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SUMMARY 

Thi s r e p o r t d e s c r i b e s p h y s i c a l and numerical experiments on the steady flow of 

water i n a curved flume, c o n s i s t i n g of a 38 m long s t r a i g h t s e c t i o n followed by 

a 90° bend w i t h a r a d i u s of curvature of 50 m ( s e e F i g u r e 1 ) . The c r o s s - s e c t i o n 

was formed by two v e r t i c a l s i d e w a l l s and a concrete bed w i t h a schematized l a r g e -

s c a l e bed c o n f i g u r a t i o n as can be expected i n a n a t u r a l r i v e r bend. The width of 

the flume was 6 m and the depth of flow v a r i e d between 0.05 m and 0.4 m, w i t h a 

mean v a l u e of about 0.2 m. Measurements were taken at two d i s c h a r g e s : 0.463 m^/s 

and 0.232 m^/s ( y i e l d i n g mean v e l o c i t i e s of about 0.4 m/s and 0.2 m/s r e s p e c ­

t i v e l y ) . 

During the experiments the f o l l o w i n g phenomena were i n v e s t i g a t e d : 

a. the v e r t i c a l d i s t r i b u t i o n of the h o r i z o n t a l v e l o c i t y components v . ( i n the 
mam 

main flow d i r e c t i o n ) and v, ^ ( p e r p e n d i c u l a r to the main flow d i r e c t i o n ) ; 
h e i 

b. the h o r i z o n t a l d i s t r i b u t i o n of the depth-averaged v e l o c i t y and the i n t e n s i t y 

of the secondary flow; and 

c. the water s u r f a c e c o n f i g u r a t i o n and the d i s t r i b u t i o n of the energy head. 

The experimental r e s u l t s have been compared w i t h the r e s u l t s of a mathematical 

model of steady flow i n curved open channels, developed i n the Laboratory of 

F l u i d Mechanics of the D e l f t U n i v e r s i t y of Technology (de Vriend, 1976 and 1977). 

The v e r t i c a l d i s t r i b u t i o n s of the main v e l o c i t y turned out to be h i g h l y s i m i l a r 

throughout the flow f i e l d , but they a l l were somewhat f l a t t e r than p r e d i c t e d 

by the l o g a r i t h m i c p r o f i l e used i n the mathematical model. 

The v e r t i c a l d i s t r i b u t i o n s of the h e l i c a l v e l o c i t y ( i . e . the shape of the curve) 

agreed w e l l w i t h the t h e o r e t i c a l curve i n the deeper p a r t s of the bend, but i n 

the s h a l l o w e r p a r t s the measured d a t a were too i n a c c u r a t e to draw c o n c l u s i o n s . 

The observed depth-averaged v e l o c i t y f i e l d showed an important d e v i a t i o n from 

the p r e d i c t e d one: the observed s h i f t i n g of the v e l o c i t y maximum towards the 

outer w a l l i n the bend was c o n s i d e r a b l y stronger. T h i s phenomena, which was a l s o 

encountered during e a r l i e r experiments with a plane bed (de Vriend and Koch, 1977) , 

must be a t t r i b u t e d to the a d v e c t i v e i n f l u e n c e of the secondary flow, which i s 

not incorporated i n the mathematical model. 

The observed i n t e n s i t y of the secondary flow was c o n s i d e r a b l y stronger than the 

p r e d i c t e d one, which i s i n accordance with the r e s u l t s of the plane bed experiments. 

The computed c o n f i g u r a t i o n s of the water s u r f a c e and the energy s u r f a c e d eviated 



from the measured data i n t h a t r e s p e c t t h a t the l o n g i t u d i n a l head l o s s e s were 

l a r g e r , and a d i f f e r e n t t r a n s v e r s e slope of the water s u r f a c e i n the bend was 

found. An important p a r t of these d i f f e r e n c e s can be explained from the d i f f e r ­

ences between the computed and the measured depth-averaged v e l o c i t y f i e l d s . 



FLOW OF WATER IN A CURVED OPEN CHANNEL WITH A FIXED UNEVEN BED 

1 I n t r o d u c t i o n 

T h i s r e p o r t i s a c o n t i n u a t i o n of the r e p o r t R657-V/M 1415, P a r t I , "Flow of water 

i n a curved channel w i t h a f i x e d plane bed" (de Vriend and Koch, 1977). The i n ­

v e s t i g a t i o n s d e s c r i b e d i n both r e p o r t s were executed w i t h i n the applied r e s e a r c h 

group f o r sediment t r a n s p o r t i n r i v e r s , i n which R i j k s w a t e r s t a a t D i r e c t o r a t e f o r 

Water Management and Research, the D e l f t H y d r a u l i c s Laboratory, and the D e l f t 

U n i v e r s i t y of Technology c o l l a b o r a t e . T h i s p r o j e c t i s incorporated i n the b a s i c 

r e s e a r c h program TOW (Toegepast Onderzoek Waterstaat: Applied Research Water­

s t a a t ) . F u r t h e r information on the background of the experiments i s given i n 

P a r t I . 

P a r t I d e s c r i b e s experiments i n a wide shallow curved channel w i t h a f i x e d plane 

bed and a r e c t a n g u l a r c r o s s - s e c t i o n . The present r e p o r t g i v e s the r e s u l t s of a 

s e r i e s of experiments executed i n the same flume w i t h a f i x e d uneven bed having 

a l a r g e - s c a l e c o n f i g u r a t i o n as i n a n a t u r a l r i v e r bend. For t h i s type of e x p e r i ­

ment l i t t l e data have been reported i n l i t e r a t u r e (de Vriend, 1976; Yen, 1967 

and 1970). 

The r e s u l t s of the experiments have been compared w i t h the r e s u l t s of a mathemat­

i c a l model of steady flow i n curved open channels, developed a t the Laboratory 

of F l u i d Mechanics of the D e l f t U n i v e r s i t y of Technology (de Vriend, 1976). Such 

a comparison i s thought to be even more important f o r t e s t i n g the mathematical 

model than a comparison w i t h the r e s u l t s of the e a r l i e r f l a t bed experiments, as 

the channel c o n f i g u r a t i o n was c l o s e to the n a t u r a l one. 

The experiments have been executed by Mr. H.J. de Vriend of the D e l f t U n i v e r s i t y 

of Technology and by Mr. F.G. Koch of the D e l f t H y d r a u l i c s Laboratory. 
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2 Experimental set-up 

2.1 Channel geometry 

During the experiments, d e s c r i b e d i n t h i s r e p o r t , the flow ( v e l o c i t y and d i r e c ­

t i o n ) and the e l e v a t i o n of the f r e e water s u r f a c e were measured i n a curved flume 

with a f i x e d uneven bed having a l a r g e - s c a l e c o n f i g u r a t i o n as i n a n a t u r a l r i v e r 

bend. 

The geometry of the channel i s shown i n F i g u r e s 1 and 2. The plan-view c o n s i s t e d 

of a 38 m long s t r a i g h t s e c t i o n , followed by a 90° bend w i t h a r a d i u s of 

c u r v a t u r e of 50 m (see F i g u r e 1 ) . The channel width was 6 m and the bed e l e v a t i o n 

v a r i e d as shown i n F i g u r e 2a. I n the s t r a i g h t s e c t i o n ( c r o s s - s e c t i o n s A^, A j , A^, 

B ^ ) the channel was p r i s m a t i c , w i t h a p a r a b o l i c shape of the bed and a zero 

l o n g i t u d i n a l slope (see F i g u r e 2b). Between c r o s s - s e c t i o n s BQ and C^ the bed 

e l e v a t i o n g r a d u a l l y changed from a p a r a b o l i c c r o s s - s e c t i o n to a c r o s s - s e c t i o n w i t h 

a p o i n t bar near the inner w a l l and a deeper channel near the outer w a l l (see 

c r o s s - s e c t i o n C^ i n F i g u r e 2 a ) . A l l subsequent c r o s s - s e c t i o n s ( C j , D^, Dj and E^) 

had the same c o n f i g u r a t i o n as CQ, but were s l o p i n g downward with a slope of 

3 * 10""* along the channel a x i s (see F i g u r e 2b). 

2.2 Flow c o n d i t i o n s 

Two s e r i e s of measurements were c a r r i e d out, one w i t h a d i s c h a r g e of 0.463 m'/s, 

and the other w i t h a d i s c h a r g e of 0.232 m^/s. During both s e r i e s the water 

s u r f a c e e l e v a t i o n at the upstream boundary of the channel was kept constant, 

so t h a t the depth of flow i n the channel a x i s was about 0.26 m, ( y i e l d i n g 

average v e l o c i t i e s of about 0.4 m/s and 0.2 m/s r e s p e c t i v e l y ) . The discharge 

and the water s u r f a c e e l e v a t i o n were r e g u l a t e d w i t h a movable Romijn-weir and 

a t a i l - g a t e as d e s c r i b e d i n P a r t I . 

The water inflow at the upstream end of the channel was a d j u s t e d i n such a way 

that the d i s t r i b u t i o n of the depth-averaged v e l o c i t y i n s e c t i o n Aj agreed w i t h 

a t h e o r e t i c a l d i s t r i b u t i o n . The l a t t e r was d e r i v e d by applying Chezy's law to 

a l l s t r e a m l i n e s , supposing the channel to be s t r a i g h t and p r i s m a t i c , with a 

l o n g i t u d i n a l slope of the energy l i n e that i s constant i n a c r o s s - s e c t i o n . F i g u r e 

3 shows that f o r Q = 0.463 m^/s the mean v e l o c i t y , estimated by the v e l o c i t y 

measured at 0.4 h above the bed, was i n good agreement wi th t h i s t h e o r e t i c a l 

d i s t r i b u t i o n . 
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At the downstream end of the flume the water l e v e l was r e g u l a t e d by a t a i l gate. 

When the edge of t h i s t a i l gate was kept h o r i z o n t a l , the flow was drawn towards 

the i n n e r w a l l due to the uneven drawdown caused by the bed c o n f i g u r a t i o n . 

T h e r e f o r e the edge was made oblique, with the h i g h e s t point near the inner s i d e 

w a l l , so t h a t the flow p a t t e r n i n s e c t i o n E^, and p a r t i c u l a r l y the mean flow 

angle a, was about the same as i n s e c t i o n D j . 

2.3 Measured data 

The experimental t e s t i n g of the mathematical model was concentrated on the 

f o l l o w i n g phenomena: 

- The v e r t i c a l d i s t r i b u t i o n s of the h o r i z o n t a l v e l o c i t y components (main flow 

and h e l i c a l flow) (T7 and 8, f o r 'a summary of the t e s t s see Table I ) ; 

the h o r i z o n t a l d i s t r i b u t i o n s of the t o t a l depth-averaged v e l o c i t y and the 

secondary flow i n t e n s i t y ( T 8 ) ; and 

the h o r i z o n t a l d i s t r i b u t i o n of the water s u r f a c e e l e v a t i o n and the energy 

head ( T 9 ) . 

I n order to gather experimental information about these phenomena, the time-

averaged magnitude and d i r e c t i o n of the v e l o c i t y v e c t o r were measured i n a 

three-dimensional g r i d , u s i n g a combined c u r r e n t - v e l o c i t y / d i r e c t i o n meter, and 

the water s u r f a c e e l e v a t i o n was measured i n s e l e c t e d v e r t i c a l s of t h i s g r i d , 

u s i n g s t a t i c tubes (see Appendix A ) . 

The measuring procedure used i s d e s c r i b e d and motivated i n Appendix B. 

