 . 0
1 . 0 9 1  1 l - . 0
L . 0 2 9  1 1 . 0
1 . 0 3 5  1 1 . 0
1 . 1 1 1  1 0 . 9
1 . 1 3 7  1 0 . 9
1 . 1 0 7  1 0 . 9
1 . 1 3 1  t _ 0 . 9
1 . 1 7 1  1 1 . 0
1 . 1 9 9  1 1 . 0
t . t 2 6  1 1 . 4
L . L 4 5  1 1 . 4

+ .018968
.0 18412
.0t7477*
.0 18865
.017696*
.018960
.0L77L4*
.020274
.018977*
.017849
.017121*

+.aL7444
+ .016800*
+ .017691
+.0L6749*

.0L6673

.016369*

.0  18035

.014388' t

. 018654

.0183  19*

.018157

.  01 707 5*

.02027 5

.019023*

.0 r9 548

.015479*

.0  1655  1

.016380

.0L5454

.0L4954*

.015834

.0  15019*

.0  18176

.017  5  17 *

.0t9327

.020263

Cv
(ppn )

70 .10
0
0

22.L8
22 .18

0
0
0
0

42.54
42.54
0
0

32.67
32.67
0
0
6 .68
6 .68
0
0

27 .52
27 .52
30.47
30.47
0
0

46 .06
51.52
0
0

55 .7  3
55 .73
0
0

L35.54
L42 .2L

l r \

+ Gauge 3  omi r ted  (See 3 .1)
*  Gauges r fu l l y  immersedr  (See 4 .2)
(  )  Es t imated tempera ture



T A B L E 2 : R e e u l t s a t

D =  298.8mm

d50 = 0.72rnn

linit of deposition

Tes t

A lSEDlO
A]-SED 11
A25ED
A2SEDl
A3SED
A35EDl
A4SED
A4SED1
A5SED
A55EDI
A6SED
A65ED1
A9SED
A9SED1
AlOSED
AlOSEDl
A11SED
A11SED1
Al2SED
A13SED
A133ED1
A15SED
A15SED1
A165ED
A165ED1
A175ED
A17SED1
AlBSED
A185ED1
A19SED
A19SED1
A2OSED
A2OSEDl
A215 ED
A21SED1
A225ED
A225ED1

Date

2010L188
20 loL l88
27  l oL l88
27 lOr l 88
2e  l 0L l88
29 lOL l88
2910L188
29 lOL l88
02102188
02102188
02102188
02102188
08102188
08102188
oe  l02 l88
09 l02 l88
09 lo2 l88
oe l02 l88
25102188
15 /03 /88
L5103188
16/0 3/  88
16  /03 /88
L7 lO3 l88
17  /03 /88
1810 3/  88
18 /03  l 88
2L103188
2L  l03 l88
22103188
22 lo3 l8B
23103188
23103188
24103188
24 l03 lB8
25 l03 l88
2s  l 03 lB8

Y ID

1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0
1 .0

.511

.504

.497

.7  34

.730

.490

.481

.499

.485

.494

.489

.513

.507

.500

.498

.502

.497

.519

.5 I4

T

1 3 . 5
1 3 . 5
1 0 . 4
1 0 . 4
1 0 . 3
1 0 . 3
1 0 . 0
1 0 . 0
9 . 8
9 . 8
9 . 9
9 . 9
9 . 8
9 . 8

1 0 . 2
1 0 . 2
9 . 6
9 . 6
9 . 5

1 1 .  0
1 1 . 0
1 0 .  2
1 0 . 2
1 0 .  5
1 0 . 5
10.  9
1 0 . 9
1 0 . 3
1 0 .  3
1 0 . 0
1 0 . 0
1 1 .  0
1 1 . 0
1 0 . 9
1 0 . 9
1 1 . 4
1 1 . 4

.893 29 .86

. 8 9 3  2 9 . 8 6
1 . 0 0 6  4 5 . 5 0
1 . 0 0 6  4 5 . 5 0

. 8 0 0  1 4 . 5 0

. 8 0 0  1 4 . 5 0
. 6 9 8  7 . 5 6
. 6 9 8  7 . 5 6
. 5 0 0  . 6 7
. 5 0 0  . 6 7
. 6 0 3  4 . 0 7
. 6 0 3  4 . 0 7

1 . 1 9 6  6 9 . 7  5
1 . 1 9 6  6 9 . 7 5
1 . 0 9 9  5 5 . 2 9
1 . 0 9 9  5 5 . 2 9

