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ABSTR,ACT

Laboratory experiments carried out ln the traneitLon zone between upper and

lower regJ-me flows are described. The results of theEe experimente imply
tbat the trangition zone consietE of, a famLly of curvea that f i l l .  the area
and that tbe traJectory of a flow througb tbe transitlon zone dependE upon

tbe congtraintg applied. To paraneteriee the traneition zone it ig
EuggeEted that uEe ie made of the Bara.neter U€. ithle parameterieatioa

Ehould be baged on experimeutal data, wer€ available, but in the absence of

sucb data aD approxlmation ie presented. Thig ehould enable the
calculation of fLowe within the traneition zone.
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1. INTRODUCTION

The calculat ion of  f low in an a l luv ia l  channel

requi res an est imate to be made of  the f r icEional

losses on the boundary of the channel. A method of

determin ing the f r ic t ion in  an aLLuvi .a l  channel  is

a lso requi red for  the determinat ion of  sediment

t ransport  rates re lated Lo the design of  i r r igat ion

channels and river improvement works. The

determinat ion of  these f r ic t ional  losses is

d i f f icu l t  as bed forms and hence f r i -c t ional

resistance vary with the flow and the sediment

Eransport  rate.

In the case, for example of a laboratory channel

wi th an in i t ia l ly  p lane sediment  bed,  down which

the discharge is gradually increased, the bed

features wil l change as the discharge changes.

Provided that  the sediment  is  suf f ic ient ly  f ine,

r ipples wi l l  develop f i rs t .  At  a h igher  d ischarge,

dunes wi l l  appear and increase in s ize.  The dunes

then d imin ish as the d ischarge increases to be

replaced by an approximately smooth bed.

Ant i -dunes wi l l  then develop.

Previous work,  (Engel .und,  1966;Brownl ie,  1981-,  and

White et  aI ,  L987 )  has suggested that  there is  one

fr ic t ional  re lat ionship for  dune and r ipple beds,

described as the lower flow regime, and an

essent ia l ly  d i f ferent  re lat ionship for  upper p lane

beds,  s tanding waves and ant i -dunes,  descr ibed as

the upper f low regime.  In 1987 Whi te et  a l

publ ished work g iv ing re lat ionships to descr ibe

both lower and upper flow regimes. These

relat ionships consisted of  two fami l ies of  curves,

one for upper regime and one for lower regime. In

each fami ly  there were d i f ferent  curves for
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2. PREVIOUS WORK

2 . L  Y a l i n

d i f f e ren t  sed imen t  s i zes .  As  the  two  fam i l i es  o f

curves d id not  in tersect  the issue was ra ised of

the t ransi t ion between lower and upper regimes.

This repor t  descr ibes work carr ied ouE Eo predict

the t ransib ion between the two regimes.  The work

is  based on the analys is  of  Iaboratory exper iments

carr ied out  at  HR.

Yal in  arg lues that  the a l luv ia l  f r ic t ion must  depend

o n :

(1)  the granular  roughness of  the bed;

(2)  the geometry of  any bed features;  and

(3)  the amount  of  sediment  in  suspension

On the basis  of  th is  he argues that  a l1uvia1

fr ic t ion must  be expressib le in  terms of  the

funct ions

X,  Y and Z for  subcr i t ica l  f low

and X,  Y,  Z and F for  supercr i l ica l  f low,

- - L ^ - - - - D V *  1 , - P v i  o - dw n e r e x - T ,  y = - , T ,  , = T ,

and F is a Froude number.
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2 .2  Enge lund

2 .3  B rown l i e

A:  \sR283 .  RB

Enge lund ,  i n  h i s  ana l ys i s  o f  a l l uv ia l  f r i c t i on ,

p lot ted the d imensionless bed shear due tso sk in

f r ic t ion against  the tota l  d imensionless bed shear

for  a sequence of  f lume data.  The re lat ionship

that  he obta ined and data f rom Guy eE al  (L955) are

shown in Figure L. The lower curve applies for

dunes, '  r ipp les being excluded f rom Engelund's

analys is ,  whiLe the upper curve.appl ies to f la t

beds,  s tanding waves and ant i -dunes.

Brownl ie (L98L) carr ied out  a d imensional  analys is

to determine a set  of  non-dimensional  parameters to

descr ibe sediment  t ransport  and a1l -uv ia l  f r ic t ion.