The g r i d p oints were defined by 9 c r o s s - s e c t i o n s (numbered Aj to E^; see F i g u r e 

l a ) , 13 e q u i d i s t a n t v e r t i c a l s i n each c r o s s - s e c t i o n (numbered 1 to 13, see 

F i g u r e l b ) , and a number of g r i d p oints per v e r t i c a l v a r y i n g from 2 to 10 

according to the depth of flow i n the r e l e v a n t v e r t i c a l . The minimum d i s t a n c e 

between two g r i d p o i n t s i n a v e r t i c a l was 0.01 m. 

C r o s s - s e c t i o n AQ, s i t u a t e d c l o s e to the upstream boundary, turned out to be 

u n s u i t a b l e f o r i n c l u s i o n i n the g r i d as the flow was not y e t f u l l y developed 

there. 
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3 R e s u l t s 

3.1 E l a b o r a t i o n of the measured data 

The e l a b o r a t i o n procedure d e s c r i b e d i n Appendix C was used to s p l i t up the 

measured v e l o c i t i e s i n t o a main and a h e l i c a l component, p a r a l l e l and perpen­

d i c u l a r to the s t r e a m l i n e s of the depth-averaged flow f i e l d r e s p e c t i v e l y . 

The main o u t l i n e s of t h i s procedure agree with those of the procedure used f o r 

the r e c t a n g u l a r channel data (de Vriend and Koch, 1977), but an attempt was made 

to prevent one of the main sources of e r r o r s , v i z . , the t r a p e z o i d a l i n t e g r a t i o n 

r u l e (de Vriend, 1978), by r e p l a c i n g the averaging i n the v e r t i c a l by a f i t t i n g 

of the measured data to given t h e o r e t i c a l curves. The normalized main and 

h e l i c a l v e l o c i t y components and the depth-averaged flow f i e l d r e s u l t i n g from 

t h i s e l a b o r a t i o n are d e a l t with l a t e r i n t h i s Chapter. 

As the e l a b o r a t i o n procedure, however, can only be used i f Chezy's constant C 

i s given, some a t t e n t i o n must be paid to t h i s constant f i r s t . Because i t must 

be expected to depend on the l o c a l depth of flow h, a r e l a t i o n between C and h 

must be given. The roughness of the channel shows no l a r g e v a r i a t i o n s , so the 

e q u i v a l e n t roughness length of the bed can be assumed to be constant everywhere 

i n the channel. I n a d d i t i o n , the bed may be expected to be h y d r a u l i c a l l y rough 

(Nikuradse roughness length k ~ 1 * 10"^ m; v i s c o u s sublayer t h i c k n e s s 

5 * 10""* m), so that the f o l l o w i n g l o g a r i t h m i c r e l a t i o n between C and the 

l o c a l depth of flow h can be d e r i v e d from the White-Colebrook formula fo r shallow 

channels: 

C = C^ + 18 ^°log(h/h^) , (1) 

i n which C denotes the v a l u e of C at the r e f e r e n c e depth of flow h . There are 
o ^ o 

v a r i o u s p o s s i b i l i t i e s to estimate C^, such as: 

- The White-Colebrook formula f o r a h y d r a u l i c a l l y rough bed: 

= 18 ^ " l o g i f ^ , (2) 

where k denotes the e q u i v a l e n t sand roughness according to Nikuradse. For 

k = 1 * 10"^ m and h^ = 0.25 m, t h i s y i e l d s C^ = 62 mVs. 

- Chezy's law a p p l i e d to the s t r a i g h t s e c t i o n upstream. I n combination wi th 

(1) t h i s y i e l d s : 
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/ • ( f ) * -logCf) d(|) 
c Q _ _ _ J 1 p 0 o O 

' ̂  / (f) d ( | ) / (f) d(f) 
0 O 0 o 

i n which Q i s the t o t a l d i s c h a r g e , B i s the channel width, I i s the slope of 
s 

the energy l i n e and y i s a h o r i z o n t a l coordinate p e r p e n d i c u l a r to the channel 

a x i s (y = 0 a t the l e f t bank, y = B at the r i g h t bank). For the present 

experiments the v a l u e s of C found i n t h i s way were 58 m^/s f o r Q = 0.463 m^/s 

and 61 m V s f o r Q = 0.232 mVs. 

G r a p h i c a l r e p r e s e n t a t i o n of the measured main v e l o c i t y d i s t r i b u t i o n s i n semi-

l o g a r i t h m i c p l o t s , e s t i m a t i n g the main v e l o c i t y by the t o t a l v e l o c i t y ( i f the 

secondary flow i s r e l a t i v e l y weak) or by the main v e l o c i t y obtained from 

an e l a b o r a t i o n based on the t r a p e z o i d a l i n t e g r a t i o n . A l o g a r i t h m i c v e l o c i t y 

d i s t r i b u t i o n p l o t t e d t h i s way y i e l d s a s t r a i g h t l i n e under a slope of 

d (v . ) I—. V 
mam _ • g mam 

,.10-, z^ KG 0.435 ' 
d ( ' " l o g - ) 

where v . i s the mean v e l o c i t y i n the r e l e v a n t v e r t i c a l . So C (and hence, 
mam •' ' 

through ( 1 ) , C^) can be estimated from the slope of a s t r a i g h t l i n e f i t t e d 

through the p l o t t e d data. T h i s method was a p p l i e d to the r e c t a n g u l a r channel 

data to y i e l d C = 70 m V s a t the higher and C = 50 m V s a t the lower d i s ­

charge (de Vriend and Koch, 1977). 

F i t t i n g the l o g a r i t h m i c curve 

V . = V (1 + ^ + ^ I n - ) (5) 
main ^ KG KG h^ 

through the main v e l o c i t i e s measured i n the lower p o i n t s of a v e r t i c a l , 

s t a r t i n g from the assumption t h a t the v e l o c i t y d i s t r i b u t i o n i s l o g a r i t h m i c 
%) 

near the bed. Adopting a l e a s t - s q u a r e s method to determine the constants 

V and i n each v e r t i c a l , G can be d e r i v e d form G through ( 1 ) . I n the 
K.U O 

p r e s e n t experiments t h i s y i e l d e d v a l u e s of G i n the s t r a i g h t channel s e c t i o n 
i o 

of about 70 m^/s. 

T h i s method d i f f e r s from the foregoing one i n that the l o g a r i t h m i c d i s t r i b u t i o n 

i s assumed c l o s e to the bed r a t h e r than i n the whole v e r t i c a l . Gonsequently, 

the unknown constant v f i g u r e s i n (5) i n s t e a d of the v e r t i c a l mean v e l o c i t y 

V . . 
mam 
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Without d i s c u s s i n g the accuracy of the v a r i o u s methods, C has been chosen 
i ° 

60 m/s f o r both d i s c h a r g e s and h^ = 0.25 m. 

3.2 V e r t i c a l d i s t r i b u t i o n of the main v e l o c i t y component 

I n order to make the v e r t i c a l d i s t r i b u t i o n s of the main v e l o c i t y comparable from 

v e r t i c a l to v e r t i c a l , v . has been normalized by i t s v e r t i c a l mean value 
mam ^ 

V . = ^ (see Appendix C ) : 
mam t o t 

V' . = . (6) 
mam v^^^ 

I n accordance with the r e c t a n g u l a r channel case, t h i s normalized main v e l o c i t y 

d i s t r i b u t i o n has been more c l o s e l y examined with r e l a t i o n to two questions t h a t 

are important i n the development of a mathematical model of curved channel flow 

(de V r i e n d , 1976 and 1977): 

to what extent i s v' . s i m i l a r from v e r t i c a l to v e r t i c a l ? and 
mam 

- can the d i s t r i b u t i o n be d e s c r i b e d by the l o g a r i t h m i c p r o f i l e ? So 

- ; a i n = ' ^ - ^ ' - é 0 • 

Compared w i t h the r e c t a n g u l a r channel case, however, complications a r i s e here 

from the v a r i a t i o n of the depth of flow, l e a d i n g to v a r i a t i o n s i n C ( f o r the 

present v a r i a t i o n of h, C v a r i e s between 40 and 65 m^/s, i f C^ = 60 m^/s and 

h^ = 0.25 m). As v^^^^ i s most l i k e l y to depend on C, t h i s i m p l i e s t h a t , as long 

as the r e l a t i o n s h i p between v' . and C has not been e s t a b l i s h e d ( c f . ( 7 ) ) , ^ main v //» 

only v e r t i c a l s w i t h approximately the same v a l u e s of C, i . e . , the same depth of 

flow, can be considered when i n v e s t i g a t i n g s i m i l a r i t y . Therefore the v e r t i c a l s 

have been grouped according to t h e i r depth of flow i n Table I I , and a s e l e c t i o n 

of v e r t i c a l s from each group was used to i n v e s t i g a t e s i m i l a r i t y . 

I n F i g u r e 4, r e p r e s e n t i n g the main v e l o c i t y d i s t r i b u t i o n s i n three c l a s s e s of C 

(and h) f o r the two d i s c h a r g e s , no s i g n i f i c a n t d i f f e r e n c e s between the v a r i o u s 
1 

v e r t i c a l s i n a c l a s s can be observed, except may be fo r C = 60 - 65 m^/s, where 

the main v e l o c i t y near the bed tends to be higher i n the bend than i n the 

s t r a i g h t s e c t i o n ( F i g u r e s 4c and 4 f ) . 
KC 

F i g u r e 5 shows the d i s t r i b u t i o n s of the q u a n t i t y -j=^ ̂ '^main ~ ' ̂  v a r i o u s 

v e r t i c a l s of each of the c r o s s - s e c t i o n s A j , C^ and D^, According to t h i s f i g u r e , 

there i s no or h a r d l y any s i g n i f i c a n t d i f f e r e n c e between the v e r t i c a l s of one 

c r o s s - s e c t i o n . 
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Hirtien comparing the main v e l o c i t y p r o f i l e s w i t h the l o g a r i t h m i c d i s t r i b u t i o n ( 7 ) , 

s i g n i f i c a n t d i f f e r e n c e s seem to occur (see F i g u r e s 4 and 5 ) : i n the lower p a r t 

of a v e r t i c a l the measured v e l o c i t i e s a r e higher than p r e d i c t e d by ( 7 ) , and i n 

the upper p a r t , e s p e c i a l l y c l o s e to the water s u r f a c e , they are lower. Although 

these d i f f e r e n c e s occur throughout the flow and a t both d i s c h a r g e s , they tend 

to be the l a r g e s t i n the bend and a t the higher d i s c h a r g e (see F i g u r e 5 ) . 

According to F i g u r e 4, the dependency of the above-mentioned d i f f e r e n c e s on the 

p l a c e i n the flume (bend or s t r a i g h t s e c t i o n ) h a r d l y v i o l a t e s s i m i l a r i t y . Hence 

i t i s concluded that a s i m i l a r i t y approximation can be made f o r the main v e l o c i t y . 

Regarding the a p p l i c a b i l i t y of the l o g a r i t h m i c curve, the d i f f e r e n c e s between 

the measured data and (7) give r i s e to r e s e r v a t i o n s not only f o r the present 

case of an uneven bed, but a l s o f o r a plane bed, where these d i f f e r e n c e s are 

q u a l i t a t i v e l y and q u a n t i t a t i v e l y the same ( F i g u r e 6; see a l s o de Vriend and 

Koch, 1977). 