. 5 4 9  2 . L 3

. 5 4 9  2 . t 3

. 9 7 2  7 0 . 1 0

.896 22 .L8

. 9 0 9  2 2 . L 8
1 . 0 1 6  4 2 . 5 4
1 . 0 2 3  4 2 . 5 4
1 . 0 2 1  3 2 . 6 7
1 . 0 4 6  3 2 . 6 7

. 7 0 2  6 . 6 8

. 7  2 8  6 .  6 8

. 8 L 2  2 7 . 5 2

. 8 2 3  2 7 . 5 2

.870 30 .47

.883 30 .47
1 . 1 0 4  4 6 . 0 6
1 . 1 0 8  5 L . 5 2
1 . 1 9 1  5 5 . 7 3
1 . 2 0 8  5 5 . 7 3
L . 2 3 7  1 3 5 . 5 4
L . 2 5 L  I 4 2 . 2 L

( S e e  4 . 2 )

d e p o s i t i o n  ( s e e  4 . 4 )

d e p o s i t i o n  ( s e e  4 . 4 )

,\,

.0L8747

.0L8262

.0L7948

. 0 1 8 3 9 8

. 0 1 9  2 6 0

.0L942L

. 0 1 9 3 6 8

.020064

.0L9437

.020 148

. 0 1 8 7 8 5

.0L9022

.0L7462

. 0 L 7 5 7 7

. 0 1  7 8 1 1

.oL7822

. 0 2 0 7 8 6

. 0 2 0 9 1 0

. 0 1 8 9 6 8

. 0 1 8 8 6 5

.oL7696 *

. 0  1 7 8 4 9

. 0 1 7 1 2 1  *

. 0 1 7 6 9 1

.0L6749 *

. 0  1 8 0 3 5

. 0 1 4 3 8 8  *

.0181_5 7

. 0 1 7 0 7 5  *

.020275

. 0 1 9 0 2 3  *

. 0 1 6 5 5 1  < L D
. 0 1 6 3 8 0
.0  15834
.  0 1 5 0  1 9  *
.0L9327
.020263 >LD

<LD

Gauges  r f u l l y  immersed '

S l i ghL l y  be low  l i s r i t  o f

S l i gh t l y  above  l im i r  o f>LD



TABLE 3: lleasured and corrected ks values by Kazenipourrs ilethod for clear
l'ater

l leasured

y l D  N  k -  ( m m )  6s s o r ,

1  3 7  . L 2 L  . 0 6 6 8  . 0 1 1 1
0 . 9 5  3  . 2 5 8  . 1 1 4 4  . 0 8 0 9
0 . 7 5  5  . r 5 2  . 0 9 6 2  . 0 4 8 1
0 . 5  1 5  . 1 5 1  . 0 7 7 2  . 0 2 0 6
0 . 2 5  7  . 1 0 5  . 0 4 6 3  . 0 1 8 9

Corrected by Kazenipour method

E" d" d.,

. L 2 L  . 0 6 6 8  . 0 1 1 1

. 1 1 7  . 0 6 8 2  . 0 4 8 2

.L23 .0845 .0423

. 1 9 6  . 0 8 8 4  . 0 2 2 8

. 1 0 5  . 0 4 6 3  . 0 1 8 9

a l l  6 7  . 1 3 4  . 0 7 9 2  . 0 1 8 9 . 1 3 5  . 0 7 8 9  . 0 0 9 7 2

TABIJ 4 : lleasored aod predicted threehold velocities

Measured Predicted
y ta  v t  v rs  (1 )  v r /v rs  p red ic red  "k , r  (z )

(n /s )  (m/s )  (mrn)

. 2 6 8  . 2 2 4  . 2 0 1  1 . 1 1 4  . 0 0 1 3

. 4 8 9  . 2 5 6  . 2 2 8  1 . 1 2 3  . 0 0 1 6

1.  Novak  and Na l lu r i  (Equat ion  6) '  snoorh  p ipes
2. Novak and Nal lur i  (Equat ion 7) rough pipes

TABLE 5 : l{easured aad predicted variations in friction factor

Vlo Vle %" ! [ ,  %,
. 95  1 .104  . 94  1 .13  I . 24
.75  1 .013  1 .03  1 .03  L .27
.  5  1 .023  1 .14  . 96  1 .00
.25  . 981  L .25  1 .00  . 56

{ . "  
-  Kazemipour correct ion factor  -  semi-c i rcu lar  channels

Y1at  -  *  r r  t r  r r  r r  r r  -  reccangular  channels

i L "  -  Na l l u r i  &  Adepo ju  co r rec t i on  f ac to r  -  c i r cu la r  sec t i ons

b 
-  Predicted ) r .  f  rom Colebrook-Whire



TABLE 6 :