By assuming that  f low res is tance is  re lated Eo the

largest  scale of  bed roughness,  Brownl ie proposes

an equaLion of the form

1  P i  - -  P ,  r  / o i  =  w  (9  , r+v /x )xp "

Tlqo sets of  mul t ip le regression analys is  were

carried out on data from lower and upper regime to

determine the parameters w,  x ,  y  and z.  To

consider the problem of determining the flow regime

Brownl ie ut i l ised four  non-dimensional  groups;

Fn, +,  s and oq

where Fn, is the grain Froude number defined by

9 Apr i l  1992





2 .4  Wh i te  Pa r i s

Be t tess

n is an exponent

sed imen ts  t o  0 .0

f ine sediments

and

remain const .ant  dur ing t ransi t ion,  and for  a

gradual decrease in discharge tshe depth would reach

the lower l imit of the upper regime and remain

cons tan t .

The exper imenta l  data descr ibed be1ow, col lected

dur ing th is  s tudy,  would suggest  that  the depth is

not  constant  dur ing Ehe t ransi t ion but  var ies.  I t

seems unl ike ly  therefore that  the method proposed

by Brownl ie wi l l  prov ide an adequate descr ipt ion of

t he  t rans i t i on  zone .

In  a  se r i es  o f  pape rs  Wh i te  e t  a1  (1 -980 ,  L987 )  have

analysed aLluv ia l  f r ic t ion in  terms of  parameters

f i rs t  in t roduced by Ackers and Whi te (L973) in  the

context  of  sedimenL Lransport .  Fol lowing Ackers

and Whi t .e the sediment  s ize was character ised

using a d imensionless sediment  s ize Dqr def ined by

1 c - 1  \  1 1 3
D o ,  =  ( g $ )  D

They int roduced a general  sediment  mobi l i ty ,  Fnr .

def ined by

F ' = v * n
)  l - n

wh ich  va r i es  f r om 1 .0  f o r  f i ne

for  coarse sediments.  Thus for

A:  \sR283 .  RB 9 Aprit ,.992



( g D ( s - 1 )  )

3 . EXPERIMENTAIJ

IN\TESTIGATION

F -  =- t g

and for coarse sediments

k =- c g

/ ( s P  ( s - 1 ) )  \ , 1 ( 3 2 1  1 o s , 6  ( 1 0 d / D )

Whi te  e t  a l  ( l - 980 )  demons t ra ted  tha t  a l l uv ia l

friction in the lower regj.me may be described by a

seguence of  s t ra ight  l ines of  Fqr  against  Frs wi th a

di f ferent  l inear  re lat ionship for  each sediment

s i ze  see  F ig  3 .  Wh i te  e t  a l  ( 1997 )  demons t ra ted

that  for  bed- features in  upper regime the a11uvia1

fr ic l ion could be descr ibed a lso i -n terms of  a

re lat ionship beEween Fgr and Frq but  that  in  th is

case the re lat ionship was represented by a curve

for  each sediment  s ize rather  than a st ra ight  1 ine.

For a given sediment size the curves for lower and

upper regimes do not  in tersect  and so a t ransi t ion

region is reguired between these two regimes see

F i g  4 .

To provide data wi th in the t ransi t ion region a

ser ies of  exper iments was carr ied out  at  HR,

Wal l ingford.  The exper iments were per formed using

a  24m long ,  t i - l t i ng ,  r e - c i r cu la t i ng  f l ume .  The

width of  the f lume was 0.917m and the length of  the

measur ing sect ion was 10.7m. The sediment  used in

the flume was a medium coarse sand with a D:o value

o f  0 .76mm,  the  va lue  o f  3  was  1 .29 .  A  sand laye r
D t e

A r \ s R 2 8 3 . R B 9 Apr i l  1992



4 . DESCRIPTION OF

TIIE TRAIISITION

REGION

150mm th ick was p laced on the f lume bed.  Each test

was run to eguil ibrium which, depending upon the

f l ow  cond i t i ons ,  t ook  f r om 0 .5  t o  5 .5  hou rs .  A

f la t -V weir  was used to measure the d ischarge

through the flume. The water surface level was

measured using f ive tapping points connected Eo

st i l l ing pots and using vern ier  point -gauges

reading to an accuracy of  0.02mm.

The exper imenta l  resuf ts  are surnmar ised in Table-  1.

The  d i scha rge  va r i ed  be tween  22 -5  and  l - 35  1 / s ,  t he

dep th  f r om 0 .08  to  0 .14m and  the  s lope  f rom 0 .1 - l -  x

1 0 - 3  t o  1 . 0 7  x  1 0 - 2 .  A  t o t a l  o f  4 4  t e s t s  w e r e

performed out  of  which 20 were in  the t ransi t ion

reg ion .