3.3 V e r t i c a l d i s t r i b u t i o n of the h e l i c a l v e l o c i t y component 

The h e l i c a l v e l o c i t i e s i n the v a r i o u s v e r t i c a l s of a c l a s s of C and h are made 

comparable by normalizing v^^-j^ by 

" h e l 

i n which v^^^ i s determined f o r each v e r t i c a l by f i t t i n g the t h e o r e t i c a l curve 

, z/h I n ( f ) ^ / „ z/h I n ^ ( J ) ^ 

\ e l K? ^ . J z , "^^h^ KC z , ' ^ W 
Z*/h 1 Z^/h 1 
o h o h 

O KG 
with — = exp(™ 1 ) and v' . as given i n ( 7 ) , to the measured h e l i c a l 

0 /. main 
^ g 

v e l o c i t i e s (see Appendix C ) . 
F i g u r e 7 shows the h e l i c a l v e l o c i t i e s normalized i n t h i s way f o r three c l a s s e s 

i 

of C and f o r the two d i s c h a r g e s . Except f o r C = 50 - 55 mVs, where the 

measured data are widely s c a t t e r e d due to the small number of measuring p o i n t s 

i n a v e r t i c a l and the small v a l u e s of the h e l i c a l v e l o c i t y component, the 

measured data l i e w i t h i n a narrow band and no s i g n i f i c a n t d i f f e r e n c e s occur 

between the v a r i o u s v e r t i c a l s i n a c l a s s . 
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I n a d d i t i o n , the data l i e c l o s e to the t h e o r e t i c a l curves r e p r e s e n t i n g ( 9 ) , 

except f o r C = 60 - 65 m^/s, where | v ^ ^ j ^ | tends to be l a r g e r near the bed and 

s m a l l e r near the s u r f a c e . These d e v i a t i o n s are i n q u a l i t a t i v e agreement with 

the d e v i a t i o n s of the normalized main v e l o c i t y from the l o g a r i t h m i c curve ( s e e 

F i g u r e 5 ) , the "source" of the secondary c i r c u l a t i o n being - J - C^^^) i f R<, 
o Z Kg ^ 

denotes the r a d i u s of curvature of the s t r e a m l i n e s of the depth-averaged flow 

f i e l d ( R o z o v s k i i , 1 9 6 1 ; de Vriend, 1973 and 1 9 7 8 ) . 

The c o n c l u s i o n s drawn from these r e s u l t s a r e : 

- The h e l i c a l v e l o c i t y component permits a s i m i l a r i t y approximation, and 

the t h e o r e t i c a l curve ( 9 ) g i v e s a good d e s c r i p t i o n of the v e r t i c a l d i s t r i b u ­

t i o n of V, , i f the v e r t i c a l d i s t r i b u t i o n of the main v e l o c i t y d e v i a t e s only 

h e l 

s l i g h t l y from the l o g a r i t h m i c p r o f i l e . 

3.4 Depth-averaged v e l o c i t y f i e l d 

Appendix C d e s c r i b e s the e l a b o r a t i o n of the measured data, y i e l d i n g i . e . the 

depth-averaged v e l o c i t y v^^^. The r e s u l t i n g d i s t r i b u t i o n s are given i n Table 

I I I and F i g u r e 8. 

The depth-averaged v e l o c i t y f i e l d has a l s o been simulated n u m e r i c a l l y u s i n g a 

computer programme developed at the Laboratory of F l u i d Mechanics of the D e l f t 

H y d r a u l i c s U n i v e r s i t y of Technology (de Vriend, 1976 and 1 9 7 7 ) . The computational 

g r i d c o n s i s t e d of a c a r t e s i a n p a r t , covering the s t r a i g h t p a r t of the flume from 

s e c t i o n AQ on, and a p o l a r p a r t , covering the curved p a r t of the flume up to 

s e c t i o n EQ. The l o n g i t u d i n a l step s i z e was 1.00 m i n the channel a x i s , w h i l e the 

t r a n s v e r s e step s i z e was 6 . 0 0 / 1 6 = 0.375 m. At the upstream boundary the measured 

mean v e l o c i t y d i s t r i b u t i o n and the corresponding v o r t i c i t y d i s t r i b u t i o n were 

imposed. At the downstream boundary a l i n e a r p r o f i l e was adopted f o r the s u r f a c e 

e l e v a t i o n , so t h a t the mean t r a n s v e r s e slope was the same as the measured one. I n 

a d d i t i o n , the f o l l o w i n g v a l u e s of the constants were introduced: K = 0.4; and 

C = 60 mVs f o r d = 0.2 m and F r = 0.275 and 0. 138 f o r the higher and the lower 

discharge r e s p e c t i v e l y . The main v e l o c i t y d i s t r i b u t i o n s r e s u l t i n g form the numeri­

c a l s i m u l a t i o n of the flow are given i n F i g u r e 8. Comparison w i t h the measured 

data shows the mathematical model to f a i l a t e s s e n t i a l l y the same point as i n 

case of a plane bed ( c f . de Vriend and Koch, 1 9 7 7 ) : the s h i f t i n g of the v e l o c i t y 

maximum towards the outer w a l l i s inadequately p r e d i c t e d . As i n the plane bed 

case, t h i s shortcoming must be a t t r i b u t e d to the a d v e c t i v e i n f l u e n c e of the secon­

dary flow on the main flow, which i s not included i n the mathematical model. 
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T h i s i s r e a d i l y i l l u s t r a t e d by the good agreement between the measured and the 

p r e d i c t e d d i s t r i b u t i o n s of ^ i n the shallow p a r t of the c r o s s - s e c t i o n s D„ 
^ t o t ^ 0 

through EQ, where the i n t e n s i t y of the secondary flow, and hence i t s a d v e c t i v e 

i n f l u e n c e , i s s m a l l . 

From these r e s u l t s i t must be concluded t h a t , i n s p i t e of the great i n f l u e n c e 

of the bed c o n f i g u r a t i o n on the mean v e l o c i t y d i s t r i b u t i o n , the discrepancy 

between the measured and the p r e d i c t e d v e l o c i t y f i e l d s i s c o n s i d e r a b l e . T h i s i s 

i n c o n t r a s t with what had e a r l i e r been expected (de Vriend and Koch, 1977) on 

the b a s i s of co n c l u s i o n s drawn from s i m u l a t i o n s of uneven bed flow (Engelund, 

1974; de Vriend, 1976 and 1977). 

3.5 I n t e n s i t y of the secondary flow 

One of the q u a n t i t i e s r e s u l t i n g from the e l a b o r a t i o n of the measured data i n 

a v e r t i c a l i s ̂ ^^^i which can be considered as a measure of the secondary flow 

i n t e n s i t y i n the r e l e v a n t v e r t i c a l . According to F i g u r e 9, showing the d i s t r i ­

b u t i o n of v̂ g-|̂  i n the v a r i o u s c r o s s - s e c t i o n s , the secondary flow i n t e n s i t y i s 

c o n s i d e r a b l e only i n the deeper p a r t s of the bend, with the h i g h e s t v a l u e s i n 

s e c t i o n CQ, There the cur v a t u r e of the contour l i n e s of the bed i s the l a r g e s t 

and consequently the curvature 1/R of the s t r e a m l i n e s of the depth-averaged 
s 

flow f i e l d (and hence the source of the secondary flow) i s l i k e l y to reach 

i t s maximum near t h i s c r o s s - s e c t i o n . 

According to the theory u n d e r l y i n g the numerical model (de Vriend, 1976 and 

1977; a l s o R o z o v s k i i , 1961), v, , i s equal to v h/R . Therefore v, , i s 
h e l ' t o t s h e l 

compared with v . h/R ( F i g u r e 9 ) . Then the measured secondary flow i n t e n s i t y 
maxn 

appears to be c o n s i d e r a b l y l a r g e r than the p r e d i c t e d one, which i s i n accordance 
with the r e s u l t s of the plane bed experiments (de Vriend and Koch, 1977), as 

*) 
shovm by F i g u r e 10 

An e x p l a n a t i o n of t h i s d i s c r e p a n c y between the measured and the p r e d i c t e d 

secondary flow i n t e n s i t y could p o s s i b l y be found i n the assumed v e r t i c a l d i s t r i ­

b u t i o n of the eddy v i s c o s i t y , as was s t a t e d a l r e a d y i n the re p o r t on the plane 

T h i s f i g u r e a l s o shows the normalized h e l i c a l v e l o c i t i e s r e s u l t i n g from the 

plane bed.experiments to be spread over a much wider range than those r e s u l ­

t i n g from the uneven bed data, due to the use of an improved v e r s i o n of 

the c u r r e n t v e l o c i t y / d i r e c t i o n meter during the uneven bed experiments 

( s e e Appendices A, B ) , 
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bed experiments. I n a d d i t i o n , p a r t of the d i f f e r e n c e s can be explained from 

s y s t e m a t i c e r r o r s i n the elaborated measured data (de Vriend, 1978), but these 

e r r o r s are c o n s i d e r a b l y s m a l l e r than the d i f f e r e n c e s observed, i n p a r t i c u l a r 

now t h a t the most s e r i o u s source of s y s t e m a t i c e r r o r s , the t r a p e z o i d a l i n t e g r a ­

t i o n r u l e used f o r the c a l c u l a t i o n of depth-averaged q u a n t i t i e s , has been e l i ­

minated from the e l a b o r a t i o n procedure (see Appendix C ) . 

3.6 Water s u r f a c e c o n f i g u r a t i o n and energy head 

Measured water s u r f a c e e l e v a t i o n s are presented i n Table IV and energy heads i n 

Table V. 

I n F i g u r e 11 the measured water s u r f a c e c o n f i g u r a t i o n i s compared w i t h the com­

puted one, from which the c o n c l u s i o n can be drawn that the measured f a l l of the 

water l e v e l has been f a i r l y w e l l p r e d i c t e d , e s p e c i a l l y at the higher d i s ­

charge (see F i g u r e 11). The agreement between the l o n g i t u d i n a l slopes of the 

energy head seems to be even b e t t e r ( F i g u r e 12), but i t should be noted that 

the s c a l e s i n t h i s f i g u r e are d i f f e r e n t from those i n F i g u r e 11. 

The t r a n s v e r s e c o n f i g u r a t i o n s of the water s u r f a c e ( F i g u r e 13) show a c o n s i d e r a b l e 

d i s c r e p a n c y , i n p a r t i c u l a r i n the bend. The computed water s u r f a c e e l e v a t i o n i s 

too high i n the outer p a r t of the bend and too low i n the inner part, and i n the 

channel a x i s the t r a n s v e r s e slope i s much l a r g e r than the slope f o l l o w i n g from 

the measured data. I n the d i r e c t i o n p e r p e n d i c u l a r to the s t r e a m l i n e s of the 

depth-averaged flow f i e l d the slope of the water s u r f a c e must be p r o p o r t i o n a l to 

v^ ^/R , when R denotes the r a d i u s of c u r v a t u r e of the s t r e a m l i n e i n the point 
t o t s' s 

considered (de Vriend, 1976 and 1977). Hence the water s u r f a c e e l e v a t i o n must 

i n c r e a s e i n r a d i a l d i r e c t i o n , at l e a s t i n regions where the s t r e a m l i n e s are a l ­

most p a r a l l e l to the channel a x i s . The computed e l e v a t i o n s , however, show an 

outward decrease near the outer w a l l , from which i t must be concluded that the 

computed t r a n s v e r s e c o n f i g u r a t i o n of the water s u r f a c e i s i n e r r o r . 