Us-

ilo

1

0 . 5

lleagured

nes data

c lc
v v P

. 7 2 9

.448

6

. 135

.L77

and predicted concentratione at linit of deposition

o  (7 " )

L8.57"

39.57"

a 1 l . 5 9 4 .247 34.8%

May '  (us ing  measu red  th resho ld  ve loc i t y )

v to  c__ lc ,  6  a (Z)v v p

L  . 8 9 2  . 1 5 7  L 7 . 6 2

0 . 5  . 5 1 5  . 2 0 3  3 9 . 4 7 "

a l l

Macke

. 706 .255 36 .L2

*
as

)  2x10-  4

vto

1

0 . 5

c lc
v v p

. 7  4 6

. 4 8 1

6

.L99

. 1 6 1

o  ( Z )

2 6 . 7 2

33.57"

c lc
v v p

. 8 1 0

. 4 9 0

6  o ( Z )

.L32 L6 .37"

.L69 34 .52

a l l .6L7 .2L9

Nal lu r i  &  Mayer le

vto

1

0 . 5

c lc
v v p

. 4 9 8

. 6 5 3

.  1 3 1

.246

3s.52

o  ( 7 " )

2 6 . 3 %

3 7  . 7 " 4

. 630 .2L4 34.07"

a l l . 5 8 4 .209 35.82



TABLE 7 s lleasured
HRS dara

and predicted concentrations linit of depoaition

a l l

Macke

May

D
7 6

1 5 8
1 5 8
1 5 8
1 5 8
1 5 8

dso
.57
.64
.64
.64

5 .8
7 .9

v lo
1
I

. 7 5
. 5
I
I

c lc
YggYP

1 .054
.868
.804

L .027
.842

6
.  1 1 0
. r97
. 1 8 0
. 1 7 0
.L27
. 1 8 1

6

. 130

.243

.150

.2t2
3 .61 )
5 .11 )

.259

.259

6

. 2 4 9

.4L6

.  3 1 9

. 8 7 4

.L23

. 1 1 3

o  ( 7 )
]-L.L7"
L8.72
20.7%
2L.rZ
L2.47"
2L.52

o  (Z )

l-'1.87"
22.52
L5.37"
26.72
LL.9Z
L4.32

26.t"4

25.37"

o  (Z )

17 .57 .
33.97"
L4.87"
30.47"
L4.37"
L9.OZ

53.0"4

. 9 7 9 .L97 20.17"

D

7 6
1 5 8
1 5 8
1 5 8
1 5 8
1 5 8

dso

.57

.64

.64

.64
5 .8
7 .9

a l l  (except  g rave l )

a l l  ( e x c e p t . g r a v e l )

Q"o ) 2x1o- +

Nal lur i  & l layerle

D  d s o  g l o

7 6  . 5 7  1
1 5 8  . 6 4  I
1 5 8  . 6 4  . 7  5
1 5 8  . 6 4  . 5
1 5 8  5 . 8  1
1 5 8  7 . 9  1

a l l r .  398 . 7 4 L

j l o

1
1

. 7 5
. 5
1
1

c lc
v '  vp

. 730
1 .079

.981
1 .020

(  30 .38
$s .62

. 9 9 2

L . A 2 3

crr/crp

L . 4 2 4
L . 2 2 7
2 . t 5 5
2 . 8 7 8

. 8 5 9

.  s95
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Noie: Horizontat tog scate is
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Symbot y/D

a 1
a 0.75
o 0.s

1.5

1

0.75

0.5

0.4

0.3

0.?
0.30 0.50 0.60

V m/s

0.70 0.90 1.00 1.10 1.20 1.30

Fig 10 Limit  of  desposit ion: Experimental  data and comparison with
predict ion formulae
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APPENDIX.





APPEf,DTT I : Fornulae for viscosity end settling velocity

1 .  K inemat ic  v iscos i ty ,  v

1 . 7 9  x  1 0 -  6v =
1  +  0 . 0 3 3 6 8 T  +  0 . 0 0 0 2 2 1 T  2

where T is the cemperature in degrees cent igrade.

2 .  F a l l  v e l o c i t y  o f  t h e  p a r t i c l e ,  w ,  i n  m / s :

w  =  { 9 v 2  +  1 0 - e  d 2  s  ( s  - 1 )  ( 0 . 0 3 8 6 9  +  0 . 0 2 4 8 d )  } i / 2  -  3  v

fo . r rooz  +  0 .074405  d ]x  10- r

I le re  v  =  k inemat ic  v iscos i ty  o f  f  lu id  in  m2/s

d = sediment size in nm

and s  =  spec i f i c  g rav icy  o f  sed iment