One suggest ion had been that  the t ransi t ion zone

compr ised an essent ia l ly  unsteady domain in  that

f lows in the t ransi t ion zone would not  be stable

and would progress in  t ime e i ther  to the lower or

upper regime solut ion.  The exper iments indicabed,

however,  that  f lows in the t ransi t ion zone are

indeed stable and can be maintained, without

change,  for  a considerable per iod of  t ime.

AlI the experimental evidence suggests that, for a

given sediment size, in botsh the upper and lower

regimes there is  a unique re l -at ionship between Fnl

and Frn so that  the re lat . ionship can be descr ibed

j -n the form f  (Fo. ,  Frn,  Dqr)  -  0

A:  \SR283 .  RB 9 Apr i l  1992



The exper iments indi -cated Chat  i t  was possib le to

obta in s table f lows which lay between the two

curves.  Thus the t ransi t ion f lows do not  represent

an unstable t ransi tory regime but  f lows which can

pers isE through t ime.  The t ransi t ion f lows do not

appear to be restricted to particular paths between

the lower and upper regime curves. This suggests

that ,  in  the t ransis t ion zone,  instead of  having a

s ing le  cu rve ,  t he  t r ans i t i on  seems  to  cons i s t  o f  a

fam i l y  o f  cu rves  f i l l i ng  an  a rea .

Experimental evidence provides information on flows

wi th in th is  t ransi t ion region but  th is  must  be

interpreted with care as the way in which the

experiments were performed may influence the path

taken to cross the t ransi t ion region.  For  example,

i f  exper iments are carr ied out  in  a f lume wi th a

c losed f low,  re-c i rcu lat ion system then there is  a

st rong constra j .n t  on the depth of  f low.  The

resulLs therefore t raverse a path of  a lmost

constant  depth.  f f  the system is  constra ined in

another way, however, for example as may occur in a

natura l  r iver ,  then presumably the t ransi t ion zone

wi l l  be t raversed by a d i f ferent  path.  How the

t rans i t i on  zone  i s  c rossed  i n  pa r t i cu la r

c i rcumst .ance,  therefore,  wi l l  depend upon the

constra inEs imposed on the system.

The exis tence of  a fami ly  of  curves which f i l l  a

region suggest that an extra parameter is involved

in this area and that a unique path through the

transi t ion zone wi l l  on ly  be def ined by speci fy ing

a fur ther  constra int  in  terms of  the extra

parameter .  I t  is  therefore suggested that  in  the

t rans i t i on  zone  the  aL luv ia l  f r i c t i on  re la t i onsh ip

must be of the form

A:  \sR283 .RB 9 Apr i l  1992



f  ( F q s ,  F r n ,  D n r ,  P )  -  0 ,

where P is some non-dimensional parameter. The

def in i t ion of  P wi l l -  not  be unique and there are

number of  possib le sui table formulat ions.

There would appear to be a number of possible

choices for  the narameter  P.

a)  d/D :  Some authors have done thei r  analys is

using the parameter  d/D.  Curves are prov ided for

values of  d/D upto 2,000 and,  for  example,

d i f ferent  curves are g iven for  va lues of  d/D of

1 ,500  and  2 ,000 .  I t  seems  un l i ke l y  t haE  the  mac ro

features of  Ehe f low and physical  processes are

indeed sensi t ive to re lat ive ly  smal l  changes in

large val"ues of  d/D.  I t  would seem, therefore,

that the parameter d/D is acting as a surrogate for

some other move physically relevant parameter.

Contours of  constant  d/D values for  Ehe t ransi t ion

zone for  the exper imenta l  resul ts  f rom Sect ion 3

a re  p lo t t ed  i n  F igu re  5 .

b)  V/r lSD :  This  parameter  var ies over  a range of

approximale ly  5 to 40 for  the avai lable data.  I t

prov ides a parametresat ion for  the t ransi l ion zone.

Contours of constant v/tfS values for the

transition zone for the experimental resulf,s from

Sec t i on  3  a re  p lobEed  i n  F igu re  5 .

c )  Wh i te  e t  a l  ( 1987 )  cha rac te r i sed  Ehe  t rans i t i on

region using the parameter U They argued that

the t ransi t ion region could be def ined by the

parameter Ur, where

9 Apr i l  1992A :  \ S R 2 8 3  .  R B



u"=---L-  ( g v ) " '  D s ,

I f  U E  <  0 . 0 1 1  t h e n  t h e  f l o w . i s

Ue  >  0 .025  then  the  f l ow  i s  i n

t ransi t ion zone is  g iven by

0 . o L L  <  u E  <  0 . 0 2 5

in lower regime.  I f

upper regime and the

Having used the parameter  U,  to  def ine the

transi t ion region then i t  seems most  naEural  to  use

th is  parameter  to descr ibe the t ransi t ion region.