The e x p l a n a t i o n of t h i s e r r o r can be found i n the computation method adopted: 

not the d i f f e r e n t i a l equations f o r the water s u r f a c e e l e v a t i o n but those f o r the 

energy head have been i n t e g r a t e d , and subsequently the water l e v e l was derived from 

the energy head. The d e v i a t i o n z -z of the water l e v e l from i t s mean value i n 
s s 

the r e l e v a n t c r o s s - s e c t i o n , however, amounts to only a few percents of the energy 

head. So a small e r r o r i n the energy head, due to numerical i n a c c u r a c i e s i n the 

i n t e g r a t i o n procedure, f o r i n s t a n c e , may have an important e f f e c t on the q u a n t i t y 
z -z . T h i s e x p l a n a t i o n i s confirmed by F i g u r e 14, showing the t r a n s v e r s e c o n f i g -
s s 

u r a t i o n of the energy head. The d e v i a t i o n s of the computed d i s t r i b u t i o n s of 
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e - e from the measured ones can be explained by the d e v i a t i o n s of the mean 

v e l o c i t i e s , a t l e a s t f o r the g r e a t e r p a r t . 

The water l e v e l c a l c u l a t i o n can be improved e i t h e r by i n c r e a s i n g the accuracy 

of the energy head c a l c u l a t i o n s (by reducing the mesh s i z e , which i s r a t h e r 

expensive, or by adopting a higher order i n t e g r a t i o n r u l e ) , or by i n t e g r a t i n g 

the equations f o r z^ i n s t e a d of those f o r e . 

I n the plane bed case, the computed t r a n s v e r s e c o n f i g u r a t i o n of the water s u r f a c e 

agreed much .better w i t h the measured ones than i n the present case. T h i s must be 

a t t r i b u t e d to the much s m a l l e r v a r i a t i o n of the mean v e l o c i t y , and so of e, 

g i v i n g r i s e to much s m a l l e r v a r i a t i o n s of the i n t e g r a t i o n e r r o r i n e and hence 

to much s m a l l e r e r r o r s i n z -z . 
s s 
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4 Conclusions 

1 The use of the improved type c u r r e n t v e l o c i t y / d i r e c t i o n meter (see Appendix 

A) leads to an important r e d u c t i o n of the s c a t t e r i n the measured h e l i c a l 

v e l o c i t i e s . 

2 I n v e r t i c a l s belonging to the same c l a s s of Chêzy f a c t o r s , the d i s t r i b u t i o n s 

of the normalized main v e l o c i t i e s are q u i t e s i m i l a r . I n a d d i t i o n , the v e r t i c a l 

K C 
d i s t r i b u t i o n s of the q u a n t i t y -==(v' . - 1) i n a c r o s s - s e c t i o n h a r d l y d i f f e r 

maxn 

from one another, so th a t the main v e l o c i t y can be concluded to allow a 

s i m i l a r i t y approximation. 

3 The normalized main v e l o c i t y p r o f i l e s r e s u l t i n g from the measurements show 

mostly s m a l l , but s t i l l s i g n i f i c a n t , d e v i a t i o n s from the l o g a r i t h m i c p r o f i l e : 

i n the lower p a r t of a v e r t i c a l the measured v e l o c i t i e s are higher, i n the 

upper p a r t , and e s p e c i a l l y c l o s e to the water s u r f a c e , they are lower than 

p r e d i c t e d by the l o g a r i t h m i c d i s t r i b u t i o n . These d i f f e r e n c e s occur throughout 

the flow and a t both d i s c h a r g e s , but they tend to be the l a r g e s t i n the bend 

and a t the higher d i s c h a r g e . 

4 I n v e r t i c a l s belonging to the same c l a s s of Chêzy f a c t o r s , the d i s t r i b u t i o n s 

of the h e l i c a l v e l o c i t y component show great s i m i l a r i t y . As, i n a d d i t i o n , the 

measured data l i e c l o s e to the t h e o r e t i c a l curves to be d e r i v e d from the 

l o g a r i t h m i c main v e l o c i t y p r o f i l e , i t i s concluded t h a t the h e l i c a l v e l o c i t y 

component allows a s i m i l a r i t y approximation i n which the above-mentioned 

t h e o r e t i c a l curves can serve to d e s c r i b e the v e r t i c a l d i s t r i b u t i o n . 

5 The s m a l l c o u n t e r - r o t a t i n g secondary c i r c u l a t i o n found near the outer w a l l 

during the plane bed experiments (de Vriend and Koch, 1977) was not observed 

i n the uneven bed case. 

6 The p r e d i c t e d depth-averaged v e l o c i t y f i e l d shows q u a l i t a t i v e l y the same de­

v i a t i o n s from the measured data as the plane bed case: the p r e d i c t e d s h i f t 

of the v e l o c i t y maximum towards the outer w a l l i s too s m a l l . I n s p i t e of the 

great i n f l u e n c e of the bed c o n f i g u r a t i o n on the mean v e l o c i t y d i s t r i b u t i o n , 

the d e v i a t i o n s are not important. 
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7 The dis c r e p a n c y between the measured and the computed mean v e l o c i t y f i e l d 

must be a t t r i b u t e d to the a d v e c t i v e i n f l u e n c e of the secondary flow on the 

main flow, which was not included i n the mathematical model. 

8 The i n t e n s i t y of the secondary flow was c o n s i d e r a b l e only i n the deeper 

p a r t s of the bend, e s p e c i a l l y i n c r o s s - s e c t i o n C^. As i n the plane bed ca s e , 

the p r e d i c t e d i n t e n s i t y i n these deeper p a r t s was about a f a c t o r 1.5 s m a l l e r 

than the measured one. 

9 Regarding the discrepancy between the measured and the computed mean v e l o ­

c i t y d i s t r i b u t i o n s , the l o n g i t u d i n a l c o n f i g u r a t i o n s of the water s u r f a c e 

and the energy head were r a t h e r w e l l p r e d i c t e d . 

10 The t r a n s v e r s e c o n f i g u r a t i o n of the water s u r f a c e and the energy head 

p r e d i c t e d by the mathematical model show much stronger d e v i a t i o n s from the 

measured data than i n the case of a plane bed, as a consequence of the much 

l a r g e r v a r i a t i o n s of the mean v e l o c i t y . 
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v e r t . V 

t o t 

(m/s) 

a 

(deg) 

\ e l 

(m/s) 

1 0.230 0,0 0.0031 0.0007 

2 0.303 0,3 0.0034 0.0010 

3 0.380 0.4 0.0012 0.0005 

4 0.410 0.7 0.0005 0.0002 

5 0.428 0,6 0.0000 0.0000 

6 0.445 0,2 0.0009 0.0004 

7 0.446 -0.3 0.0014 0.0007 

8 0.436 0,1 0.0014 0.0007 

9 0.427 0.3 0.0007 0.0003 

10 0,391 0.1 0,0000 0.0000 

1 1 0.365 0.1 -0.0015 -0.0005 

12 0.292 -0. 1 -0.0029 -0,0008 

13 0.240 0,3 -0.0013 -0.0003 

S e c t i o n Aj 

v e r t . 
^ t o t 

(m/s) 

a 

(deg) 

a, 
\ e l 

(m/s) 

1 0.227 -0.1 0,0034 0.0008 

2 0,312 -0.6 0.0030 0.0010 

3 0.366 -0.5 0.0024 0.0009 

4 0,403 -0.4 0.0017 0.0008 

5 0.431 0.3 0.0026 0.0011 

6 0.444 -0.3 0.0004 0.0002 

7 0.450 -0.7 0.0009 0.0004 

8 0.443 -0.9 0.0007 0.0003 

9 0.425 -0.6 0.0006 0.0002 

10 0.403 -1 .1 0.0002 0.0001 

1 1 0.371 -0.8 -0.0003 -0.0001 

12 0.323 -0,2 -0.0018 -0.0006 

13 0,252 -0.2 -0.0022 -0.0006 

S e c t i o n B 

v e r t . 
^ o t 

(m/s) 

a 

(deg) 

^1 \ e l 

(m/s) 

1 0.247 0.6 0.0030 0.0007 

2 0.315 0,6 0.0025 0.0008 

3 0.377 0.9 0.0007 0,0003 

4 0.407 0.3 0.0012 0.0005 

5 0.429 0.6 0.0002 0.0001 

6 0.449 0.3 0.0006 0.0003 

7 0.449 0.0 0.0006 0.0003 

8 0.439 0.0 0.0000 0.0000 

9 0.420 0.3 -0.0001 -0,0002 

10 0.396 0.0 -0.0005 -0,0002 

11 0.364 0.0 -0.0015 -0.0006 

12 0.305 -0.1 -0.0023 -0,0007 

13 0.246 -0.2 -0.0014 -0,0003 

Se c t i o n 

v e r t . 
^ t o t 

(m/s) 

a 

(deg) 

\el 

(m/s) 

1 0.269 0.8 0.0078 0.0021 

2 0,342 1.4 0.0007 0.0026 

3 0.394 2,2 0.0074 0.0029 

4 0.425 2.8 0,0071 0,0030 

5 0.441 3.3 0.0062 0.0027 

6 0.445 3.6 0.0055 0.0025 

7 0.435 3.8 0.0044 0.0019 

8 0.426 4.3 0.0035 0.0015 

9 0.406 4.2 0.0033 0.0014 

10 0.384 3.5 0.0025 0.0009 

11 0.344 2.7 0.0028 0.0010 

12 0.304 2.0 0.0022 0.0007 

13 0.244 0.8 0.0014 0.0003 

S e c t i o n B 

Table I I I Depth-averaged q u a n t i t i e s ( f o r r e f e r e n c e see Appendix C) 

a. Q - 0,463 mVs 



v e r t . 
^ t o t 

(m/s) 

a 

(deg) 

^1 \ e l 

(m/s) 

1 0.365 0.5 0.0088 0.0033 

2 0.410 0.6 0.0087 0.0036 

3 0.442 0.7 0.0103 0.0046 

4 0.449 0.8 0.0117 0.0053 

5 0.446 1.2 0.0111 0.0050 

6 0.427 0.7 0.0103 0.0044 

7 0.406 0.9 0.0081 0.0033 

8 0.375 1.2 0.0064 0.0024 

9 0.345 1 .5 0.0048 0.0017 

10 0.308 1.4 0.0035 0.0011 

1 1 0.273 1.7 0.0015 0.0004 

12 0.228 1 . 1 0.0014 0.0003 

13 0.191 0.7 0.0001 0.0000 

S e c t i o n 

v e r t . V 

tot 
(m/s) 

a 

(deg) 

^1 \ e l 

(m/s) 

1 0.420 0.6 0.0054 0.0022 

2 0.445 -0.1 0.0067 0.0030 

3 0.468 0.1 0.0070 0.0033 

4 0.454 0.0 0.0089 0.0040 

5 0.442 0.3 0.0106 0.0048 

6 0.401 0.0 0.0093 0.0038 

7 0.366 -0.2 0.0089 0.0030 

8 0.334 -0.3 0.0068 0.0023 

9 0.295 0.1 0.0043 0.0013 

10 0.253 0.1 0.0024 0.0006 

1 1 0.217 0.3 0.0009 0.0002 

12 0.185 -0.2 0.0006 0.0001 

13 0. 163 -0.4 0.0000 0.0000 

S e c t i o n D 

Table I l l a (continued) 

v e r t . V 
tot 

a 
^1 \el 

(m/s) (deg) (m/s) 

1 0.416 0.5 0.0058 0.0024 

2 0.440 0.0 0.0066 0.0029 

3 0.460 0.0 0.0081 0.0037 

4 0.461 0.2 0.0096 0.0045 

5 0.443 0.6 0.0103 0.0047 

6 0.408 0.3 0.0091 0.0038 

7 0.379 -0.1 0.0076 0.0029 

8 0.350 0.0 0.0057 0.0020 

9 0.310 0.1 0.0040 0.0012 

10 0.266 -0. 1 0.0026 0.0007 

1 1 0.232 0.3 0.0011 0.0004 

12 0.194 -0.1 0.0004 0.0001 

13 0. 168 -0.6 0.0017 0.0003 

S e c t i o n Cj 

v e r t . V 
tot 

a 
• ^1 \el 

(m-/s) X O /• (m/s) 

1 0.424 0.7 0,0054 0.0019 

2 0.450 0.3 0.0064 O.OQ29 

3 0.452 0.2 0.0073 0.0033 

4 0.449 0.4 0.0094 0.0042 

5 0.427 0.5 0.0100 0.0043 

6 0.395 -0.1 0.0098 0,0040 

7 0.355 -0.3 0.0072 0.0026 

8 0.321 -0.2 0.0064 0,0021 

9 0.278 0.3 0.0041 0.0012 

10 0.238 -0.4 0.0031 0,0008 

1 1 0.203 -0.4 0.0020 0.0004 

12 0. 175 0.2 -0.0002 0.0000 

13 0, 156 -0.6 0.0025 0.0004 

S e c t i o n D 
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v e r t . V 

t o t 

(m/s) 

a 

(deg) 

^1 \ e l 

(m/s) 

1 0.165 0.6 0.0081 0.0013 

2 0. 187 0.2 0.0093 0.0018 

3 0.204 0.8 0.0099 0.0021 

4 0.210 0.8 0.0112 0.0024 

5 0.207 0.9 0,0108 0.0023 

6 0. 198 0.9 0.0093 0.0019 

7 0.187 0.9 0.0074 0,0014 

8 0. 173 1 .3 0.0063 0.0011 

9 0. 155 1 .5 0.0042 0.0007 

10 0.137 1 .4 0.0028 0.0004 

1 1 0. 132 1.7 0.0018 0.0002 

12 0. 102 1.2 0.0012 0.0001 

13 0.078 0.6 0.0016 0,0001 

S e c t i o n 

v e r t . V 

t o t 

(m/s) 

a 

(deg) 

^ . % . e l 

(m/s) 

1 0. 195 0.5 0.0045 0.0009 

2 0.208 -0.2 0.0059 0.0013 

3 0.216 0.0 0.0072 0.0016 

4 0.210 0,0 0.0093 0.0020 

5 0. 199 0.2 0.0101 0.0021 

6 0.184 -0, 1 0.0090 0.0017 

7 0.167 0.0 0.0064 0.0011 

8 0. 150 -0.4 0,0056 0.0009 

9 0.131 -0.4 0,0043 0.0006 

10 0. 114 0. 1 0,0017 0.0002 

1 1 0.098 0.4 0.0011 0.0001 

12 0.0085 0. 1 0,0017 0.0001 

13 0.076 -0.1 0,0001 0,0000 

I 

S e c t i o n D 

Table I l l b (continued) 

v e r t . V 
t o t 

a 
^1 \ e l 

(m/s) (deg) (m/s) 

1 0.189 0.3 0,0051 0.0009 

2 0.205 -0.2 0,0063 0.0013 

3 0.214 0.0 0,0079 0.0017 

4 0.21 1 -0,1 0.0097 0.0021 

5 0.203 0,0 0.0101 0.0021 

6 0.189 -0.1 0.0087 0.0017 

7 0. 175 0.0 0.0068 0.0012 

8 0. 159 0,0 0,0054 0.0009 

9 0.139 0.2 0.0032 0,0005 

10 0. 122 0.4 0.0023 0.0003 

1 1 0.104 0. 1 0.0008 0.0001 

12 0.089 0.0 0.0020 0,0002 

13 0.079 -0,2 0.0027 0.0002 

S e c t i o n Cj 

v e r t . V 
tot 

a 
^1 \ e l 

(m/s) (deg) (m/s) 

1 0. 198 0.4 0.0045 0.0009 

2 0.210 0. 1 0.0061 0,0013 

3 0,214 -0. 1 0.0076 0.0016 

4 0.207 0.2 0.0096 0,0020 

5 0, 196 0.2 0.0107 0,0021 

6 0, 179 0.0 0.0097 0,0018 

7 0.161 -0.1 0.0076 0.0012 

8 0. 142 0.3 0.0053 0.0008 

9 0. 124 0.2 0.0035 0.0004 

10 0.108 0.0 0.0017 0.0002 

11 0.095 -0. 1 0.0015 0.0001 

12 0.084 0.0 0.0006 0.0001 

13 0.076 0.5 -0.0007 0.0000 

S e c t i o n D 
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c r o s s - s e c t i o n 
v e r t . 

A2 Bo ^1 °0 °1 ^0 

1 0.2540 0.2520 0.2501 0.2482 0.2469 0.2447 0.2428 0.2409 0.2393 

3 0.2539 0.2519 0.2498 0.2476 0.2465 0.2441 0.2425 0.2406 0.2391 

5 0.2539 0.2518 0.2497 0.2474 0.2459 0.2437 0.2422 0.2402 0.2388 

7 0.2539 0.2518 0.2496 0.2469 0.2455 0.2435 0.2419 0.2401 0.2384 

9 0.2536 0.2520 0.2494 0.2468 0.2452 0.2433 0.2417 0.2399 0.2384 

11 0.2536 0.2519 0.2495 0.2464 0.2448 0.2424 0.2414 0.2398 0.2381 

13 0.2536 0.2418 0.2491 0.2462 0.2447 0.2429 0.2413 0.2396 0.2381 

Table IV Water s u r f a c e e l e v a t i o n s (m) 

a. Q = 0.463 m/s 

c r o s s - s e c t i o n 

v e r t . 

A2 ^0 «i S ^0 ^̂1 ^0 

I 0.2508 0.2505 0.2501 0.2493 0.2491 0.2488 0.2474 0.2471 0.2468 

3 0.2507 0.2503 0.2499 0.2492 0.2489 0.2485 0.2474 0.2470 0.2467 

5 0.2506 0.2502 0.2497 0.2489 0.2482 0.2481 0.2474 0.2469 0.2467 

7 0.2506 0.2502 0.2497 0.2486 0.2481 0.2483 0.2473 0.2469 0.2466 

9 0.2505 0.2501 0.2497 0.2498 0.2486 0.2483 0.2475 0.2472 0.2470 

1 1 0,2506 0.2501 0.2496 0.2488 0.2485 0.2481 0.2473 0.2463 0.2467 

13 0.2504 0.2500 0.2495 0.2483 0.2483 0.2481 0.2472 0.2469 0.2466 

Table IV Water s u r f a c e e l e v a t i o n (m) 

b. Q = 0.232 m/s 



c r o s s - s e c t i o n 
v e r t . 

^ ^2 ^1 ^0 ^0 

1 0.2567 0. 2551 0. 2527 0. 2519 0.2537 0.2535 0. 2518 0.2501 0.2482 

3 0.2613 0. 2591 0. 2566 0. 2535 0.2565 0.2551 0. 2537 0.2510 0.2496 

5 0.2532 0. 2612 0. 2592 0.2574 0.2560 0.2537 0. 2522 0.2495 0.2478 

7 0.2640 0. 2621 0. 2572 0. 2572 0.2539 0.2508 0. 2487 0.2465 0.2448 

9 0.2629 0. 2610 0. 2586 0. 2552 0.2513 0.2482 0.2461 0.2438 0.2420 

11 0.2604 0. 2587 0. 2565 0. 2524 0.2486 0.2451 0. 2438 0.2419 0.2400 

13 0.2565 0. 2549 0. 2523 0. 2492 0.2466 0.2443 0. 2427 0.2408 0.2393 

Table V Energy head (m) 

a. Q = 0.463 mVs 

c r o s s - s e c t i o n 

v e r t . 

^2 ^1 ^1 °1 ^0 

1 0. 2514 0. 2511 0.2507 0.2500 0 .2505 0 .2506 0.2493 0.2491 0.2488 

3 0. 2523 0.2519 0.2509 0.2509 0 .2510 0 .2508 0.2498 0.2493 0,2490 

5 0. 2527 0. 2524 0.2518 0.2512 0 .2504 0 .2502 0.2494 0,2498 0.2485 

7 0. 2531 0. 2526 0.2520 0.2508 0.2499 0 .2499 0.2487 0.2482 0,2478 

9 0. 2527 0. 2522 0.2518 0.2508 0 .2497 0 .2493 0.2484 0.2480 0,2477 

1 1 0. 2520 0. 2515 0.2511 0.2501 0 .2494 0 .2487 0.2478 0,2468 0.2471 

13 0.2510 0. 2506 0.2502 0.2489 0 .2486 0 .2484 0.2475 0,2472 0,2469 

Table V Energy head 

b. Q = 0.232 mVs 
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AcooioNio^.i. 10 Aiisĵ:nAiNn ijnaa/A^io.iVcMonvi somv^iciAii i-n.-ici 

NOII.flillMJ.SKI AJI3013A MOI JNI a39Vd3AV-Hld3a 

I 
I 
I 

is 

o 
O 

oooo 
k) u) :^ 

p p p p O 
bl -vl 00 (D 

to 

CTl 



i 

cn 

2 

0 

> (V'main-1) 

+ vertical 
A 

X 

V 

^ 0 71 uneven bed (Q= 0.463 m^/s) 
Do 4J 

^ 0 ^ 1 plane bed (Q = 0.61 m3/s) 
Do 4J 

theory 

MAIN VELOCITY PROFILES COMPARED 
WITH PLANE BED DATA 

T2 -1 ,T y - i 

D E L F T H Y D R A U L I C S L A B O R A T O R Y / D E L F T U N I V E R S I T Y O F T E C H N O L O G Y jF?65y/M1415 6 



1.0-

•1 

1 . 0 — r 

N | ^ 

I 

•I 

-73 -5.0 -2.5 0 2.5 5.0 7.5 
normalized helical velocity (v'hei = ^^el ) 

> Vhel 

1.0 

N j x : 

I 

cn 

2 

T 8 - 2 

Q =0.232 m 3 / s 

-7.5 

normalized helical velocity (V'hel = 

SIMILARITY OF THE VERTICAL 

DISTRIBUTION OF THE HELICAL VELOCITY 

T 8 - 1 ,2 SIMILARITY OF THE VERTICAL 

DISTRIBUTION OF THE HELICAL VELOCITY 

D E L F T HYDRAULICS L A B O R A T O R Y / D E L F T UNIVERSITY O F T E C H N O L O G Y R657/M1415 FIG. 7 

<?hel 

-7.5 -5.0 -2.5 0 2.5 5.0 7.5 
^ . Vh^l 

normalized helical velocity (V'hei = ) 
Vhel 



N | x ; 