Thus th is  parameLer is  used in the rest  of  th is

repor t  Contours of  constant  U" for  the t ransi t ion

zone for  the exper imenta l  resul ts  f rom SecEion 3

a re  p lo t t ed  i n  F igu re  7 .

This l is t  o f  parameters is  by no means exclus ive

and i t  may be that  there are other ,  more sui table

parameters,  to  descr ibe the t ransi t ion zone.

I t  would appear that  the t ransi t ion zone can be

parameter ised us ing U" as a parameter .  What  th is

impl ies is  that  in  the lower or  upper regime i t  is

su f f i c i en t  t o  spec i f y  D  and  V .  i n  o rde r  t o

determine the veloc i ty  V.  In  the t ransi t ion zone

the values of D and V* only determine a range of

possib le values of  V and in order  to determine V a

fur ther  parameter  must  be speci f ied.  This can be

done expl ic i t . ly  us ing U6,  or  by us ing the

def in i t ion of  U,  i t  can be done impl ic i t ly  through

a value of  S or  d.  Thus by formulat ing any

constra inL on the system then the path of  the

system through the t ransi t ion zone may be

de te rm ined .

A :  \ s R 2 8 3 . R B
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5. PARJA}IETERISATION

OF TRL}ISITTON

REGION

It  has been suggested that  the t ransi t ion zone be

parameter ised us ing U,  as a parameter .  As the

Lransi t ion zone var ies wi th Do,  i t  fo l lows that

th is  parameter isat ion must  vary wi th Dn. .  For

those values of Dq. for which there is experimental

data avai lable iE is  possib le to f i t  equat ions Eo

t.he data and so to parameterise the region. For

those values of  Dqr for  which no data is  avai lable,

however,  i t  is  possib le to develop an approximate

set  of  appropr iate curves.

If the lower regime curves are denoted by

( F  - A )

; ;n '  =  ; i  =  Q,  (Dn ' )  ,
( ! t o  -  A )

w h e r e  0 r ,  =  1  -  0 . 7 5  { 1 - 1 )
e x p  [  (  1 o 9 1 6  D n r )  ' ' ' J

and the upper regime curves are denoted by

( F n ,  A )  +  0 . 0 7  ( F q r  -  A )  4  
= 0 u  ( D q r )

( F r s  -  A )

where  0 .  =  1 .07  -  0 .18  1og t16  Dn . .  Then  a  se t  o f

curves which cover the transition area between the

lower and upper regimes is

A:  \sR283 .RB
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(Fn. A) + ( u" 
o,or;ott ) {rn. - a) 4 0  . 0 2 5  -  u "  u -  -  0 . 0 1 1

T - T ' , T r ' .  - " 1 1 4 - ' "

5. coNcIJusIoNs

{ F -  -  A l

In  the absence of  exper imenta l  data these curves

wi l l  enable approxj -mate calculat ions to be carr ied

out  i .n  Ehe t ransi - t ion zone.

l-) Experiments have been carried out which cover

the t ransi t ion zone between lower and upper

f l ow  reg ime .

2)  The exper imenta l  data suggests that  the

transi t ion zone consists  of  a fami ly  of

curves that f i l l  the area and that the

tra jectory of  a f low through the t ransi t ion

zone depends upon the constra ints  appl ied.

3 )  To  pa rame te r j . se  t he  t rans i t i on  zone  i t  i s

suggested that  use is  made of  the parameter

UE. This parameter isat ion should be based on

exper imenta l  data but  in  the absence of  such

data an approximate parameter isat ion is

provided.  This should enable the calculat ion

o f  f l ows  w i th in  t he  t rans i t i on  zone .

4.  Equat ions to descr ibe the t ransi t ion zone are

given to enable calculat ions to be per formed

in  t h i s  zone .

A :  \ S R 2 8 3  .  R B
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Figure 1 Mobility against effective mobility, after Engelund
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Figure 2 Fg/Fg'against D5g/6, after Brownlie
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Figure 3 F1n against Fgr for lower regime
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Figure 4 F1n against Fgr for upper and lower regimes
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Figure 5 F1n against Fgr with contours of constant dlD
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Figure 6 F1n against Fgr with contours of constant VdlD
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Figure 7 F1n against Fgr with contours of constant UE