I 

i 
I 

A 

1.0 

0 . 8 

0 .6 

0 . 4 

0 . 2 

0 

® 
C = 5 5 m''2/s J j c = 5 0 m''2/s 

® 

+ v e r t i c a l A i 13 
X „ Bo 13 
o „ C o 11 
6 „ Do 11 
7 „ E o 11 

t h e o r y 

Nl-C 

0.5 1.0 1.5 

normalized main velocity (Vmain = Y'̂ "'" ) 
Vto t 

1.0 

N i ^ 0 . 8 

i 

A 

0 . 6 

0 , 4 

0 .2 

0 

© C= 6 5 m''z Is V © 
V c 

> 

+ v e r t i c a l A i 7 
X Bo 7 
o „ Co 4 
A Do 4 
7 „ Eo 4 

— — — t h e o r y 

v f t 

IA 
fev 

IA 
p v 

0 0 . 5 

T 8 -1 

Q = 0 . 4 6 3 m 3 / s 

1.0 1.5 

normalized main velocity (V'main^^-^QSID) 
V t o t 

normalized main velocity (v'main ̂ ï̂ "'*̂  ) 
Vto t 

1,0 

N j x : 0 , 8 

§ 

•5 0 . 6 

•I 

,1 
0 . 4 

0 . 2 

0 

® 1 II 
C = 5 5 m''z /s,^ HP = 50mVa /s 

® 

+ v e r t i c a l A ] 13 
X „ Bo 13 
0 „ Co 11 « 
A „ Do 11 
V „ E o 11 

t h e o r y 

VH 

0 

X 1 ° 

0 # 

1.0 

Nl -C 0.8 

t 
."5 

A 

0 

0 . 6 

0 . 4 

0 . 2 

0.5 1,0 

© c = 6 0 m ' ' 2 / s ^ | | 5 = 5 5 m ^ ' 2 / s © 
o|j 

Ajj 

+ v e r t i c a l A i 4 
X Bo 4 
0 „ C o 8 
A Do 8 
V Eo 8 

t h e o r y 

J 
1.5 

1.0 

N | £ 0,8 

^ 0 , 6 

I 
X) 

0,4 

A Q 2 

0 

© 
C = 6 5 m ' ' 2 /s 1 jc = 6 0 m ' « /s 

© 

+ v e r t i c a l A i 7 
X Bo 7 
0 ,, Co 4 
A ,, Do 4 
V E o 4 

t h e o r y 

X. 

r 

T 8 - 2 

Q = 0 . 2 3 2 m 3 / s 

0.5 1.0 1.5 0 0.5 10 1,5 

normalized main velocity (V'main = X ' ^ ° ' " ) 
Vtot 

normalized main velocity (V'main = ~ ! J ^ ) 

SIMILARITY OF THE VERTICAL 

DISTRIBUTION OF THE MAIN VELOCITY 

D E L F T HYDRAULICS L A B O R A T O R Y / D E L F T UNIVERSITY O F T E C H N O L O G Y 

T 8 - 1 , 2 

R657/M141t) MC. 4 

normalized main velocity (V'main = : ^ J ^ ^ ) 
V to t 



•I 

a? 

1.0 

NI5 

O) 

APPLICABILITY OF THE LOGARITHMIC 

MAIN VELOCITY PROFILE 

T 8 - 1,2 APPLICABILITY OF THE LOGARITHMIC 

MAIN VELOCITY PROFILE 

D E L F T HYDRAULICS L A B O R A T O R Y / D E L F T UNIVERSITY O F TECHNOLOGY R657/MV11! i ! | t l ( ; . 

N|x: 

V-• = 

Q. 

2 

1.0-

T 8 - 1 

0 = 0 . 4 6 3 m^/s 

T 8 - 2 

Q = 0,232 m^/s 



O
 

1.
50

 
3

.0
0 

4
.5

0 
6

.0
0 

> 
d

is
ta

n
c

e 
fr

o
m

 
le

ft
 

b
a

n
k 

(m
) 

d
) 

Q
 =

 0
.2

3
2 

m
3

/s
 

@
 

T
h

e 
v

e
lo

c
it

y 
s

c
a

le
 

is
 

g
iv

e
n 

fo
r 

s
e

c
ti

o
n 

A
i;

 
in

 
th

e 
s

u
b

s
e

q
u

e
n

t 
s

e
c

ti
o

n
s 

Vf
Qt

 
h

a
s 

b
ee

n 
ra

is
e

d 
b

y 
0

.2
 

m
/s

 
e

v
e

ry
 

ti
m

e 

(g
) 

T
h

e 
v

e
lo

c
it

y 
s

c
a

le
 

is
 

g
iv

e
n 

fo
r 

s
e

c
ti

o
n 

A
i;

 
in

 
th

e 
s

u
b

s
e

q
u

e
n

t 
s

e
c

ti
o

n
s 

V
to

t 
ti

a
s 

b
e

e
n 

ra
is

e
d 

b
y 

0.
1 

m
/s

 
e

v
e

ry
 

ti
m

e 



X Vhei ( m / s H 10"̂  ) <-

x^Vhei ( m / s X 10"^ ) < 

COMPARISON ÜETWLLN INVENSIIILl i 
OF THE SECONDARY FLOW 

c 
O 

c 
a 

ut 

E 

d 

® 

E 

(O 
•* 

d 

O 

c 

cr 

3 <s 
E 

2 

.. > 
< 

Ul 

u O 

> -O 
Ol « Ul 
•ÏÏ '5 

© 

sz 
c 
O 
E 
!> 

D E L F T H Y D R A U L I C S L A B O R A T O R Y / D E L F T U N I V I - R S I T Y O F T E C H N O L O G Y Ï R 6 5 7 / M 1415 h'IG. 9 



1 . 0 

o X 

A Y 

X vertical Do 4 

o Do 7 

A Do 1 0 

V Do 1 3 

— theory ( C = 7 0 m 

r\ p 

V m A X vertical Do 4 

o Do 7 

A Do 1 0 

V Do 1 3 

— theory ( C = 7 0 m 

U.O 

1/2/S) 

O A jr X 

f\ ft 

r X O 

u.o Ax y O 

^ X) 

r\ A 
O V X/tf U .4 

r\ o 
ox 

- 7 . 5 - 5 . 0 - 2 . 5 0 2 . 5 5 . 0 

— > normalized helical velocity (^ hel = ) 
Vhel 

( A ) N O R M A L I Z E D H E L I C A L V E L O C I T Y 

0 
0 1 . 5 0 3 . 0 0 

> distance from left bank (m) 

@ S E C O N D A R Y F L O W I N T E N S I T Y 

S E C O N D A R Y F L O W I N S E C T I O N DQ ( P L A N E B E D ) 

4 . 5 0 

2-1 

7 . 5 

+ + 

i o 

K J 

+ measured 

o V main -p-

o 

6 . 0 0 

D E L F T H Y D R A U L I C S L A B O R A T O R Y / D E L F T U N I V E R S I T T O F T E O ^ ^ 10 



0
.

2
5

1
0 

0
.

2
4

6
0 

B
Q

 
B

-]
 

C
Q

 
C

I 
D

Q
 

> 
c
r
o
s
s
-
s
e
c
t
i
o
n
s 

D
l 

E
o
 

B
)
 
Q
 
= 
0
.
2
3
2
 
m
3
/
s
 





_ 

H
 

Z
 

m
 

<
 

m
 

i m
 :o
 

O
 

>
 

c 

O
 
7
0
 

Ö
 CD

 
li 

1
 

I 

ro
 

1.
50

 
3

.0
0 

4
.5

0 

d
is

ta
n

c
e 

fr
o

m
 

le
ft

 
b

a
n

k 
(m

) 

6
.0

0 

@
 

Q
 =

 0
.4

6
3 

m
3

/s
 

1.
50

 
3

.0
0 

4
.5

0 

-
>

 
d

is
ta

n
c

e 
fr

o
m

 
le

ft
 

b
a

n
k 

(m
) 

(g
) 

Q
 

=
0

.2
3

2
 

m
3

/s
 

—
 
c
o
m
p
u
t
e
d
 

(A
) 

T
h

e 
w

a
te

r 
s

u
rf

a
c

e 
e

le
v

a
ti

o
n

 
s

c
a

le
 

is
 

g
iv

e
n

 
fo

r 
s

e
c

ti
o

n
 

A
i;

 
in

 
th

e 

s
u

b
s

e
q

u
e

n
t 

s
e

c
ti

o
n

s 
Z

s
-T

g 
h

a
s 

b
e

e
n

 
ra

is
e

d
 

b
y 

0
.4

x
1

0
"

^
m

 
e

v
e

ry
 

ti
m

e 

(B
) 

T
h

e 
w

a
te

r 
s

u
rf

a
c

e 
e

le
v

a
ti

o
n

 
s

c
a

le
 

is
 

g
iv

e
n

 
fo

r 
s

e
c

ti
o

n
 

A
i;

in
 

th
e 

s
u

b
s

e
q

u
e

n
t 

s
e

c
ti

o
n

s 
Z

s
-2
-
5

 
h

a
s 

b
e

e
n

 
ra

is
e

d
 

b
y 

0.
1 

x 
10

" 
m

 
e

v
e

ry
 

ti
m

e 



(§
) 

Q
 

= 
0

.2
3

2 
m

3
/s

 

1.
50

 
3

.0
0 

4
.5

0 

-
>

 
d

is
ta

n
c

e 
fr

o
m

 
le

ft
 

b
a

n
k 

(m
) 

@
 

T
h

e 
e

n
e

rg
y 

h
e

a
d

 
s

c
a

le
 

is
 

g
iv

e
n

 
fo

r 
s

e
c

ti
o

n
 

A
i;

 
in

 
th

e 
s

u
b

s
e

q
u

e
n

t 

s
e

c
ti

o
n

s 
e

-C
 

h
a

s 
b

e
e

n
 

ra
is

e
d

 
b

y 
0

.4
x

1
0

"
^

m
 

e
v

e
ry

 
ti

m
e 

(§
) 

T
h

e 
e

n
e

rg
y 

h
e

a
d

 
s

c
a

le
 

is
 

g
iv

e
n

 
fo

r 
s

e
c

ti
o

n
 

A
i;

 
in

 
th

e 
s

u
b

s
e

q
u

e
n

t 

s
e

c
ti

o
n

s 
e
 -
ë

 
h

a
s 

b
e

e
n

 
ra

is
e

d
 

b
y 

0.
1 

x 
1

0
"^

 m
 

e
v

e
ry

 
ti

m
e 



a p p e n d i c e s 



Appendix A 

INSTRUMENTATION 

page 

1 Water s u r f a c e e l e v a t i o n . 1 

2 Flow v e l o c i t y . ....... 1 

3 Flow d i r e c t i o n . 2 

L I S T OF FIGURES 

A 1 Combined c u r r e n t - v e l o c i t y / d i r e c t i o n meter 

A 2 C a l i b r a t i o n curve v e l o c i t y meter 



Appendix A 

INSTRUMENTATION 

1 Water s u r f a c e e l e v a t i o n 

The water s u r f a c e e l e v a t i o n was measured w i t h s t a t i c tubes connected to a 

measuring p i t by p l a s t i c hoses of about 15 m length (see F i g u r e 1 ) . Three 

c r o s s - s e c t i o n s could be reached from one p i t , which i m p l i e s t h a t three p i t s 

were needed to cover a l l nine c r o s s - s e c t i o n s . I n each p i t 7 measuring g l a s s e s 

were mounted, sothat f o r each c r o s s - s e c t i o n the water s u r f a c e e l e v a t i o n s i n 

a l l 7 measuring p o i n t s could be recorded simultaneously. The water l e v e l s i n 

the g l a s s e s were measured by p o i n t gauges. Using a v e r n i e r f i n e s e t t i n g an 

accuracy i n the readings of about 10""* m could be obtained. The point gauge 

readings were r e l a t e d to the same h o r i z o n t a l datum as was used f o r the 

measurements of the bed e l e v a t i o n (see F i g u r e s 2a and b ) . 

As a consequence of the r a t h e r long connections between the s t a t i c tubes and 

the measuring g l a s s e s , a c o n s i d e r a b l e time ( s e v e r a l hours) elapsed between 

the i n s t a l l a t i o n of the tubes and the s e t t i n g of the p o i n t gauges i n order to 

have o s c i l l a t i o n s of the water i n the measuring system damped out. 

2 Flow v e l o c i t y 

The magnitude and the d i r e c t i o n of the flow v e l o c i t y were measured simultaneously 

by a combined c u r r e n t - v e l o c i t y / d i r e c t i o n meter, c o n s i s t i n g of a m i n i a t u r e 

p r o p e l l e r and a vane (see F i g u r e A l ) . The p r o p e l l e r measuring the magnitude of 

the v e l o c i t y v e c t o r had a diameter of 0.011 m, w h i l e the vane i n d i c a t i n g the 

d i r e c t i o n of the v e l o c i t y v e c t o r was 0.020 m high and 0.050 m long. By means of 

a servo-system the frame i n which the p r o p e l l e r and the vane are mounted was 

turned i n the flow d i r e c t i o n , so t h a t the p r o p e l l e r measures the t o t a l v e l o c i t y 

v^ ^. For more t e c h n i c a l information see D.H.L. 1975. 
t o t 

The angular speed of the p r o p e l l e r v a r i e d l i n e a r l y with the c u r r e n t v e l o c i t y . 

A c a l i b r a t i o n curve ( F i g u r e A2) of the p r o p e l l e r gave the c o e f f i c i e n t s Cj and 

> n e c e s s a r y to convert the observed frequency (number of recorded p u l s e s N 

d i v i d e d by the time T) to the v e l o c i t y : 

\ o t = ^ l ^ / T ^̂ 2 
(A.1) 
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The c a l i b r a t i o n was executed i n w a t e r : w i t h a c e r t a i n temperature, which implied 

that the c o e f f i c i e n t s Cj and c^ should be c o r r e c t e d f o r the a c t u a l temperature 

of the water i n the channel. I n t h i s r e s p e c t i t can be remarked t h a t only c^ 

v a r i e d w i t h the water temperature to a c o n s i d e r a b l e extent, depending on the 

i n d i v i d u a l p r o p e l l e r (Brolsma, 1973). A rough i n d i c a t i o n of t h i s dependency, 

used f o r the present measurements, i s given by; 

c^ = c„ ^. + 0.0234 (n - Hn) (m/s), (A.: 
2 a c t u a l 2 c a l i b r a t i o n m 0 

i n which: 

n = the dynamic v i s c o s i t y ( i n cp) of the water a t the measuring temperature 

m 

riQ = the dynamic v i s c o s i t y ( i n cp) of the water during the c a l i b r a t i o n 

3 Flow d i r e c t i o n 
The vane turns i n the flow d i r e c t i o n and commands the frame a l s o to t u r n i n 

the flow d i r e c t i o n by means of two p o s i t i o n sensors and a servo-system. The 

p o s i t i o n of the frame i s measured by means of a potentiometer. Since the flow 

i s t u r b u l e n t , the d i r e c t i o n of the vane v a r i e s i n time. The average reading s 

of the potentiometer over a s e t period i s determined by using an e l e c t r o n i c 

i n t e g r a t o r . I t i s converted to the angle (J) by: 

(|) = c^is - s^) ( r a d i u s ) , (A.3) 

i n which c^ = 0.00031 i s a c o e f f i c i e n t of p r o p o r t i o n a l i t y , and s ^ i s the 

reading of the potentiometer f o r a c e r t a i n r e f e r e n c e angle of the d i r e c t i o n 

meter.This r e f e r e n c e reading i s obtained by c a l i b r a t i n g the d i r e c t i o n meter 

dynamically i n a towing tank. 

The instrument used during the present s e r i e s of measurements ( s e e F i g u r e A l ) 

was d i f f e r e n t from t h a t used during the f i r s t s e r i e s : a d i f f e r e n t system 

f o r the v e r t i c a l p o s i t i o n i n g of the c u r r e n t - v e l o c i t y / d i r e c t i o n meter improved 

the accuracy of the flow d i r e c t i o n measurements c o n s i d e r a b l y . T h i s accuracy 

i s d i s c u s s e d i n Appendix B. 



F i g u r e Al Combined c u r r e n t - v e l o c i t y / d i r e c t i o n meter 
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MEASURING PROCEDURE 

1 Accuracy 

1.1 V e l o c i t y measurements 

As was shown f o r the plane bed experiments, observations of 30 s d u r a t i o n are 

s u f f i c i e n t f o r the flow v e l o c i t y measurements. For the flow d i r e c t i o n measure­

ments, however, obser v a t i o n s with a d u r a t i o n of 60 s are needed. As the flow 

v e l o c i t y and the flow d i r e c t i o n were being measured simultaneously, an obser­

v a t i o n period of 60 s was a l s o used f o r the v e l o c i t y measurements. 

To o b t a i n information about the accuracy of a measuring procedure with 

an o b s e r v a t i o n period of 60 s, some a d d i t i o n a l v e l o c i t y measurements were 

taken. I n v e r t i c a l D^4 30 subsequent o b s e r v a t i o n s were recorded a t d i f f e r e n t 

h e i g h t s above the bed. The c o e f f i c i e n t of v a r i a t i o n (see Table B l ) gi v e s an 

i n d i c a t i o n of the accuracy i n r e l a t i o n to the v e r t i c a l p o s i t i o n above the bed. 

Observations c l o s e to the bed appear to be the l e a s t a c c u r a t e . 

1.2 Flow d i r e c t i o n measurements 

L i k e the c u r r e n t - v e l o c i t y / d i r e c t i o n meter used f o r the plane bed measurements, 

the present instrument was developed f o r measurements i n l a r g e r - s c a l e t i d a l 

models, where an accuracy of some degrees i s s u f f i c i e n t . The accuracy of the 

flow d i r e c t i o n measurements w i t h t h i s instrument has been t e s t e d e x t e n s i v e l y 

(Koch, 1977) . These t e s t s showed that the accuracy and c a l i b r a t i o n of the i n ­

strument depended on the flow c o n d i t i o n s i n which the observations are made. 

Therefore the d i r e c t i o n meter was t e s t e d i n the curved channel i t s e l f , i n order 

to draw up a measuring procedure f o r the d i r e c t i o n measurements. I n d i f f e r e n t 

g r i d p oints a s e r i e s of 30 flow d i r e c t i o n observations was recorded, with the 

p o s i t i o n of the instrument remaining u n a l t e r e d during the s e r i e s . The r e s u l t s , 

given i n Table B2, show that the accuracy f o r an observation period of 60 s c o r ­

responds w i t h a standard d e v i a t i o n of about 10 mV, or 0.2°. A s u b s t a n t i a l i n ­

c r e a s e of t h i s accuracy would r e q u i r e much longer o b s e r v a t i o n p e r i o d s . 

Other sources of e r r o r s i n the d i r e c t i o n measurements a r e : 

a. The procedure of c a l i b r a t i o n of the instrument; 
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b. the p o s i t i o n i n g of the c r o s s - s e c t i o n ; and 

c. the v e r t i c a l p o s i t i o n i n g of the instrument. 

a E r r o r s _ d u e _ t o _ t h e _ c a l i b r a t i o n _ g r o c e d ^ 

The d i r e c t i o n meter was c a l i b r a t e d dynamically i n a towing tank (Koch, 1977). 

U n f o r t u n a t e l y the c a l i b r a t i o n d i d not y i e l d a s i n g l e v a l u e corresponding w i t h 

a c e r t a i n r e f e r e n c e , but the c a l i b r a t i o n v a l u e was dependent on the flow condi­

t i o n s , such as flow v e l o c i t y , depth of flow, d i s t a n c e from the bed. Consequently, 

an e r r o r of about 0.2° has to be taken i n t o account, and t h i s e r r o r was even 

i n c r e a s e d by another 0.5° f o r measurements c l o s e to the water s u r f a c e . 

b E r r o r s _ d u e _ t o _ t h e _ g o s i t i o n i n g _ o f ^ 

The e r r o r i n the r e f e r e n c e angle introduced when p l a c i n g the instrument i n the 

c r o s s - s e c t i o n depends on the accuracy of p o s i t i o n i n g the c r o s s - s e c t i o n i t s e l f 

and on the accuracy of p l a c i n g the instrument p e r p e n d i c u l a r to i t . The standard 

d e v i a t i o n s of the e r r o r s due to these two sources are estimated at 0.05°. 

The d i r e c t i o n meter used during the plane bed experiments gave r i s e to a most 

s e r i o u s e r r o r of 1° to 5° due to a b a c k l a s h i n the s l i d i n g t r a n s m i s s i o n between 

the rec o r d i n g system and the v e r t i c a l s h a f t i n which the vane was mounted. 

When the v e r t i c a l p o s i t i o n of the present d i r e c t i o n meter was changed, both 

the rec o r d i n g system and the vane moved v e r t i c a l l y , so t h a t no s l i d i n g t r a n s ­

m i s s i o n between these p a r t s v/as needed. S t i l l a s y s t e m a t i c e r r o r could be 

introduced i f the v e r t i c a l beam along which the whole instrument was moved shows 

some t o r s i o n . Such an e r r o r can be measured and taken i n t o account (Koch, 1977). 

The e r r o r s of t h i s type turned out to be so small that they could be neglected 

here. 

So the two most important e r r o r s i n the d i r e c t i o n measurements a r e : an e r r o r of 

0.2° due to the sho r t d u r a t i o n of the measurement i n t u r b u l e n t flow, and another 

e r r o r of 0.2° due to the c a l i b r a t i o n of the instrument. 

F i n a l l y , the c o r r e l a t i o n between the e r r o r s i n the v e l o c i t y and the d i r e c t i o n 

of the flow was i n v e s t i g a t e d . The r e s u l t s are shown i n Table B3, from which 

i t was concluded t h a t there i s h a r d l y any c o r r e l a t i o n between these two e r r o r s . 
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2 Measuring procedure 

2.1 P o s i t i o n i n g of the flow meter and the s t a t i c tubes 

The p o s i t i o n of the c r o s s - s e c t i o n s and v e r t i c a l s was f i x e d u s i n g the same 

movable support bridge ( F i g u r e A l ) as during the f l a t bed experiments (de 

V r i e n d and Koch, 1977). 

The f i x e d bed was taken as a r e f e r e n c e f o r the p o s i t i o n of the g r i d points i n 

a v e r t i c a l . The d i s t a n c e below the lowest point of the measuring device and 

the a x i s of the p r o p e l l e r was about 0.025 m, and by p l a c i n g the lowest point 

of the instrument j u s t above the bed, the v e l o c i t y and d e v i a t i o n angles a t 

0.025 m above the bed could be measured. The h i g h e s t measuring point was 

s i t u a t e d as c l o s e as p o s s i b l e to the f r e e water s u r f a c e , which meant that the 

a x i s of the p r o p e l l e r was about 0.02 m below the s u r f a c e . The d i s t a n c e between 

the lowest and h i g h e s t points was d i v i d e d i n t o at most 9 equal i n t e r v a l s , y i e l d i n g 

at most 10 g r i d p o i n t s i n a v e r t i c a l . I f the depth of flow was too small to 

have 9 i n t e r v a l s of more than 0.01 m, the number of measuring p o i n t s was reduced 

so, t h a t the d i s t a n c e between the h i g h e s t and the lowest p o i n t s was d i v i d e d i n t o 

a number of i n t e r v a l s of about 0.01 m length. The accuracy of the v e r t i c a l p o s i ­

t i o n i n g was about 0.0005 m, which was thought to be s u f f i c i e n t . 

The s t a t i c tubes were mounted on a t r a n s p o r t a b l e bar a c r o s s the channel, as 

was d e s c r i b e d f o r the plane bed experiments. 

2.2 V e l o c i t y measurements 

During the v e l o c i t y measurements the magnitude and the d i r e c t i o n of the v e l o c i t y 

v e c t o r were measured twice during 60 s. The measurements s t a r t e d i n the lower 

g r i d point and s u c c e s s i v e l y moved up to the s u r f a c e p o i n t , where two subsequent 

ob s e r v a t i o n s were taken. Then s u c c e s s i v e l y lower points were r e v i s i t e d u n t i l 

the point near the bed was reached again. The apparatus was then removed from 

the water, the p r o p e l l e r was cleaned and the measurements r e s t a r t e d i n the next 

v e r t i c a l . A l l measurements, both f o r the s i m i l a r i t y of the v e l o c i t y d i s t r i b u ­

t i o n s and f o r the depth-averaged v e l o c i t y f i e l d , w e r e executed i n the 13 v e r t i c a l s 

of the c r o s s - s e c t i o n s A , ..,, E„. 
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2.3 Surface e l e v a t i o n measurements 

During both s e r i e s of the v e l o c i t y measurements (T7 and T 8 ) , the water s u r f a c e 

e l e v a t i o n was measured every few hours i n the v e r t i c a l s 1, 3, 5, 7, 9, 11 and 

13 of the c r o s s - s e c t i o n i n which v e l o c i t y measurements were taken a t that moment. 

I f more than one v a l u e per v e r t i c a l was measured, the observed e l e v a t i o n s were 

averaged i n order to f i n d "the" e l e v a t i o n i n the r e l e v a n t v e r t i c a l . 



l e v e l p u l s e s stand. c o e f f . of 

above dev. v a r i a t i o n 

bed n 0 
^n 

100 â /ïï 

m - - % 

0.025 23361 308.9 1.32 

0.102 28043 278.9 0.99 

0.179 29294 178.6 0.61 

0.256 29159 102.9 0.35 

0.333 27567 130.4 0.47 

Average number of p u l s e s of 30 v e l o c i t y observations of 60 s d u r a t i o n 

Table Bl Accuracy of v e l o c i t y measurements 
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l e v e l p u l s e s s tand. d e v i a t i o n stand. c o v a r i a n c e c o e f f . of 

above dev. angle dev. cov(n,^) c o r r e l a t i o n 

bed n 0 T 
n 

m degrees degrees 

0.025 23702 370 -1 .96 0.21 17.1 0.22 

0.181 29672 198 0.50 0.05 3.29 0.33 

0.338 28120 1 18 1.71 0.06 • -2.41 -0.34 

^) Average of 30 observations of 60 s d u r a t i o n (T6-1) 

Table B3 C o r r e l a t i o n of the e r r o r s i n the v e l o c i t y and the d i r e c t i o n 

measurements 
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Appendix C 

ELABORATION OF MEASURED DATA 

The main o u t l i n e s of the procedure used to t r a n s l a t e the measured data i n t o 

main and h e l i c a l v e l o c i t y components a re the same as i n the procedure used 

to e l a b o r a t e the r e c t a n g u l a r channel data (de Vriend and Koch, 1977). R e f e r r i n g 

to the r e l e v a n t r e p o r t , i n which t h i s procedure i s des c r i b e d e x t e n s i v e l y , the 

un a l t e r e d s t e p s w i l l j u s t be i n d i c a t e d here. 

1 Magnitude and d i r e c t i o n of the v e l o c i t y v e c t o r 

The magnitude of the measured v e l o c i t y i s computed from: 

\ o t = ^1 ^ ^ 2 ^ i * ^ ^ ^̂ 2 • \ ^ ^ 4 ^ % - ^0^ ^^-'^ 

where: 

N = number of pulses counted by the v e l o c i t y meter during the 

obs e r v a t i o n period 

T = d u r a t i o n of the ob s e r v a t i o n period 

c , c c. c o n s t a n t s determined by c a l i b r a t i o n 
0 

r i ^ = dynamic v i s c o s i t y of water a t the measuring temperature 

TIQ = dynamic v i s c o s i t y of water a t the c a l i b r a t i o n temperature 

The d i r e c t i o n of the v e l o c i t y v e c t o r with r e s p e c t to the channel a x i s f o l l o w s 

from: 

(f) = C3 ((}>• - 4.;) , (C.2) 

where: 

Cg = constant (here c^ = 1) 

(j)' = reading of the flow d i r e c t i o n meter 

= r e f e r e n c e reading of the flow d i r e c t i o n meter when the vane i s p a r a l l e l 

to the channel a x i s (see Koch, 1977). 
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2 T a n g e n t i a l and r a d i a l v e l o c i t y components 

The v e l o c i t y components v^ and v^, p a r a l l e l and perp e n d i c u l a r to the channel 

a x i s r e s p e c t i v e l y , are c a l c u l a t e d from: 

v^ = v^ ^ cosé and v = v^ ^ sind) (C.3) 
t t o t ^ r t o t ^ ^ ' 

3 Magnitude and d i r e c t i o n of the depth-averaged v e l o c i t y v e c t o r 

At t h i s point the present procedure s u b s t a n t i a l l y deviated from the former one. 

To avoid the t r a p e z o i d a l i n t e g r a t i o n r u l e , which i s a severe source of e r r o r s 

due to the r e l a t i v e l y l a r g e d i s t a n c e from the lowest measuring point to the bed 

(de Vriend, 1978), the f o l l o w i n g assumptions were made as to the v e r t i c a l d i s ­

t r i b u t i o n s of the main and the h e l i c a l v e l o c i t y components: 

V . = V . f . (^) (C.4) 
mam main main h 

where: 

^main = ' ' Q ' Q K > <^^5) 

- h e l = \ e l ^ s e c 

where: 

1 /Zx . / ~ g ^ /Zs _ 0/, _ / [ g s f /Z, 

^ s e c = ^ % f ^2 ^ W > W n > (^•^> 

z/h I n (|-) z* 

F, (^) = ƒ ^ d ( ^ ) w i t h = exp(- 1 - ^ ) 

o h 

-/h I n ^ ( f ) ^ 
F (£) = ƒ _ 2_ d(^) 

2 ^ z*/h ^ - 1 ^ 
o h 

T h e o r e t i c a l l y , v . = v . and v, _ = v . ^ ~ v , ^ (de Vriend, 1976 and 
mam mam h e l mam R mam R ' 

1977). ^ 

The d e f i n i t i o n of the t o t a l mean v e l o c i t y reads: 
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2 -2, 
- t o t = K (C.8) 

ƒ , cos<|) dz}2 + { i ƒ , sincj) d z } ^ ] ^ 
n Q t o t h Q t o t 

^ 0 
to 

cos((()-a) cosa dz - r- ƒ v sin(({)-a) s i n a d z } ^ + 
L ni r\ uOt. 0 

1 h J h 

+ {r- ƒ V sin((|)-a) cosa dz + — ƒ v cos((()-a) s i n a dz}' 

I f a i s the d i r e c t i o n of the s t r e a m l i n e s of the depth-averaged flow f i e l d w i t h 

r e s p e c t to the channel a x i s ( p o s i t i v e outwards), v . and v, , are defined by: 
^ ' mam h e l 

V , = ^ cos((!)-a) and v, , = v ^ sin((b-a) 
mam t o t ^ h e l t o t ^ 

(C.9) 

Hence v^ ^ can be w r i t t e n as 
t o t 

V tot 

, h h 
{ - ƒ V . dzV a f y dzV 
h Q mam h ^ h e l 

-V2 
(C.10) 

As the s t r e a m l i n e d i r e c t i o n a i s defined by 

1 1 ^ 
tana = — J ^ sin^ dz / ( — ƒ v^ ^ cosé dz) 

h Q to t ^ h p tot ^ 
( C l l ) 

the mean h e l i c a l v e l o c i t y v a n i s h e s : 

h J \el = h / - t o t ' 

cosa ƒ . i J s m a , , 
— r — ^ . s i n ^ dz r — / ^ cos({) dz 

h Q t o t ^ 0 
= 0 (C.12) 

Consequently: 

1 h 
v^ ^=T- ƒ V . dz = V 
tot mam mam 

(C.13) 

so t h e o r e t i c a l l y (C.4) i s e q u i v a l e n t to 

V . = V f (-) 
mam t o t mam h 

(C.14) 

Adopting a l e a s t squares method to f i t f . {—) to the measured data, v . 
main h ' mam 
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i s determined i n such a way, that the mean square of the d i f f e r e n c e s between V^^^^j 

( c a l c u l a t e d from the measured data) and v . as c a l c u l a t e d by ( C 4 ) , i s 
mam 

minimized i n a v e r t i c a l . T h i s leads to: 

np z, 

2 V . f . (-if) 
, , main, mam h 

V . = ^ ^ (C.15) 
mam 

np z. 

E f^ . i-^) 
, , mam h 
1=1 

To c a l c u l a t e V . from the measured data, however, the s t r e a m l i n e angle a 
mam ' ' ^ 

needs to be known. T h i s q u a n t i t y i s determined i n a s i m i l a r way. 

Equations ( C . 4 ) , (C.6) and (C.9) l e a d to: 

V. f (|) 

tan (4)-a) = f. ( J ) w i t h f. ( f ) = .^^^ \ (C'.16) 

-main * ^ * f . ( J ) 
mam h 

For s m a l l v a l u e s of a, t h i s can be elaborated to 

tan(|) z -^ëL f (£) + tana . (C.17) 
V . (p h 
mam ^ 

So i f the tangent of the measured flow angle i s expressed by 

tan* = a, f ^ (|) + a^ , (C.18) 

the t h e o r e t i c a l v a l u e s of a, and a„ are — and tana r e s p e c t i v e l y . When applying 

the l e a s t squares method to determine and from the measured data i n a 

v e r t i c a l , two l i n e a r equations i n these q u a n t i t i e s are found: 

A aj + B = C and B a^ + np a^ = D , (C. 19) 

i n which: 

np z. 
A = E f2 ( - i ) 

i = l * ^ 

np z. 

1=1 ^ 

np z. 

C = E f. (-^) tanO. 
i = l * h 
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np 

D = E tan$. 

i = l 

The s o l u t i o n of (C19) f o r =f '̂ P ^ reads: 

np C - BD , AD - BC ,„ 
a, = 57- and a„ = -. ^ . (C.20) 
1 np A - B-̂  2 np A - B2 

Thus l e a s t squares approximations of v . = . (s; v . ; see ( C 1 5 ) ) , 
V, « . mam t o t mam 

^ 11 main 
a (s; atan a.,^ and v^^^ (« ) are obtained. 

4 Main and h e l i c a l v e l o c i t y components 

The l o c a l main and h e l i c a l v e l o c i t y components are c a l c u l a t e d from: 

V . = ^ c o s ( * - a ) and v, - = v^ ^ sin((j)-a) (C.21) 
mam t o t ^ h e l t o t 

I t should be noted t h a t the former component has a l r e a d y been determined i n the 

foregoing step when computing v , . 

5 Normalization 

The main and h e l i c a l v e l o c i t y components are normalized by: 

V' . =isi2: and v' = . (C.22) 
mam v^^^ h e l v^^^ 

The l a t t e r d e f i n i t i o n d i f f e r s from the one i n the r e c t a n g u l a r channel procedure 

i n t h a t v, , i s used i n s t e a d of i t s t h e o r e t i c a l v a l u e v^ \. 
h e l t o t R 


